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Abstract 

Non-traumatic spinal cord injuries (NT-SCI) represent a number of pathologies 

which vary in progression and symptom presentation. Chronic mechanical 

compression is known to alter cord biomechanics and disrupt cord blood 

supply. Understanding of the mechanics that trigger ischemia and therefore 

the cascade of hypoxia and neurological dysfunction remains unknown. This 

thesis investigates the changes in blood and oxygen supply to the thoracic 

spinal cord under mild non-traumatic compression.  

The effects of injury severity, location and profile on the white and grey matter 

and its vasculature are explored. A fluid-structure interaction model is 

developed to represent the effect of compression on spinal tissue and its 

arteries. In order to model microvascular flow, a porous-continuum model is 

coupled to the arteries to distribute blood though the tissue. Oxygen transport 

and its consumption was coupled to the blood flow models. Compressions are 

considered at increasing intervals of 2.5% strain up to 10% strain, with all 

deformations repeated at anterior, posterior and anteroposterior locations with 

focal and diffused injury profiles.  

Results show that focal injuries do not elicit significant changes to vascular 

response under mild injury. However, larger diffused injuries are effectual. 

Anterior injury is shown to cause a decrease in blood flow from 2.5% strain 

and decrease in oxygen consumption at strains of 7.5%, across both matter 

types. Anteroposterior injury is found to produce a compensatory response in 

white matter with adverse effect in grey matter seen at 10% strain. Posterior 
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injury had detrimental effect on white matter, followed by grey matter response 

at 7.5% strain.    

The work indicates that disruption of the vascular network in NT-SCI takes 

place at strains well below reported symptomatic thresholds. Patients 

presenting with diffused anterior injuries are at the highest risk. Further 

elaboration of vascular response in sub-clinical strains could bring greater 

understanding to clinical intervention thresholds.  
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Chapter 1 

Introduction and literature review 

Non-traumatic spinal cord injury (NT-SCI) is known to have a variety of 

presentations and is understood as influenced by a combination of factors, 

namely mechanical forces, patient vulnerability, vascular behaviour and 

timescale [1]. A recent meta-analysis reported that NT-SCI manifests 

asymptomatically in approximately 20% of patients and 80% of patients do 

experience progressive myelopathy, paresis and malfunction of the innervated 

viscera at and below the injured level [2]. There are 18,000 new cases of NT-

SCI per year (as of 2022) and this is expected to continually increase due to 

aging global populations [3]. The progressive nature of NT-SCI is primarily 

influenced by varying development rates and complexities of underlying 

aetiologies [4]–[7]. Therefore, understanding the pathophysiology of non-

traumatic cord compression will be crucial in aiding better diagnosis and 

treatment frameworks for patients.  

Positive patient prognosis decreases with increased duration of injury but 

asymptomatic manifestation makes diagnosis difficult and is worsened by NT-

SCI being commonly overlooked as a secondary symptom of co-morbidities 

[8]. The high mortality rates associated with NT-SCI correlate to high incidence 

but low prevalence; many people diagnosed with cord compression have 

shortened life expectancy, mainly attributed to co-presentation alongside 

severe aetiologies (e.g. cancer and cardiovascular diseases) or injury at an 

elderly age [9]. Low prevalence coupled to a lack of pathological 
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characterisation causes a gap in clinical understanding, which has knock-on 

effects in the clinic and on patient quality of life. Despite the estimation that 

~70% of spinal cord injuries are suspected to be non-traumatic [10], patients 

are usually reported as sub-sections of traumatic injury rehabilitation units, or 

are not admitted to specialist units at all [11].  

Patient prognosis and functional outcome weakly correlates with strain 

experienced by the cord, therefore severity of compression is not sufficient as 

a sole diagnostic measure [1]. It is understood that NT-SCI becomes 

symptomatic at a presumed >29% reduction in spinal canal diameter as axonal 

disruption has been reported at this strain [12]. It is understood that vascular 

response to NT-SCI is an essential process in injury development as chronic 

mechanical compression of the spinal cord causes disruption of cord 

microvasculature and the blood-spinal cord barrier. This is believed to trigger 

ischemia which exacerbates the pathophysiological process [13]. Ischemia is 

defined as a reduction in blood supply to a part of the body. As a result, an 

inadequate supply of oxygen is delivered to the tissue, which is known as 

hypoxia [14]. It is currently assumed that microvascular changes to the spinal 

cord, which result in ischemia, take place at the later stages of injury 

development and it is known that the degree of ischemia is proportional to the 

degree of neurological dysfunction [15], [16]. In investigating the 

pathophysiology of progressive compression, the mechanics should be 

considered for both neural and vascular components of the spinal cord. 

Disruption to perfusion has been reported in both clinical and post-mortem 

models and has been hypothesised as driven by occlusion of the sulcal 

arteries and transversely-coursing arterioles of the grey matter in anterior 
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injury [17]. Occlusion of the intramedullary grey matter branches has been 

hypothesised as causative of NT-SCI in posterior injury scenarios [17]. With 

that, the location of injury is an essential factor to consider in understanding 

what effects occlusion of different underlying vasculature may have. A recent 

2019 study found that a decrease in spinal cord diameter in cervical spondylitic 

myelopathy (CSM) patients strongly correlated with decreased spinal cord 

blood volume, but the pathophysiology underlying these phenomena remained 

misunderstood. Hypoxia of the spinal cord was not statistically correlated to 

severity of cord compression, unlike cord ischemia, but the degree of oxygen 

extraction rate was significantly correlated – assumed as driven by 

compensatory mechanisms to prevent hypoxia in the absence of perfusion 

[18]. Only one computational study has been done that couples the spinal-

vasculature behaviour as current experimental methodologies remain limited, 

but microvasculature was excluded from the model [19]. Quantification of 

vascular changes to spinal microvascular networks experiencing NT-SCI 

should therefore be investigated to better understand the response of tissue 

in scenarios of compression and ischemia.    

Various studies have employed balloon occlusion studies to determine what 

indentation profiles are effectual on the spinal cord and its vasculature [4], [12], 

[20]–[22]. One study found that balloon size had a stronger correlation to 

functional outcome than injury timescale [12]. Previous finite element models 

have highlighted the relationship between injury profile, rate of injury and 

mechanical stress. Namely, focal and lateral injuries reach maximum 

compression faster but diffused injury ultimately reaches von Mises stresses 

50% higher than other injury types [23]. Therefore, in order to understand early 
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injury progression at sub-clinical strains, injury profiles representative of 

different aetiologies should be considered alongside location when 

investigating the mechanical thresholds that drive vascular disruption in NT-

SCI.  

This thesis investigates the vascular response of spinal tissue under chronic 

compression by developing a computational model that addresses the effects 

of compression severity, location and profile. This chapter reviews the current 

knowledge base around NT-SCI in the literature, discusses the motivations for 

the research and outlines the structure of the remainder of the thesis.  

1.1 Aetiology 

The most prevalent NT-SCI aetiologies in developed countries are metastatic 

cancerous compressions and degenerative conditions such as cervical 

spondylitic myelopathy [8]. The spinal cord anatomy is split into the cervical 

(top section of the spine in the neck), thoracic (upper and middle part of the 

back), lumbar (lower back) and sacral (bottom section above the coccyx) 

regions. Different aetiologies are known to affect different regions of the spine. 

Degenerative conditions, such as CSM, commonly manifest alongside arthritis 

and ankylosing spondylitis in elderly, Western-based populations [11]. Of the 

global elderly population (above 60 years old), 87% has been estimated to 

present at least one severely degenerated cervical level [24]. Low cervical and 

low lumbar injuries generally arise from common degenerative conditions, 

whereas thoracic spinal injury most commonly derives from neoplastic, 

vascular or infectious conditions [8]. Aetiologies of NT-SCI can have onset 
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periods of minutes (e.g. cord infarction), hours (e.g. transverse myelitis), days 

(e.g. spinal abscess) or weeks to months (e.g. spinal canal stenosis) [8]. The 

global incidence rates of the aetiologies resultant in NT-SCI are summarised 

below (Table 1). 

Table 1: Summary of non-traumatic spinal cord injury aetiologies [8]. 
Data was collated based on global epidemiology reports, spanning across 
various developed and developing countries. For this reason, incidence 
derivations are likely reflective of economic state. Western European data is 
composed of preliminary survey studies from the 1990s and primarily focusses 
on spinal tumours and not metastasis. 

Aetiology Clinical manifestations Incidence 
(%) 

Neoplastic 
cancer 

Malignant spinal cord compression 25 

Vascular Haematomas, arterial spinal artery 
syndrome, arteriovenous malformations 

14 

Infections Spinal abscesses, tuberculosis, Pott’s lung, 
granuloma, HIV 

21 

Autoimmune/ 

congenital 
disease 

Transverse myelitis, multiple sclerosis, 
amyotrophic lateral sclerosis, Guillan-Barre 
syndrome, spinabifida 

18 

Degenerative 
conditions 

Spinal stenosis, prolapsed disc, cervical 
spondylitic myelopathy, osteoporosis, 
arthritis, ligament ossification, bone fractures 

22 

 

Generally, symptom progression begins as radicular pain down the nerve root, 

hindering lower limb movement via depression of tendon reflexes and sensory 

myelopathy at the toes. Continued compression surpasses local and radicular 

effects to cause wider spread neurological dysfunction, affecting gait and 

coordination which can ultimately result in paralysis [25]. Injury at higher spinal 

segments is associated with myelopathy, hyperreflexia, hypertonia of the arms 
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and loss of fine motor function in the hands. At the later stages of NT-SCI 

where paresis symptoms are visible, 60% of patients suffer from autonomic 

and sensory dysfunction. Evidence of Horner’s syndrome – bladder and bowel 

incontinence – is indicative of severe injury and a worse prognosis [25]. The 

current standardised treatment for NT-SCI is decompression [3].  

Variations in pathology manifestation can be attributed to variations in 

mechanical stresses, timescale and patient vulnerability [1]. The profile of 

compression inherently controls the mechanical stresses experienced by the 

underlying spinal tissue and vasculature that is being compressed, therefore 

the profile of injury is an important consideration in understanding the stress 

mechanics of different aetiologies [26]. NT-SCI aetiologies and their respective 

injury profiles are as below (Table 2).  

Table 2: Spinal cord injury profiles and the respective aetiologies [23]. 

.Location of compression   Examples of injury pathology 

Diffuse (spanning across 
multiple spinal segments) 

Herniated disc, metastatic compression 
or osteophyte development on the edge 
of the vertebral body 

Focal (localised at the injury 
site) 

Local osteophyte development 

Lateral One-sided and asymmetric metastasis 

Circumferential Combines diffuse with additional 
compression on the opposite side of 
cord, usually caused by hypertrophy or 
ossification of ligamentum flavum  

 

It is already known that profile is effectual on prognosis (e.g. small, sharp 

dislocation fragment compared to a large, blunt disc bulge) and that injuries 

diffused across multiple segments have shown worse functional outcomes 
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than that of focal, single segment injuries [23]. This, coupled to the location of 

injury is assumed as essential in understanding NT-SCI development, due to 

the complexity and difference of underlying vascular anatomy relative to 

different regions and tissues in the spinal cord. Therefore, with regards to 

inclusion criteria for the model, the contributing vessels and anatomy of the 

spinal cord were important to consider (section 1.2). 

1.2 Anatomy  

1.2.1  Spinal cord and its matter types 

The spinal cord nervous tissue comprises of white and grey matter, which 

enables the sensory and motor function of the body (Figure 1). The cord exits 

from the foramen magnum below the brainstem into the vertebral foramen, 

travelling down to the conus medullaris at the second lumbar vertebrae, where 

it meets the fibrous filum terminale anchored to the coccyx. In humans, the 

spinal cord is approximately 45cm in length [27] and 1.5cm in diameter [28] 

and the adult rat spinal cord is approximately 12cm long  and 3mm in diameter 

[29]. In investigating spinal cord pathology, rat models are commonly used as 

rats are understood to develop symptoms similar to those seen in humans. 

Relative to the parameters available in the literature for analysis of early 

development of NT-SCI, the rat model is the focus of the thesis as an initial 

step toward better understanding the human pathology. In humans, dorsal 

sensory and ventral motor nerve roots bi-laterally emerge from segments 

through the intervertebral foramen to form the 31 pairs of spinal nerves which 

innervate the body via dermatomes [30]. Visceral organs are innervated by 
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axons from the lateral grey horn, functioning via sympathetic ganglia. 

Sympathetic ganglia in upper and middle thoracic segments control the head 

and thorax, whereas lower and upper lumbar segments control the abdominal 

and pelvic organs.  

Dorsal roots behave as afferent bundles of axons to relay sensory information 

to the central nervous system (CNS) before terminating in the cell body dense 

dorsal root ganglia. Ventral roots behave as efferent axons that arise from 

motor neuron cell bodies in the anterior horn to innervate locomotion [30]. The 

cord stems from the medulla at the atlas and axis (C1 and C2) and connects 

5 further cervical segments. The cervical enlargement is based at C5-T1, 

where neural innervation of the arms is controlled. Next, 12 thoracic segments 

control the trunk and 5 lumbar and 5 sacral segments form the lumbar 

enlargement (L1-S3) to control lower limb function [30]. 
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Figure 1: Neural and structural components of the spinal cord anatomy, 
Ahuja et al., 2017 [31]. (Reproduced with permission from Springer 
Nature). 

 

White matter contains connective, myelinated nerve axons that conduct nerve 

impulses in ascending and descending tracts, transmitting sensory and motor 

information, respectively. Grey matter resides in the inner section of the cord, 

where the grey commissure encompasses the central spinal canal containing 

cerebrospinal fluid [30]. The grey matter is the butterfly shaped anatomy which 

is split into the dorsal, intermediate, lateral and ventral horn columns that 

consist of glia, cell bodies, dendrites and unmyelinated axons of motor and 

inter-neurons [30]. Higher spinal levels have a greater grey matter volume, 

due to greater numbers of ascending and descending neural tracts to connect 

https://pubmed.ncbi.nlm.nih.gov/28447605/
https://pubmed.ncbi.nlm.nih.gov/28447605/
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and innervate finer motor dexterity. Hence, injury to higher spinal levels has a 

more pronounced effect on motor function for patients, due to the downstream 

effect on all innervations beneath the injury level [30].  

The spinal cord has 3 layers of protective meninges: the outer dura, arachnoid 

and inner pia. These protect the white matter, which is situated 

circumferentially around the grey matter. Beneath the vertebrae and above the 

dura mater lies the epidural space, where the spinal lymphatic system, nerve 

roots, connective and fatty tissues reside. Beneath the arachnoid and pia 

mater is the sub-arachnoid space, where cerebrospinal fluid (CSF)maintains 

pressure, stability and nutrient diffusion in the cord, governed by the cord 

central canal. Cerebrospinal fluid flows from the sub-arachnoid space through 

perivascular cell junctions into the fluid-containing central canal for pressure 

maintenance and transport of nutrients to the CNS [32].  

 

 1.2.2  Spinal vasculature anatomy 

The arterial vasculature of the spine derives from anterior (ventral), 

posterolateral and posterior (dorsal) systems that span the length of the cord. 

Cervical to upper thoracic (T3) regions are supplied by the anterior segmental 

medullary arteries and ascending cervical artery. T3-T7 are supplied by 

posterior intercostal arteries (Figure 2) and T8-conus are supplied by the artery 

of Adamkiewicz and cone artery [33].  
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Figure 2: Arterial organisation at the thoracic segmental level. Adapted 
from Thron, 1988 [34]. (Reproduced with permission from Springer Nature). 

  

The anterior spinal artery (ASA) arises from two vertebral arteries, 

anastomosing at the foramen magnum at the medulla oblongata. The ASA lies 

within the anterior fissure, protected underneath the pia mater. It is reported to 

provide up to two-thirds of blood flow to the thoracic region of the cord, namely 

the grey matter and funiculi, so is almost solely responsible for the supply of 

this region due to a dearth of other collateral arteries. Therefore, compression 

of thoracic anterior arteries makes the cord more susceptible to damage when 

compared to regions of the cord [35]. The posterior spinal arteries (PSA)derive 

from two vertebral arteries and run down the posterolateral region to provide 

for the posterior grey column and posterior funiculus. These three key arteries 

(ASA and two PSAs) are connected by a lateral anastomoses network, known 

as the vasocorona. The vasocorona circumferentially travels through the pia 

mater to enter and supply the lateral columns via transversely-coursing 

arterioles [33].  

https://link.springer.com/book/10.1007/978-3-7091-6947-6
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The radicular-associated feeder arteries span all segmental levels and the 

surface of the spinal cord via vascular branches of varying size and location. 

The predominant segmental artery is the artery of Adamkiewicz, which arises 

from the radiculomedullary branch at T9-12 of the posterior intercostal artery 

to anastomose with the ASA and provide blood supply for the lower segments 

[33]. The central sulcal arteries and peripheral radial arteries constitute the 

intrinsic spinal supply; they have various entry points into the spinal cord and 

join with others to form a network which supplies the anterior-residing grey 

matter and inner half of the white columns [36]. Average microvessel density 

in thoracic ventral grey matter is 571mm-2 and in dorsal grey matter is 484mm-

2 ; white matter has markedly lower microvessel densities at 90mm-2 in ventral 

white matter and 88mm-2 in dorsal white matter [37]. The ASA resides on the 

midline below the pia, where it joins the posterior artery to create an arterial 

arch with many sulcal and lateral artery offshoots [33]. Peripheral radial 

arteries derived from the posterior spinal arteries and pial plexus supply the 

posterior-residing grey matter and outer half of the white column [36]. The pial 

network acts as an extrinsic arterial supply which receives blood from the 

middle radiculomedullary and radiculopial branches [33].  

The spinal cord venous system generally aligns with the anatomy of the arterial 

system, but veins have a more tortuous design unlike the straight, longitudinal 

anatomy of the arteries (Figure 3). The core venous structure in the thoracic 

cord is the posterior spinal vein (PSV) [33].  
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Figure 3: Venous organisation at the thoracic segmental level. Adapted 
from Thron (1988) [34]. (Reproduced with permission from Springer 
Nature). 

 

The intrinsic system includes radial veins which span the whole cord and 

connect to a pial surface network. The anterior and posterior sulcal veins drain 

into the great radicular vein and anterior and posterior spinal veins, which 

reside sub-pially at the midline of the ventral and dorsal sections, respectively. 

The extrinsic system consists of these spinal veins and the aforementioned 

pial venous plexus, which resides on the surface of the spinal cord as a 

longitudinally and axially anastomosed arranged network [33]. Extrinsic veins 

feed into radiculomedullary veins, but not via nerve roots as seen in the 

arteries. The radicular-associated veins join the epidural veins, where the 

internal plexus communicates with the external plexus. The external plexus 

joins the innominate, azygos or ascending lumbar veins at cervical, thoracic 

and lumbar levels, respectively [33].  

https://link.springer.com/book/10.1007/978-3-7091-6947-6
https://link.springer.com/book/10.1007/978-3-7091-6947-6
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Understanding the stringency of the anatomy is linked to the differences in 

outcome based on injury location (anterior, posterior, anteroposterior); there 

are few collateral vessels for compensatory re-routing of blood flow under 

thoracic injury, so equilibrium of the system is tightly regulated [35].  

The ability of blood to regulate communicative molecules, nutrients and gases 

is crucial for optimal function of neurons: neuronal function and vessel 

diameter are coupled to regulate the metabolic availability of nutrients and  

oxygen [38]. The size and location of vasculature being occluded affects the 

overall neural deficit [19], [39], [40] as blood vessel density is relative to the 

metabolic needs of the tissue. Neuron-dense grey matter has four to five times 

more capillaries than the connective white matter as the balance of energy, 

solutes and gases required for optimal synaptic transmission and plasticity of 

its neural tracts is more demanding [33]. Capillary distribution is presumed to 

emulate grey matter neural fibre organisation, by co-locating beside nerve cell 

clusters and presenting as a homogenous spread throughout the ventral and 

dorsal horns. The white matter predominantly consists of transversely-

coursing arterioles and has a less dense microvascular network [33]. These 

aspects are assumed to contribute to the variations of NT-SCI 

pathophysiology. 

 

1.3 NT-SCI pathology 

Non-traumatic injury is most often defined as an incomplete lesion of the spinal 

cord and is most commonly associated with paraplegia. In common indications 
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such as cervical spondylitic myelopathy, the threshold at which myelopathy is 

defined is at a 30% reduction of the spinal canal diameter, based on MRI 

measurements from patients [23]. NT-SCI compressions are known to have 

effect on the vasculature, primarily affecting larger feeder vessels which 

transmit affect through to the microvascular-dense tissue [35], [42–44]. A 

reduction in blood flow decreases the number of microvessels, which cyclically 

results in progressive neuronal atrophy and reduced fibre tract density [44]. 

This has been deemed as the point of irreversible damage - one study notes 

this outcome after 9 weeks of compression [45].  

In NT-SCI, a decrease in cord anterior-posterior diameter and worsened 

functional outcome linearly correlate to tissue ischemia and an increased 

consumption of oxygen [18]. It is expected that, similar to the brain injury 

response, when perfusion pressure falls below a critical level, compensatory 

excess consumption of oxygen takes place which creates a hypoxic 

environment. The low perfusion gradients disallow convective bulk transport, 

therefore oxygen transport is limited to diffusion, which is an insufficient 

oxygen transport source for vascular-dense tissue like the spinal cord [46]. In 

humans, oxygen within the spinal cord is at the same level as the brain (35-

39mmHg), but its oxygen is derived from 40-60% less blood flow due to a lower 

vascular density [47]. A decrease in microvasculature, or narrowing of vessels, 

becomes problematic when intravascular distances surpass the maximum 

diffusion threshold, or skew pressure gradients to create watershed areas of 

opposing flows, exaggerating diffusion gradients and competition amongst 

vessels for oxygen uptake [48].  
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Hypoxia is defined as the level of oxygen at which tissue homeostasis can no 

longer take place, caused by either not enough oxygen in the blood or by a 

reduction in blood flow to the tissue [35]. Therefore, there is no set 

concentration threshold at which hypoxia takes place as it is anatomy 

dependent and is known as the state between normoxia (normal physiological 

levels) and anoxia (complete lack of oxygen). General clinical guidance infers 

that a 15-20% decrease in patient arterial oxygen partial pressure (95-

100mmHg to below 80mmHg) is considered abnormal [49]. It is understood 

that hypoxia alone is not significantly detrimental to tissue functionality when 

it is accompanied by network re-routing from collateral vessels, but hypoxia is 

detrimental when caused by ischemia and a reduction to blood flow. This is 

believed to be a core pathophysiological aspect of thoracic spinal cord injury  

due to its watershed anatomy, wherein few opposing vessels are the sole 

suppliers to the region [35].  

 

1.3.1  Vascular pathology 

In aiming to better understand the pathophysiology of NT-SCI, vascular 

response must be studied. Clinicopathological studies state that mild 

anteroposterior compression affects the white matter through vascular 

occlusion of the vasocorona-derived arterioles, meanwhile severe 

compression (>40%) diffuses stress through to the grey matter which affects 

the deeper vessels and microvascular networks [50]. Due to this, white matter 

is destroyed first as the connector of the vascular-dense grey matter network. 

Then, the dorsal horns degrade, which follows clinical symptom progression 
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of sensory dysfunction manifestation before ventral horn degradation and 

motor dysfunction manifestation [25], [51]. Other post-mortem studies have 

indicated that anterior occlusion of the transverse, penetrating sulcal vessels 

is known to significantly affect neural outcomes due to a reduction in vessel 

density in the grey matter ventral horns and corticospinal tracts [36]. Posterior 

compression occludes the transversely-coursing arterioles which disrupts the 

adjacent lateral columns. However, the posterior spinal arteries have a 

crossing pattern, which make them more resistant to occlusion under local 

stresses [33].  

Ischemia is a known contributor to NT-SCI; chronic mechanical stresses 

decrease blood vessel capacity and therefore decrease perfusion rates [42]. 

The luminal diameter of blood vessels decrease when under compression 

from external forces; this change in vasculature results in remodelling, such 

as thickening and hyalinisation of the vessel walls, alongside stretching, 

flattening and loss of smaller branch vessels which increases tortuosity and 

length of the fluid path [52]–[54]. Blood vessel walls, namely the endothelial 

layer, exist under constant levels of shear stress due to fluid flow. In normal 

physiology, endothelial cells are elongated and align in the direction of flow, 

producing factors for modulation of smooth muscle layer vascular tone [55]. 

Chronic compression is believed to cause misalignment and degradation of 

endothelial cells. The cytoskeleton usually forms stress fibres in the direction 

of laminar shear stress, but under conditions of low shear stress, endothelial 

cell adhesion decreases, which is assumed to cause vessel regression and 

apoptosis of the microvasculature which disrupts the blood-spinal cord barrier 

[56]. This apoptotic process cyclically drives inflammatory molecules to the 
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injury zone, which has been linked to localised ischemia and hypoxia. Studies 

have evidenced that disruption of the blood-spinal cord barriers’ endothelial 

cell architecture is linked to  decreased presence of tight junction proteins and 

increased tissue permeability to imaging markers and inflammatory molecules 

[57].  

These phenomena would likely be emulated in NT-SCI as increased 

permeability, localised tissue swelling and therefore increased pressure 

gradients have been reported [58]. It is hypothesised these responses would 

aim to create faster velocities and compensatory transport of oxygen and 

nutrients. These processes are exacerbated by the rise in inflammatory 

factors, resulting in increased vascular permeability for leukocyte infiltration 

into the parenchyma [36] - the decrease of pericyte populations distresses 

neurons, who signal to instigate vessel constriction and cell death [59]. These 

signals create a cyclic feedback loop wherein the local region is in constant 

inflammatory distress. As compression continues, myelin is destroyed 

alongside grey matter neurons and white matter oligodendrocytes. An 

imbalance of carbon dioxide and oxygen partial gas pressures exacerbate the 

local region into a state of hypoxia, which is known to be preceded by an 

increase in compensatory oxygen extraction from surrounding spinal tissues 

[18]. This change in vascular tone correlates with a loss in vessel wall 

stringency and architecture, vessel autoregulation and systemic hypotension.  

Recent studies support this theory in stating that pericyte populations swell 

and surround the damaged area, with increased presence of vacuolae and 

cavuolae, attributing to the influx of inflammatory molecules. An increase in 
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permeability increases diffusive potential, enabling enhanced influx of 

interstitial molecules - calcium, potassium and sodium – all regulators of 

synapse activity [60]. The imbalance of the synaptic microenvironment leads 

to recruitment of damaging inflammatory neurotransmitters and excitotoxic 

proteins, increasing cell death rates. Venous hypertension fuels white matter 

oedema and vacuolisation to decrease surrounding blood flow, with almost 

complete ceasing of circulation in deep white matter [61]. Late-stage oedema 

links to increased arteriole pressure and leakage into grey and white matter, 

damaging the mitochondria and decreasing cell energy supply. Similar 

phenomena have been reported in syringomyelia, where increased CSF 

pressure is indicative of injury severity through secondary injury response of 

cytoskeletal disruption, increased permeability and capillary leakage which 

recruits inflammatory and apoptotic factors.  The intricacies of the vascular-

CSF coupling are likely an essential part of the NT-SCI pathway as CSF is 

responsible for clearance of metabolic waste from perivascular spaces [62], 

[63], but for the purpose of focusing on vascular behaviour, it was neglected 

from this work. 

 

1.3.2  Neural pathology 

Compression from bony fragments, disc herniations and neoplasms 

predominantly arise in the anterior region of the cord, disrupting the 

corticospinal tracts to cause myelopathy, paresis and gait deficits [30]. Higher 

degrees of compression increase through to deeper tissues, such as the 
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lateral grey horns, which further disrupts motor and autonomic organ function 

– this is linked to lower survival rates [64].  

Symptomatic progression is associated with anterior horn atrophy of the grey 

matter and degeneration of ascending and descending white matter pyramidal 

tracts [42]. On a macrostructural level, however, compression appears to 

flatten and force neural fibres together to reduce the extracellular space, 

decrease fractional anisotropy and to increase diffusivity potential with 

particular effect in the dorsal and lateral columns. This decreased fractional 

anisotropy in humans correlated with a decrease in clinical, functional output 

scores [51]. Cell populations in the anterior horn have been reported to 

decrease when the cross-sectional area of the cord decreases by 30%; the 

decrease in cell population plateaus above 50% compression [65].  

Post-mortem studies have identified that demyelination and axonal loss 

usually begin in the lateral corticospinal tracts, which when coupled to 

expression of neurofilament and damage response proteins, results 

symptomatically as spastic gait. Continued compression leads to degeneration 

of the dorsal column and central grey matter: at the early stages of NT-SCI, 

sensory defects precede lower motor dysfunction [66]. Initial loss of the 

sensory dorsal horn correlates with a loss in microvasculature under chronic 

compression; the ventral horn controls motor function so is assumed to be 

preserved [67]. Loss of protective myelin is attributed to oligodendrocyte 

pathology and axon degradation, however, myelin can be well preserved until 

severe stages of compression [42].  
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Identifying the thresholds and pathophysiology of NT-SCI has been difficult to 

achieve in the clinic, as the main diagnostic methodology aside from functional 

testing examines the extent of compression by MRI visualisation, which does 

not account for other factors such as vascular behaviour. NT-SCI is difficult to 

model elsewhere but pathophysiological investigations have been undertaken 

in vivo.  

 

1.4 In vivo studies 

Pre-clinical studies rely heavily on in vivo animal models for realistic research 

and intervention development, but their expense and difficult reproducibility is 

limiting. Analysis of vascular pathological changes at the micro-scale is 

extremely hard to do both in vivo and clinically. This is due to difficulty in 

maintaining tissue integrity after instrumental intrusion or manipulation ex vivo, 

coupled to difficulty in obtaining pure measurement conditions not influenced 

by surrounding anatomy. Rat spinal cord injury models, particularly in the 

traumatic setting, have a similar pathological response to humans through an 

influx of inflammatory molecules across the three protective meninges and 

development of a cystic fibrotic core with little regeneration [68]. Other model 

organisms, such as mice, show different responses, namely regenerative 

capability [9].  

The prime focus of modelling NT-SCI is to emulate its slow progression and 

expansion into the spinal space: limitations with current studies are the lack of 

appropriate compression timescales in vivo and difficulty in eliciting 
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compressive injury without causing excess, trauma-like damage to the cord. 

Non-traumatic compression models primarily utilise expanding materials in the 

cervical spine to represent a spondylitic myelopathy bone spur [45], [69]–[71]. 

However, these material properties may not produce the relevant in situ forces. 

Methods utilising force-inducing clips [72], forceps [73] and impactors [74] are 

suited for traumatic SCI, but compression using these approaches is difficult 

to graduate in severity, especially due to high stresses produced at instrument 

contact edges and focal apex [75]. Balloon compression is often used in NT-

SCI scenarios due to unilateral inflation and direct compression on 

vasculature, but it is difficult to ensure the correct positioning due to tissue 

flexibility, and thus to record the resultant biomechanical parameters [20], [76], 

[77]. 

The majority of human SCIs take place in the cervical region, whereas 81% of 

experimental SCIs are performed at the thoracic level [78]. Many in vivo 

studies use a dorsal surgical approach, meaning the corticospinal pyramidal 

tracts are also affected during dorsal compression due to the small anatomical 

scale of the rat [21]. This is a limiting factor of modelling the variation in severity 

and location of NT-SCI in the rat in vivo, as well as clinical injuries most 

commonly manifesting ventrally.  

In aiming to build a computational model representative of the vascular effects 

in NT-SCI, strain and functional output data from in vivo models are commonly 

used as comparators for validation. Quantitative strain data of NT-SCI in vivo 

is not readily available in the literature, particularly in terms of vessel 

occlusions. Current work presents vascular alterations through changes to 
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vessel thickness, density and number of bifurcations present (representative 

of collateral re-routing) [67], [79], [80]. Previous histological studies have 

indicated a reduction in local microvasculature by 33% [42] and that occlusion 

of the ASA affects a third of the ventral spinal cord and does not affect the 

pyramidal tracts [81]. Chronic compression has been reported in vivo to flatten, 

stretch and cause loss of microvessels in the spinal cord [42], [67], [82].  

Balloon occlusion models have indicated that the rate of injury and lesion size 

are essential determinants of functional outcome [4]. Relative to injury profile, 

a study in dogs found that balloons of 2-mm produced 12.5-20% reduction in 

spinal canal diameter, whilst 4mm caused 28-56% decrease and 7mm caused 

62-82% [12]. A balloon occlusion study in monkeys found that compressions 

deeper than 2mm occluded the sulcal arteries [20]. Longer timescales for 

occlusion worsened functional outcome but not by a significant amount. No 

symptoms were observed at occlusions less than 30%, which correlates with 

data from a rat compression study [65]. Other compression studies have found 

that the collapse rate of tissue at 30% and 50% strain does not differ 

significantly, but grey matter is more susceptible to injury and is affected first 

[64].  

In terms of vascular response, a rat model of CSM showed animals had 

decreased SCBF and oxygen saturation at the compression site 4-weeks post-

injury; this was significantly correlated with a decrease in dynamic motor 

evoked potentials and increased vascular re-distribution and angiogenesis 

[83]. Thoracic chronic compression models agree with this, a decrease in 

neurovascular functionality has been reported after 4 weeks and continues to 
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decrease over a period of 6 months [67]. Another study indicated a decrease 

in motor neurons was seen from 6-9 weeks after compression; loss of 

neurotropic factors was also seen and decompression was ineffective after 9-

12 weeks of injury [45]. Minor compressions have triggered complete ischemia 

of lower thoracic segments of the rat spinal cord when maintained over long 

time periods [84] and irreversible damage has been seen at injury rates of 

6m/s but this is of a more traumatic nature [6]. Early decompression of NT-SCI 

showed better functional outcomes compared to those who did not receive 

intervention [85]. Therefore, temporal longevity of compression is understood 

as a key contributor in pathological presentation, but this is difficult to model in 

vivo due to the timescales required. Therefore, a growing facet in medical 

research is the evaluation of pathologies via computational means. 

 

1.5 In silico studies 

In silico modelling employs parameters from in vivo or clinical settings in order 

to mathematically solve a real-world problem. The required parameters to 

validate the real-world scenario include geometry, material properties and the 

physics governing the problem. A benefit to in silico modelling is the ability to 

run parametric analysis from the same baseline conditions, which enables 

consistency and reliability of the output data which is difficult to achieve in vivo. 

However, there are limitations as to what extent the input assumptions can 

fulfil model requirements to report truly representative outcomes. Therefore, 

verification and validation of in silico models is a required and standardised 
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part of model development. It is acknowledged that there are inherent 

assumptions in the employed parameters, but these assumptions are required 

to balance physiological complexity and computational capacity. These 

assumptions can be difficult to validate in novel research areas such as NT-

SCI, as few data points are available with the granularity required for 

implementation.  

The majority of in silico models comprise of finite element methodologies, 

wherein systems are split into a mesh of elements and nodes for spatial 

discretisation on a 3-Dcoordinate system. Elements are small parts of the 

system that are discretised spatially and connected to each other by nodes 

that together create a finite number of points that represent a system of 

algebraic equations [86].  The elements represent shape functions determined 

by the position of its nodes (red dots). Nodes are shared between adjacent 

boundaries, allowing a whole model to be solved simultaneously, due to its 

interconnected element mesh (Figure 4).  

 

Figure 4: Ten-node tetrahedral elements in undeformed (a), deformed (b) 
and inverted (c) states.  

 

When subject to external force, nodes move position relative to the spatial 

frame of a fixed coordinate axis (figure 4b) – this change in node position alters 
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the shape function and solves for the new geometry. This becomes 

problematic when elements are deformed so much they overlap neighbouring 

nodes or collapse within its own element shape to form inverted elements 

(figure 4c). Changes to element and node positions in space are continually 

solved and updated in a set of simultaneous equations, relative to the initial 

base parameters. Finite element models have been deployed for spinal cord 

injury simulations previously, predominantly for traumatic scenarios such as 

burst fractures [76], compressions [7], [23], [87], [90]–[92] and surgical 

interventions [93], [94]. With regards to spinal fluid mechanics models, 

research thus far has primarily focused on syringomyelia and the associated 

cerebrospinal fluid [95]–[97]. One paper has investigated spinal arterial and 

branch flow under compression [19]. The model consisted of the anterior 

spinal artery with three sulcal artery branches represented within the white 

matter. The sulcal branches extended through to the posterior end of the cord. 

The cord was modelled to have linear elastic material properties and did not 

differentiate between grey and white matter. It did, however, include the 

protective dura mater. The spinal cord and its anterior arterial system were 

represented through FSI for compression up to 10% strain at anterior, 

posterior and anteroposterior locations. The tissue stress response and 

change in blood flow through vessels was measured. The study found that 

9.65% anteroposterior compression was most detrimental to the system and 

elicited a 50% decrease in arterial blood flow rate. Posterior injury decreased 

blood flow in the branch vessels but did not affect the ASA. Anterior 

compression was effectual on the ASA but not branch vessels – a 6.5% 

occlusion caused a 33% reduction in blood flow rate. The model did not 
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account for microvasculature in the system, which may allude to the severity 

of anteroposterior compression if the branches were occluded directly with no 

other source of blood. Therefore, the presence of microvasculature was an 

inclusion criterion for the model presented in the thesis, alongside the inclusion 

of oxygen modelling to better understand responses to ischemia development 

which has not previously been modelled in a spinal cord scenario.  Blood flow 

modelling in the spinal cord has not been common, namely due to a lack of 

parameters and accurate data. At present, most vascular data is derived from 

recent advances in imaging and measurement techniques in mapping the 

vasculature [53], [82], [98], generating qualitative biochemical data from 

immunohistochemistry [39], [99]–[101] and quantifying changes (density, 

thickness, branching) to vessel architecture [73], [102]–[104]. Other vascular 

data points are derived from advanced imaging methods to examine perfusion, 

pressure and oxygen [18]. Generally, this is limited to only understanding 

these data relative to the change in spinal canal diameter, which is known not 

to be the only contributory factor. Granularity of data, such as the mechanical 

forces experienced by tissue, have not been available thus far except when 

represented by in silico models.  

 

1.5.1  Geometry modelling 

A challenge in modelling physiology is determining how much anatomical 

detail is required to output a valid representation. Many studies that 

extrapolate geometry from in vivo data commonly extrude 2-D microCT and 

histology images into a 3-D reconstructed stack of the geometry [105]. These 
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images require appropriate post-processing, scaling and segmentation for 

compatibility in the simulation software. Computed tomography (CT) and 

magnetic resonance imaging (MRI) of clinical cord sections give high 

geometric accuracy for anatomical segmentation and material property 

assignment through the ability to segment the inherent image greyscales and 

weighting intensities [106]. However, simplified, user-built geometries are 

often employed in early-stage models to account for computational cost [95], 

[105]. 

An added complexity in spinal cord anatomy are the cord associate structures, 

the spinal meninges and surrounding musculoskeletal architecture. Nerve 

roots and denticulate ligaments are commonly excluded from studies but have 

been represented as boundary conditions. Inclusion of the spinal meninges 

greatly affects compression mechanics by increasing tissue stiffness due to 

mechano-protection during stress transfer between the layers [107]. The 

arachnoid layer is extremely thin and shows no alignment in structure, so is 

assumed to have little protective effect or influence on in silico outputs [107]. 

Inclusion of the hyperelastic dura and pia maters influence compliant of the 

spinal tissue under compression [91]. However, most studies choose to only 

include dura mater, which under tension, has stiffness twice as great than the 

spinal cord [108]. Previously, on addition of spinal meninges, the site of impact 

and spinal meninges have experienced high stress but the cord itself showed 

lower stress, thus the anterior column structure was preserved [109]. Models 

commonly represent vertebral bodies as rigid because their deformation is 

suspected to be minor in comparison to the cord under NT-SCI conditions [6], 

[110]. 
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With regards to current fluid-structure spinal geometries, cerebrospinal fluid is 

commonly modelled as a water-like fluid with viscous properties and a pure 

slip condition, therefore gradual contact behaves elastically and deformation 

is relative to contact pressure [111], [112]. Traumatic transfer of pressure 

through the cerebrospinal fluid acts protectively, by spreading stress and 

strains longitudinally within the cord [95]. Syrinx (pseudocyst) formation, 

commonly presented under the non-traumatic spinal cord compression 

umbrella as syringomyelia, has been shown to disrupt the protective 

cerebrospinal fluid pressure mechanics in the subarachnoid space by 

increasing fluid pressure closer to the syrinx and affecting the downstream 

fluid stress patterns which in turn disrupts transport mechanics [113]. 

However, the CSF layer is extremely thin (0.025-0.135mm), so requires further 

mesh complexity and computational expense [95] and is therefore neglected 

from this work. 

 

1.5.2  Neural material properties 

When assigning computational material properties, considering the conditions 

the parameters were derived from is important, as different sample testing 

methods can result in great variability. Such considerations should include 

strain rate, preconditioning, time postmortem, sample orientation, subject age 

and loading direction. Difficulties that influence the accuracy of experimental-

derived soft material properties include the isolation, maintenance and 

preparation of the tissue [114]. Sectioning of the cord itself, especially from the 

in vivo rodent, is particularly difficult due to the dexterity and specificity 
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required to complete a full laminectomy, dissection and decalcification of 

vertebrae. Ensuring no damage to the spinal cord meninges – particularly the 

dura – is technically demanding. Tensile testing is common in spinal cord 

characterisation, despite indentation testing providing outputs of greater 

relevance. This is because indentation is extremely difficult to perform at such 

low mechanical thresholds on delicate tissues [115]. 

The spinal cord has previously been computationally modelled using linear 

elastic [19], [112], poroelastic [116] and poro-viscoelastic [117] properties. 

Simplistic, linear elastic studies [88] use spinal cord parameters approximated 

from the Bilston [118] study. Other models have implemented complex 

incompressible, hyper-viscoelastic properties, which are comparable to the 

loading-relaxation behaviour of the cord at all strain rates [91], [105], [117],  

[119]. However, experimental results in the literature vary in reported stiffness 

on increasing strain rates: this phenomenon is common in similar collagenous 

soft tissues and could be attributed to experimental variation, as described 

above.  

Fundamental computational models in the research field have implemented 

linear properties with smaller displacements to minimise the constitutive 

behaviour of the cord [111]. These models are generally limited to coarser 

meshes and have not been fully assessed in terms of bio-fidelity and validation 

against the clinical scenario. Other non-linear models that employ large strains 

implement geometric non-linearity for inertial loading, however, these models 

generally use very small mesh sizes. The spinal cord is understood to have 

both hyperelastic and viscoelastic behaviour under deformation [108]. Results 

of cord simulation have shown that white matter has viscoelastic behaviour 
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under compression, assumed due to transverse isotropic alignment of the 

material [120]. Compressive behaviour of white matter is markedly less stiff 

than the tensile properties and is highly sensitive to loading – the viscoelastic 

properties are most important at low loading rates [112]. White matter is 

estimated to be 2-3 times stiffer than grey matter [121] and grey matter has 

been proven to be more mechanically rigid and fragile due to its higher tangent 

modulus and lower elongation ability [109]. Both white and grey matter stress-

strain curves follow a non-linear to linear (>15% strain) to plateau failure 

pattern under tensile testing in the transverse direction. Non-linear behaviour 

is not markedly different between matters, but Young’s modulus and stress 

are significantly higher in the grey matter linear region – which is linked to 

rupturing at lower strains [109]. As outcome predictors, maximum principal 

strain has been shown to best correlate with grey matter injury severity, 

whereas von Mises strain best with white matter injury [122], [123]. 

Models generally model the matter types via a continuum model, as the small 

element sizes required to model the boundary between the two. Previous 

studies separating the tissue matter had nominal effect on tissue deformation 

under transverse impact loads [95] – the individual injury thresholds for the 

different matters remains unknown. However, it is understood that isotropy of 

white matter material behaviour will not overestimate stiffness to produce 

incorrect force distributions, particularly in the toe region, under high strains or 

preloading but viscoelastic constitutive models claim to accurately represent 

rate-dependent behaviour of white matter [117]. It is debated whether 

quasilinear viscoelastic and four-element linear viscoelastic models are not 

compliant enough to represent the physiological stress-strain relationships 
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[119], converse to findings that human cervical spinal cord behaviours fit a 

quasilinear viscoelastic model [118]. Hyper-viscoelastic models absorb strains 

with greater ease than viscoelastic models; the lower strains and stresses are 

attributed to the wavy nature of hyperelastic fibre tracts [124]. Hence, the 

application of constitutive hyper-viscoelastic properties is deemed as the ideal 

material representation, as hyperelastic models alone are inappropriate for 

representation of the characteristic increased cord stiffness under strain. 

Ideally, spinal cord and dura mater hyperelastic-viscoelastic constitutive 

properties are fit to an Ogden strain energy density function with Prony series 

decay of varying time constants; the Ogden function assumes hyperelastic 

material behaviour can be described by strain energy density function, from 

which stress-strain relationships can be derived and Prony series decay 

equations assume the shear and bulk moduli are represented by a decaying 

function of time [125]. A recent study implemented hyper-viscoelastic material 

parameters that fit its concurrent ex vivo experimental data of dynamic loading 

at three strain rates up to 60% deformation of the spinal-pia complex. The 

material properties were derived from unconfined compress of non-human 

primate of white matter, which were fit to an isotropic hyperelastic model using 

an Ogden constitutive model. Viscoelasticity was included using a quasi-linear 

viscoelastic formulation with normalised Prony series shear moduli and 

relaxation times [126].  

The model will therefore be developed to basic linear elastic properties to 

reduce computational expense but will account for different properties 

between the grey and white matter.  
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1.5.3  Vascular modelling 

Computational modelling of vasculature is well established in the field, but not 

as established in the spinal setting as it is in the brain [102], [127]–[129]. 

However, the brain and spinal cord are similar in vessel properties, flow and 

oxygen behaviours, so it is commonly assumed parameters are cross-

compatible. Complexities arise in validating vascular networks and the 

assumptions applied between vessel sizes and scales. Blood flow can be 

modelled through hierarchical systems of tubes but the detail of capillaries at 

the microscale is usually too complex, therefore regional parameter averages 

are commonly implemented [130]. Material parameters are usually derived 

from axial testing data - these are only representative of a section of the strain 

model - fitting constitutive models to uniaxial data leads to slow convergence, 

inaccurate equations and unreliability [131]. The majority of arterial wall 

models assume material hyperelasticity, despite also having viscoelastic 

behaviour in the loading range, such as when influenced by small changes in 

blood pressure [132]. Modelling compliant vessels is physiologically accurate, 

but reduces shear stresses at peak flow relative to the pressure-distension 

relationship [130]. For ease in computational fluid dynamics, blood is 

commonly modelled as a Newtonian, water-like fluid with laminar flow at the 

spinal level, producing zero motion at the vessel walls [133]. This assumption 

is commonly implemented as the change of pressure in the vascular networks 

is assumed to not alter by over an order of magnitude, meaning viscosity 

changes are not significant enough to be modelled.  
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As mentioned previously, spinal cord vasculature ranges down to the micron-

level, governed by complex perivascular structures and pressure and diffusion 

gradients. Combining these parameters is extremely complex, therefore 

modelling microvasculature as a porous medium has become a more common 

method.  The key limitations in this are that large vessel models are commonly 

presented as one-dimensional network models, but these do not offer a full 

microcirculatory understanding. Network models are not as dependent on 

spatial discretisation so can avoid the need for geometry complexities by 

automatically altering outputs relative to those of neighbouring nodes, but this 

is very computationally expensive [134]. Therefore, newer models strive to 

develop porous systems representative of capillaries that link to the larger, 

penetrating feeder vessels. However, these models are still uncommon as the 

computational power required to couple free-porous flows is expensive [135]–

[137]. In order to employ multi-scale and porous compartment variations, 

anisotropic permeabilities are required to represent the spatial variation: in 

non-continuum models, anisotropy is usually neglected for model simplicity 

[136]. Brain capillary networks have been reported as isotropic, meanwhile 

larger vessel regions are anisotropic. However, it has been reported that 

isotropic permeability redistributes blood to compensate within the model 

when under strain, but anisotropic and isotropic conditions show less variation 

in the healthy setting [136]. Limitations in current vascular models are the lack 

of outlet impedance boundaries or energy loss pathways [133]: simple models 

that apply zero pressure outlet conditions, or sink functions, do not consider 

the relationship of downstream vessels, or conservation of energy but these 

again require added computational expense. 
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Many vascular studies do not model fluid-structure interaction (FSI) due to the 

requirement of Eulerian-Lagrangian (flow field at a given space or time) 

methods over just Lagrangian (fluid flow through a field), which adds a huge 

level of computational complexity. FSI requires extra solid parameterisation 

which may not always be essential if enough data is known about the blood 

flow and oxygen behaviour for only modelling the relative pressure changes, 

however, as aforementioned, NT-SCI response is concurrently affected by 

solid compression and ischemia.    

Few have studied spinal vasculature dynamics in silico: key papers have 

produced basic linear elastic models. Results indicated the thoracic region of 

the cord relies heavily on the anterior spinal artery: on a mild anterior 6.5% 

vessel occlusion, a 67% decrease in blood flow has been reported. 

Conversely, deformation of the posterior cord vessels greatly affected smaller 

branches [19].  

1.5.4   Oxygen transport models 

In modelling oxygen transport, the core mechanisms to consider are molecular 

diffusion, convection, blood saturation and hematocrit, reaction kinetics and 

tissue consumption of oxygen. The Krogh cylinder model is the simplest 

mathematical model that represents oxygen concentration inside a tissue by 

simulating a single capillary supplying oxygen to a surrounding concentric 

cylinder of tissue. Axial diffusion and convection are neglected from this model. 

Extensions have been added, namely the change in oxygen from artery to vein 

as a linear function of axial length, accounting for intracapillary and axial 

diffusion in brain models and in representing a number of parallel capillaries in 
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a network [138]. Oxygen concentration should account for changes down 

vessel radial and longitudinal axes, as well as the dissociation of oxygen 

relative to saturation.  

Many non-stationary cerebral models now assume blood and tissue as a bi-

fractional homogenised material, where convection, diffusion, consumption of 

oxygen in blood and tissue are the key drivers. Namely, the non-linear Hill 

equation represents the relationship between oxygen concentration in plasma 

and blood and enables penetration from plasma to tissue through capillary 

walls to be built in as a core assumption. Another core model uses the 

Michaelis-Menten equation, which prescribes a sink term for consumption of 

oxygen in tissue [139]. Both these theories together are computationally 

expensive. Green’s functions have previously been applied to calculate 

oxygen consumption relative to the spatial distribution of tissue oxygenation, 

by assuming consumption is uniform and dissociates non-linearly using Hill’s 

theorem of haemoglobin binding [127] – which, again, is computationally 

expensive to implement [140]. For this reason, a simpler no-flux model is 

preferred, portraying diffusive capability as a porous medium in the 

extravascular space. However, no-flux boundary conditions influence 

microvasculature oxygen transport gradients to overestimate hypoxia levels. 

Other simplified methods assume oxygen concentration is driven by 

convection, where the diffusion rate is proportional to the difference in oxygen 

concentrations between plasma and tissue [141]. Some models neglect the 

non-stationary and non-linear aspects of the blood-plasma relationship, or 

assume outflows do not depend on the surrounding tissue concentration, 
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impose independence of metabolic rate from tissue oxygen concentration or 

impose non-uniform consumption rates to simplify the oxygen model [142].  

Recent trends utilise continuum models which spatially homogenise variables 

between blood and tissue fractions but this averages oxygen concentrations 

and smooths gradients to enable convergence [139]. This makes continuum 

models less useful in determining individual capillary behaviour but is useful 

for larger anatomy models where vessel distribution is dense and flows can be 

coupled to known fluid models such as Darcy’s law [142]. The inclusion of an 

effective anisotropic diffusion coefficient means the rate of diffusion is 

dependent on the concentration gradient, if a local permeability tensor is 

defined relative to its local geometry and concentration or pressure gradient, 

then oxygen transport can be solved for. In continuum models, lumped 

systems are commonly deployed in oxygen transport models where advection, 

flux and diffusion are defined on axial vessel nodes, axial vessel/surface nodes 

and axial surface/tissue nodes. These equations are then assembled into a 

lumped system by assigning a global index for the nodes in the three regions 

[143]. Lumped parameter models are often employed in modelling closed-

loop, organ-scale circulatory systems [144]. Therefore, inclusion of oxygen 

transport and a consumption model is important to consider in development of 

the NT-SCI model. The use of a porous continuum model will be applied and 

appropriate permeability parameters investigated for accurate representation 

of blood and oxygen distribution in tissue.  
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1.6 Summary and research objectives 

The current understanding behind NT-SCI is mostly biological: in vivo studies 

have identified pathways of dysfunction linking the disruption of vasculature, 

resultant ischemia and neural tissue injury. Relative to current quantitative 

data available for use in model parameterisation, the model presented here 

will emulate the rat system as means of correlating in silico data to recent 

experimental understanding, particularly whilst NT-SCI pathophysiology 

characterisation is still in its infancy. Quantitative datasets for accurate 

representation of human NT-SCI are still sparse, but it is assumed that 

elucidating the fundamentals required to model the pathophysiology in the rat 

would have some correlation to representation of the human system. It is 

known that chronic compression decreases microvessel density, causing 

ischemia, hypoxia and therefore neurological dysfunction. Compression also 

directly affects the spinal cord neurons by causing demyelination, apoptosis of 

neurons and oligodendrocytes [145]. These, together, are believed to trigger 

an ongoing inflammatory response which worsens over time and continues to 

exacerbate the vascular and neural cell dysregulation. However, the 

biomechanics resultant in these biological behaviours remain misunderstood 

in the literature. It is known that NT-SCI manifests symptomatically at strains 

of approximately 30% but variations in injury profile and location report 

differing outcomes across aetiologies. Few studies have investigated the 

development of NT-SCI at mild, pre-symptomatic strains [26]. Therefore, the 

aim of this body of work was to investigate the vascular response of the rat 
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spinal cord to subclinical, non-traumatic injury scenarios ranging in severity, 

location and injury profile.  

This was to be achieved across three key objectives:   

1) Method development of a porous fluid-structure interaction model that 

represents the spinal cord vasculature (chapter 3). 

a. Develop appropriate displacement methodologies relevant to non-

traumatic injury within a fluid-structure interaction model.   

b. Investigation of porous model physics scenarios and material 

properties as representations of the vascular network in spinal cord 

tissue. 

c. Develop an appropriate oxygen transport model with consideration 

for oxygen consumption rate behaviour.  

 

2) Identify the contributing parameters that are assumed to affect the 

prognosis of non-traumatic spinal cord injury (chapter 4).  

a. Verification of the mathematical model presented in chapter 

three.  

b. Validation of the base model against known literature ex vivo 

models.  

c. Derive hypotheses for parametric analysis of injury severity, 

location and profile from published in vivo and in silico data. 

 

3) Elucidate the mechanical thresholds at which non-traumatic injury has 

effect on the vascular networks of the spinal cord (chapter 5).  
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a. Assess the effect of strain severity, quantified as changes in the 

base vascular dynamics.  

b. Assess the effect of displacement location, quantified as 

changes in the base vascular dynamics.  

c. Assess the effect of displacement profile, quantified as changes 

in the base vascular dynamics.  
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Chapter 2 

Mathematical modelling 

Relative to the aims of the thesis, this chapter discusses the core science and 

engineering principles that underpin the fundamentals of the computational 

model. The iterative developments that comprise the finalised model are 

presented in chapters three alongside the development processes undertaken 

and in chapter four as the verification and validation of model parameters. The 

model aim is to simulate non-traumatic deformation of the spinal cord and the 

resultant effects on blood flow and oxygen transport. Therefore, the key 

components for inclusion in the model are appropriate assumptions around: 

representation of the material, the behaviour of blood flow through arteries and 

spinal cord tissue and the resultant transport of oxygen, plus the coupling to 

external deformation that accurately represents non-traumatic compression. 

These components of the mathematical model will be discussed in detail in 

sections 2.2-2.6 of the thesis, followed by description of the numerical 

implementation in sections 3.2-3.6.  

There are a multiplicity of models, as discussed in chapter 1, that focus on 

solid deformation of the spinal cord [91], [92], [111], [122], [146]–[148] and 

fluid-structure interaction of the cerebrospinal fluid [95]–[97], [149]–[153], but 

only one has been coupled to spinal blood flow [19] and none examine the 

effects on oxygen transport in the cord. There are models of blood flow and 

oxygen transport in the brain [127], [129], [134], [154]–[157] but none of these 

are actively coupled to solid deformation and instead simulate ischemia by 

reducing source fluid pressures. This assumption is not applicable to the 
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model presented, as the inclusion of solid deformation stresses is a core focus 

of the work - data around downstream stress effects and therefore reduction 

in arterial and tissue blood vessel pressures in the spinal cord does not exist.  

The chapter details the selection and composition of the geometry, the 

governing physics and mathematical models and boundary conditions 

employed in the model.    

2.1 Geometric representation of the spinal cord system 

The minimum level of anatomical detail required to accurately represent the 

injury scenario will act as inclusion criteria for the model. For the spinal cord, 

grey and white matter will be represented separately. The spinal vascular 

system will include four key vessels in the thoracic spinal cord.  

2.1.1  Spinal cord matter 

Dimensions of the spinal cord geometry were taken from literature (3.75mm 

transverse x 3mm sagittal), based on the average of ex vivo measurements of 

the thoracolumbar canal of the rat [158]. The coronal dimension is extruded to 

represent the T8-T12 segments of the rat cord (14mm) [82]. The grey matter 

is modelled to take up 20% of the total cord cross-section, relative to known 

volumes of white and grey matter of the spinal cord [159].  

Extraspinal anatomies - namely the dura, pia and arachnoid mater, meninges 

and vertebrae – will be neglected in the model to reduce computational 

expense. It has been reported that the dura mater is significant in absorbing 

external loading stress onto the cord and, in turn, does have downstream 
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preservative effect on CSF flow patterns [95], but this compensatory effect is 

primarily relevant in traumatic injury.   

2.1.2 Spinal vasculature 

The spinal arterial system is understood to be relatively inefficient in that it has 

no capacity for collateral circulation [48], thus downstream effects are 

pronounced. As reviewed in chapter 1, extraspinal, radicular arteries branch 

from the aorta to feed the tissue-supplying central and peripheral networks. 

The thoracic region of the cord has markedly fewer infiltrating radicular arteries 

and has few anastomosing connections, thus is primarily dependent on the 

anterior spinal artery [160] which increases thoracic tissue susceptibility to 

damage [48]. The T8-T10 region is prone to ischemia as it is a watershed 

region, where blood flows of opposing direction meet. These spinal levels are 

solely provided by retrograde flow derived from the ASA, and anterograde flow 

from the two posterior arteries [161]. For this reason and to avoid the 

complexity of a multi-levelled extrinsic system which would require levels of 

vascular remodelling and compensatory blood flow to be considered, the 

thoracic levels of T8-T12 are the focus of this work. In terms of NT-SCI 

incidence at these levels, thoracic myelopathy is rarer than cervical and is 

commonly caused by ossification of the ligamentum flavum, ossification of the 

posterior longitudinal ligament, disc herniation or cancer metastasis. A recent 

systematic review detailed that 61.5% (658 in 1070 patients) that presented 

with thoracic myelopathy were effected at the lower thoracic levels (T9-L1) 

[162]. The central anterior system feeds the sulcal arteries, responsible for 

supplying the grey matter by traversing through the anterior median fissure 
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[163]-[164]. The anterior and posterior arteries are assumed to anastomose at 

the capillary level, with distinguishable contact between the systems only at 

the terminating level of the cauda equina[164]. Therefore, the motor neurons 

at the end of the posterior horns are particularly susceptible to injury - due to 

a lower vessel density at the central and peripheral-derived capillary system 

cusp [47]. The peripheral system feeds the white matter with vessels that 

perpendicularly extend into the tissue from the pial vasocorona, a vascular 

structure wrapped around the outside of the cord, connected longitudinally by 

the two posterior spinal arteries. The model geometry was simplified to only 

include core feeder vessels identified as key for provision: the core anterior 

spinal artery, two posterior arteries that represent in-shoots from the 

vasocorona and the posterior spinal vein (figure 5) [82].  

  

Figure 5: Synchrotron radiation micro-computed tomography of the rat 
thoracic spinal cord for sizing of core blood vessels. Adapted from Cao 
et al (2015) [82], licensed under CC-BY-4.0.  Nutrient vessels and their 
downstream vessel networks are distinguishable by colour (ASA = anterior 
spinal artery and its derivative CSA = central sulcal artery (purple), PSV = 
posterior spinal vein (blue), PSA = posterior spinal arteries (aqua+red)). 3-D 
pseudo-coloured geometry of the spinal cord microvasculature, based on 
vessel diameter ranging from small (red) to large (blue). Scale bar= 200µm.  
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The microvascular density and network complexity of vessels with diameters 

below 50µm are assumed to be represented by the porous continuum tissue 

in the model. The arteries and vein were presented as cylindrical geometries 

positioned within the white matter which allowed for continuity of flow and 

oxygen transport across from the free-fluid artery into the porous spinal tissue. 

To model the intrinsic microvasculature, a porous medium interfaced directly 

with the artery fluid through a defined shared boundary, ensuring continuity 

and transitional governance between free arterial flow and porous flow. 

Sketches of the geometries deployed computationally are as below (Figure 6).  

 

Figure 6: Transverse and sagittal views of the sketched computational 
model.  

It is assumed the two posterior arteries that connect the peripheral network 

are sufficient to drive flow in the white matter, avoiding the complexity of the 

extrinsic pial network and its in-shoots. The posterior spinal vein is the main 

outflow vessel; the anterior radicular vein is not included to prevent skewed 

pressure gradients at the anterior spinal artery region. The dimensions of the 

core vasculature represented in the model are as below (Table 3).  
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Table 3: Diameters of sketched vessels.  

Vessel Diameter (mm) 

Anterior spinal artery 0.11 [165] 

Posterior arteries 0.062 [165] 

Posterior spinal vein 0.146 [166] 

 

All extrinsic vessels ran parallel to the five lower thoracic cord segments and 

were thus the equivalent length. After construction of the geometry, 

deformation of the matter anatomies is to be implemented, as in section 2.2. 

 

2.2   Deformable solid mechanics 

The model requires inclusion of solid deformation to understand the effect of 

strain on the feeder vessels and underlying porous spinal vascular tissue. In 

order to do so, external displacements are deployed onto the surfaces of the 

spinal cord at anterior, posterior and anteroposterior positions. 

To solve for displacement in a solid, deformable body, the Newtonian equation 

of motion – here presented in summation convention - can be considered, 

where 𝝈𝒊𝒋 are internal stresses (i.e. σ11 is stress applied in the x-direction to a 

surface normal to the x-direction, σ12 is stress applied in the y-direction to a 

surface normal to the y-direction, and so on), Fi
(e) are external forces on a 

body, 𝝆 is density and 𝜶𝒊 is material acceleration: 

          [1] 
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Solving the equations of motion together with a constitutive model for linear 

elastic solids allows for calculation of displacements, stresses and strains. In 

order to do so, the relationship between stress-strain and strain-displacement 

can be defined through the generalised form of Hooke’s law (presented in 

summation convention), where the stress tensor (σij) is related to the strain 

tensor (εkl) via the fourth order constant elasticity tensor (Cijkl): 

     [2] 

Due to the presence of isotropic materials, the material planes have elastic 

symmetry and therefore the stiffness tensor is simplified. Cijkl is determined by 

the material elastic moduli and Poisson’s ratio: 

 

   [3] 

Due to the simplicity of the mathematical model for linear elastic properties in 

deformation, relative to the complexity required for the rest of the model, these 

models were implemented. The spinal cord is fixed at the top and bottom and at 

the opposite side of the deformation to prevent free movement in space and to 

emulate containment of the cord within the spinal cord canal.  
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2.2.1 Material properties 

As discussed in chapter 1, it is generally agreed that spinal cord tissue under 

load displays hyperelastic-viscoelastic properties; these non-linear laws 

represent the differentiation between white and grey matter loading-responses 

which are due to differences in neural fibre structure [7], [107], [118].  However, 

for low, quasistatic strains, simplification of the tissue response to that of linear 

elastic behaviour was deemed appropriate, as the slow deformation rates 

allow for tissue relaxation. Linear elastic properties have previously been 

employed in spinal cord modelling for simplification in investigative modelling 

[147], akin to those utilised here (Table 4). 

Table 4: Material properties of the solid model domains [153]. 

Material Young’s modulus 

(Pa) 

Density (kg/m3) Poisson’s ratio 

White matter 5000  1050  0.4  

Grey matter 10,000  1050  0.4  

 

Young’s modulus (E) defines the strain a material undergoes when a specific 

stress is applied. In a porous model such as that presented here, E represents 

the elasticity of the solid skeleton of the tissue. The modulus was derived from 

radial compressive and tensile testing on whole cord samples [167]. Radial 

measurements are useful here as this model looks to understand the strains 

through the transverse plane of the cord, which will be affected most by the 

compressions to be applied. The modulus presented was derived from data 

that did not differentiate between the grey and white material properties and 
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assumed a general continuum stiffness of the tissues. However, in previous 

computational models [153], grey matter has been assumed as double the 

stiffness of the white matter, relative to other studies detailing its tension and 

compression values as 1.7-2.1x of white matter, respectively [109],[168]. 

Poisson’s ratio (v) is the ratio of how much a material deforms in a known 

direction when deformed by a load applied from an opposing direction. The 

ratio employed here was derived from compression studies of bovine spinal 

cord grey and white matters; ratios closer to 0.5 have been used in poroelastic 

models but these are near incompressible [169]. Due to the inclusion of 

microvascular networks in this model, a lower poisson’s ratio that was in line 

with the literature that considers compressibility of the tissue was deemed 

suitable [109]. Density (ρ) is the mass per unit volume of a material; soft tissue 

density is primarily composed of water, therefore spinal cord tissue is assumed 

to have densities similar to that of water and of that known for brain tissue 

[96],[170]. Relative to previous models that have utilised porous skeletons to 

represent the spinal cord tissue [96], [153],[171], the values presented in table 

4 were employed. On finalisation of the solid mechanics properties, 

implementation of fluid dynamics that represent the spinal cord arteries and its 

microvasculature is required, as in section 2.3.  

2.3   Arterial blood flow model  

Extrinsic, radicular arteries (ASA, PSA) are defined to behave as laminar, free-

flowing fluids governed by the Navier-Stokes equations: 

𝜌 (
𝜕𝒖

𝜕𝑡
+ 𝒖 ∙ ∇𝒖) = −∇𝑝 + ∇ ∙ (𝜇(∇𝒖 + (∇𝒖)𝑇)   [4] 
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Blood is a non-Newtonian fluid, but for the purpose of computational simplicity, 

was modelled as an incompressible, Newtonian fluid which is commonplace 

is blood models. This meant the fluid viscous stress linearly correlated to local 

strain rate, related by a constant viscosity tensor independent of stress state 

and flow velocity. Non-Newtonian fluid viscosity is dependent on shear rate; 

blood is shear-thinning, wherein viscosity decreases as shear rates increase, 

namely due to changes in fluid haematocrit - the ratio of red blood cells to total 

blood volume [172].  

At smaller scales, such as that of the rat spinal cord microvasculature, flows 

have high viscosity due to dominance of advection over inertia - therefore 

reduction of the Navier-Stokes equation to Stokes flow (equation 6) is 

appropriate [151]. 

Reynolds number (Re) is representative of the ratio between inertial and 

viscous forces at a defined velocity (U) and length (L), where 𝜌 is density and 

𝜇 is dynamic viscosity: 

    [5] 

As the Reynolds number for the rat-scale ASA was lower than 2300 (Re=2.19), 

it is assumed laminar flow was sufficient for the arterial blood flow. The 

continuity equation for incompressible flow is:  

     [6] 
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where u is the velocity vector. In- and outflow pressures are prescribed as 

stress conditions with a vanishing tangential stress condition in flows with low 

Reynolds numbers, where 
𝜕𝑢

𝜕𝑛
  is the normal derivative of the normal velocity 

component and n is normal to the boundary:  

 

     [7] 

Stress conditions are employed as pressure gradients assigned to the inlets 

of the arteries and vein (Table 5) to achieve the respective appropriate 

velocities of 60mm/s, 6.5mm/s and 0.5mm/s from the literature [172]. Flows 

are assumed to be fully developed and outlets are assigned prescribed 

pressures of zero. Fluid walls are modelled as a no-slip condition, wherein fluid 

velocity relative to the wall velocity is zero.  

Table 5: Boundary conditions implemented to simulate blood flow 
transport through the spinal vascular network. 

Tissue Pressure inlet condition (Pa) 

ASA 2000 

PSA (L+R) 750 

PSV -200 

 

The vessels are fixed at the top and bottom to prevent free movement in space 

and to emulate connectivity to upper and lower segments of the cord that were 

not modelled. Free boundary conditions are employed on the cylindrical walls 

to enable movement relative to the direction of compression.  
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2.4  Microvasculature blood flow model  

In order to avoid the complexity of microvascular networks, porous media 

continuum models are commonly utilised in tumour and tissue modelling to 

ascertain tissue ability to transport molecules [135], [136], [173]. A porous 

continuum model is employed here to mathematically simplify the vascular 

network and its response to injury. At low Reynolds numbers up to 10, porous 

flow is governed by Darcy’s law, when pressure gradients are the driving force. 

The capillary-dense microvasculature of the rat spinal cord is assumed to have 

a Reynolds number of 0.003, therefore less than 1, meaning Stokes and 

pressure-driven Darcy flows are sufficient to represent microvascular fluid 

behaviour. Darcy’s law is pertinent in the spinal cord, where dense neural fibre 

and vascular arrangements result in low system permeability and porosity [97].  

Porous models have been employed in other biological systems, namely the 

brain and liver, to avoid the complexity of the system geometry and the 

resultant boundary conditions [135], [136], [174]–[177]. Porous systems have 

been utilised to investigate cerebrospinal fluid behaviour in the parenchyma 

and perivascular spaces, as well as the poroelastic effects of loading by syrinx 

formation onto CSF behaviour [96], [97] which have been able to model an 

increase in fluid pressure under syrinx compression. Other applicable 

modelling approaches that are commonly deployed for brain vasculature are 

one-dimensional network models wherein material anatomy-level detail is not 

prescribed, but spatial changes to conditions are calculated relevant to their 

neighbouring network nodes [129]. However, the interactivity between the 
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spinal cord porous skeleton (matter fibres) and pores (blood vessels) are 

essential to include here. 

The intricate geometry and functionalities of the spinal cord microvasculature 

are difficult to model, therefore modelling these complex flow networks as a 

porous system reduces computational workload by collating the individual 

complexities into a continuum. Porous flow variables and intrinsic fluid 

properties are defined at a point in space, by averaging the variable or property 

over a certain control volume surrounding that point. This control volume is 

small compared to the problem dimensions but sized to ably fit pores and solid 

matrix elements. With this, porosity of a material is defined as the fraction of 

the control volume occupied by pores. Intrinsic volume averages correspond 

to a unit volume of the pores, meaning fluid properties such as density and 

viscosity can be considered as continuous with corresponding free-flow 

regions. Porous flow velocity is defined by a superficial volume average - the 

Darcy velocity – which is the volume flow rate per unit cross section of the 

medium [153]. In Stokes flow, the conservation of momentum and continuity 

of mass equations are simplified to compute velocity and pressure fields of the 

fluid.  Frictional resistance from the porous matrix hinders pressure-driven fluid 

momentum between pores – hence, velocity (u) is determined by the matrix 

permeability (κ), pressure gradient (∇p) and fluid viscosity (μ): 

     [8] 
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Interior boundaries require continuity boundary conditions to ensure pressure 

and mass flux are continuous, where n is normal to the boundary: 

         [9] 

 

Dirichlet conditions are applied at inlets, where 𝑝 = 𝑝0 and 𝑝0 is a known 

pressure from the literature. Internal walls are assigned no slip conditions, as 

in the free-flow setup. External boundaries are constrained to have no flow, 

where n is the vector normal to the boundary:  

     [10] 

However, as the model is only representative of the T8-T12 segments of the 

spinal cord, outlet conditions are employed at the upper and lower boundaries 

of the porous medium to enable continuity of flow to adjacent spinal segments. 

No slip wall conditions were applied to the external tissue walls. The condition 

allowed for outflow perpendicular to the selected boundary, where 𝑈0 is a 

specified pressure value: 

    [11] 

Darcy’s law may be representative of the intrinsic flows seen within the spinal 

tissue, but arterial flows behave as free-flowing fluids. Therefore, solving for 

Navier-Stokes flow adjacent to a region defined to behave under Darcy’s law 

does not account for viscous effects from the free flow. Inclusion of the 
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Brinkman equations at the free-porous transitional boundary was required to 

account for the viscous forces and steep pressure gradients between the two 

regions.  

The Brinkman equations (equation 12) govern fast-moving fluids in porous 

media by extending Darcy’s law to include the dissipation of viscous shear 

energy. For incompressible flow at the free-porous transition region, the 

continuity and momentum equations – where density (ρ), velocity vector (u), 

porosity (𝜀𝑝), time (t), pressure (p), dynamic viscosity (µ), permeability (κ) and 

mass source/sink (𝑄𝑚) - combine to form the Brinkman equations: 

[12] 

The variables are solved in both the free and porous fluid regions, enabling 

continuity of pressure for deduction of velocities. For this to be feasible, a 

stress discontinuity was present at the free-porous boundary, for absorption 

by the porous matrix. The Brinkman equations account for fluid drag as 

proportional to the flow velocity through the porous matrix, as in Darcy’s law.  

On inclusion of a porous continuum model, appropriate material properties are 

required for accurate representation of microvascular behaviour.  

 

2.4.1  Microvasculature porous media properties 

Grey and white matter are assigned different porous material properties due 

to their differing solid skeleton structures, composed of neuron cell bodies in 
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grey matter and myelinated axons in white matter, plus the variance in their 

underlying vascular anatomy (Table 6).  

Table 6: Material properties of the fluid model domains.  

Material Density 
(kg/m3) 

Viscosity 
(Pa.s) 

Porosity 
(ε)  

Permeability (κ) 

Blood 1060 [19] 0.0032[178] - - 

Oxygen 1.331 
[179] 

- - - 

White 
matter 

1050 
[180] 

- 0.4 [180] 4.28×10-4 mm3skg-1  

[136] 

Grey 
matter 

1050 
[180] 

- 0.25 [181]  1.234mm3skg-1  [136] 

 

Porosity is defined as the fraction of the volume that is occupied by pores; 

therefore zero porosity would equal pure solid regions and one would equal 

free flow. Porosities of white and grey matter have recently been found to be 

0.396 and 0.456, respectively [153]. These values do not include blood vessels 

as the vessels are accounted for in the solid skeleton for the purpose of a 

cerebrospinal fluid model where vessels are neglected. Therefore, it is 

assumed that as white matter is a fibre-dense tissue that the porosity value is 

likely correct, meanwhile the grey matter porosity is likely more akin to that of 

the brain due to its microvessel density. It is understood that porosity is a 

variable property, in that it is dependent on fluid pressures of blood vessels 

and cerebrospinal fluid, as well as changes to the solid skeleton structures of 

vessels and neural fibres. This adaptability is not accounted for here, but the 

tissues are designated different porosity values. The values employed for the 

white matter are derived from neurite orientation and dispersion density 
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imaging (NODDI) of the white matter (ε=0.4) [153] and from extracellular space 

fraction studies of the rat ventral grey matter (ε =0.2) [181]. The NODDI 

methodology calculates the volume fraction of the intracellular, extracellular 

and cerebrospinal fluid compartments via their respective signals derived from 

diffusion-weighted MRI scans. The orientation of axons and dendrites can be 

calculated from these signals, which understood white matter to be anisotropic 

and grey matter to be isotropic in terms of fibre dispersion. The porosity value 

represents the pore fluid region, i.e., the extracellular fluid compartment. For 

the grey matter, porosity was derived from microelectrode analysis of 

concentration-time profiles of the relatively impermeable TMA+ which had 

been applied onto rat spinal cord grey matter by iontophoresis (electrical 

stimulation to aid molecules across permeable barriers). The concentration of 

ions was in inverse proportion to the side of the extracellular space fraction 

[181].  

Permeability is defined as the capacity of the porous medium to transmit flow, 

which accounts for pore size, orientation and interconnectivity. White matter is 

reported to have anisotropic permeability in the literature [180] but for simplicity 

is represented as isotropic here. Capillary permeability is assigned to the white 

matter as a tensor, as it is primarily connected to the extrinsic feeder arteries 

(ASA and PSAs) and sparse traversing arterioles. The grey matter is assigned 

arterial zone permeability as a scalar due to its dense microvascular and sulcal 

artery network. The values are derived from a multi-scale homogenisation of 

local-scale blood flow equations. These produced an averaged Darcy’s law of 

microvascular flow in cerebral tissue, which includes a permeability tensor 

derived from local topology. The model is extrapolated into a network model 
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to derive local permeability tensors, which converge into an effective 

permeability with scale [182].  

With respect to the structure-function relationship of the physiology, the 

importance of distinguishing matters of varying porous properties and 

supplying structures is pertinent. Studies into CSF flow in perivascular spaces 

identify flow to have parabolic-like velocity profiles that do not behave relative 

to the Brinkman equations, so CSF models focus on Darcy’s flow. It has been 

found that perivascular pores were not concentric circular annuli 

corresponding to vessel shape, but were flattened, elliptical structures [151]. 

These data may be pertinent in regard to this thoracic cord model which has 

to account for watershed areas with larger spacing between vessels and 

therefore a correction in permeability, so the model assumed pore shape was 

accounted for by addition of a default tortuosity correction factor.  

2.5  Oxygen transport 

In order to understand the effect of compression and blood flow as aspects of 

tissue response, oxygen modelling is needed to elucidate the thresholds at 

which ischemia may begin to trigger hypoxic pathways. Oxygen transport is 

driven by convection-diffusion from the artery to the porous capillary flow, 

governed by Brinkman’s law which account for viscous effects when 

transitioning in size from arterioles to capillaries. The model assumes that 

blood and oxygen is derived from the three provisional arteries and assumed 

progression of blood through the microvascular system and its oxygen 

consumption as dependent on the pressures that stem from the source artery. 
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A consumption function is employed throughout the porous medium to 

compensate for absent venous structures in the tissue.  

Oxygen transport is driven by the convection-diffusion equation (equation 13); 

convective transport is driven by the free and porous fluid pressure gradients 

(effected upstream by solid deformation). Diffusion parameters are based on 

data of oxygen transport in the rat brain [183]. In order to calculate the 

concentration field of a dilute solute in a solvent, transport is represented by 

Fick’s law for diffusion and flow field momentum for convection. Mass 

conservation for species i, where c is concentration, t is time and u is velocity 

leads to: 

    [13] 

 

Mass flux (Ji) defines the diffusive flux tensor as 𝐽𝑖 = −𝐷∇𝑐, where D is the 

effective diffusivity of oxygen, and R is the consumption rate expression. In the 

porous medium, Darcy’s velocity is the main determinant of oxygen transport 

through the matrix - average linear fluid velocities (ua) provide an estimate of 

porous fluid velocity and therefore carried oxygen within a saturated matrix:  

    [14] 

In the numerical implementation of the model (chapter 3), the non-

conservative form of mass conservation is employed, assuming the fluid is 

incompressible and divergence free: 
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     [15] 

The left-hand side of the equation represents liquid concentration (𝑐𝑖) in the 

porous matrix (𝜀𝑝), the amount of solvent adsorbed to solid particles (𝑐𝑃,𝑖)  and 

concentration in the gas phase (𝑐𝐺,𝑖). The last term represents convection 

derived from the velocity field. The right-hand side of the equation represents 

transport via porous media dispersion (DD) and effective diffusion (𝐷𝑒), 

accounting for reactive (Ri) and arbitrary sink/source (Si) terms. With respect 

to effective diffusivity, saturated porous media is governed by tortuosity (𝜏𝐿) 

and the diffusion coefficient for solvent dilution in liquid (𝐷𝐿) is governed by: 

     [16] 

The inclusion of tortuosity accounted for the reduction of diffusivity as fluid 

moved through porous channels. 

Inflows and outflows of oxygen were defined as pointwise constraints at the 

same boundaries as the free flow inlets and outlets, where n is normal to the 

boundary: 

           [17] 

Exterior solid walls where there is no mass flux behaved as:  

                       [18] 
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The fundamental maths was implemented alongside parameters essential for 

driving convection and diffusion of oxygen through porous material.  

 

2.5.1 Oxygen transport properties  

The conditions applied to model oxygen transport through vascular networks 

of spinal tissue are as in Table 7. 

Table 7: Boundary conditions implemented to simulate oxygen transport 
through the spinal vascular network. 

Tissue  Implementation Concentration (mol/m3) 

ASA Pointwise concentration constraint 15 

PSA (L+R) Pointwise concentration constraint 30 

 

Oxygen transport is coupled to the free-porous flow convection-diffusion 

properties wherein convection is defined as the velocity output from the 

Brinkman flow model. Diffusive effects are usually negligible in vascular 

networks but are pertinent here due to the very low microvascular velocities. 

The model is attributed a diffusion coefficient of 1.5×10-7m2/s as a scalar value 

for isotropic diffusion, corrected for by employing a tortuosity model of 0.52, 

where the default is 1. Tortuosity is the ratio of the length of a streamline in a 

porous matrix between two set points, as compared to the straight-line 

streamline length. Dispersion accounts for spreading of the solvent in the 

direction of flow in porous media, however, due to these small velocities, the 

dispersivity tensors for longitudinal and transverse directions were accepted 

as the default. In central nervous system tissue, it has been assumed that 

diffusive movement is the dominant driver of fluid flow, but bulk flow is 



62 

 

understood to be particularly influential in pathological scenarios [151], plus 

prior models using diffusive drivers have not accounted for vascular networks 

as is required here.  

 

2.6  Fluid-structure interaction 

As the final consideration for the mathematical model, coupling the solid and 

model components of the model is required. To couple the physics, shared 

conditions are required at the communal solid-fluid boundary (artery/tissue 

wall). Navier-Stokes flow is solved for the conservation of momentum and 

mass through computed fields of velocity and pressure while the solid interface 

solves Navier’s equations for displacements. An Arbitrary Lagrangian-Eulerian 

(ALE) formulation is implemented to couple changes to the combined fluid-

structure mesh positions, through employment of a Eulerian spatial frame for 

the fluid component of the model and a Lagrangian material frame for the solid 

component.  

The Eulerian mathematical method represents the spatial frame which is 

relative to a fixed set of axes with no reference to the physical components of 

the system. This means the field variables are expressed as functions of the 

fixed coordinates in the spatial frame. The Lagrangian method represents the 

material frame, wherein the mathematics have reference to small volumes of 

material, which move within the object space. Therefore, the material frame 

coordinate systems would displace with the physical component as the object 

dimensions alter in the spatial frame. Under low-level strains, the spatial and 
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material frames essentially coincide because the mechanical displacement is 

small relative to the whole object. However, under larger deformations, linear 

approximations are no longer suitable and geometric nonlinearity is required, 

known as the Green-Lagrange strain. This separates the material and spatial 

frame via a frame transformation from the computed mechanical 

displacement. In order to coordinate the two frames, the mesh frame acts a 

mathematical map between them, wherein both sets of equations are 

transformed into a mesh to be solved. Under displacement, the ALE method 

adds more equations to account for positions of mesh elements in 

neighbouring features to displace in the fluid Eulerian spatial frame. Therefore, 

deformation effects are shared between solid and fluid features, as defined by 

the full FSI coupling. At the boundaries between the fluid Eulerian and solid 

Lagrangian features that have these additional equations, a boundary 

condition must be employed to displace the spatial frame identically to the 

material frame displacement. The deformed elements of the fixed spatial frame 

are smoothed to ensure stable solving of the numerical problem, rather than 

determining of the exact node positions.  

The FSI coupling is defined so the structural velocity of the solid deformation 

behaves as a load boundary condition for the fluid which displaces the original 

node positioning to create an overall change in shape. Total fluid force (f) on 

the solid boundary is the negative of the reaction force on the fluid itself, where 

n is normal to the boundary, µ is the dynamic viscosity, I is the identity matrix 

and ufluid is the fluid velocity field:  
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 [19] 

The Navier-Stokes equations are solved in the spatial frame, therefore force 

derived from the fluid model is transformed and transmuted to the material 

frame where the solid mechanics are solved. This transformation was defined 

by solving with dv and dV, mesh element scale factors for the spatial and 

material frames, respectively:  

    [20] 

The rate of change of solid displacement acts as a moving wall for the fluid 

domain. The spatial frame deforms with a mesh deformation equal to the solid 

displacement while the fluid domain mesh is free to move, so the fluid mesh 

node positions are adjusted by the ALE method to account for the moving solid 

walls. These mechanisms enable the smoothing and coupling of tissue 

deformation onto the blood for investigation of strain effects on arterial and 

microvascular flow behaviours.   

2.7 Summary 

The chapter has outlined the equations, theory and assumptions behind the 

key aspects of the model which are supported by the literature. In 

understanding the mathematical models required to couple the deformable 

tissue mechanics, arterial and microvascular flows plus the oxygen transport 

capabilities of the spinal cord system, the following chapter implements the 

numerical methods to solve these mathematical models. 
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Chapter 3 

Development of the computational implementation 

This chapter presents the numerical method and development of a 

computational approach to implement the mathematical model described in 

chapter 2. A porous-continuum model is to be employed, wherein oxygen from 

feeder arteries is transported by a free-porous (Brinkman) blood flow model 

through the spinal cord porous medium where oxygen is taken up by a 

consumption model applied to the tissue. The model is driven by three arteries 

whose viscous effects drive blood through the tissue via Brinkman and Darcy 

flows which allows for both convection and diffusion of oxygen to be 

represented in the tissue. With regards to co-simulating the fluid and solid 

dynamics: the free-flowing artery blood sources and the spinal tissue porous 

microvasculature will both undergo mild tissue deformations which are 

coupled through a fluid-structure interaction (FSI) interface. This accounts for 

the effect of external strain on the blood sources, where the resultant arterial 

pressures feed into the porous tissue fluid pressure and therefore transport 

and consumption of oxygen in the tissue.  

This chapter explores the challenges in developing a practical computational 

framework and identifies the inclusion criteria and most suitable setup for final 

analysis; the chapter moves through each of these aspects in turn before 

validating the finalised model in chapter 4. 
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3.1 Model development overview and expected outcomes 

The iterative method development process requires combining, refining and 

testing the fundamental solid, fluid, oxygen steps individually, before fully 

coupling the model (Table 8). 

Table 8: Workflow of model iterations for investigation of parameters and 

setup.  

Model iteration Implementation step  

Solid step 
displacement 

Smoothing of mesh inversions at employed 
displacement boundaries   

Fluid governance 
model 

Investigating the required physics to accurate 
simulate the vascular network  

Fluid flow parameters Deriving the required material properties (porosity 
and permeability) and boundary conditions to 
achieve flow rates comparable to literature  

Single Krogh cylinder 
(and coupled to vein) 

Oxygen diffusion behaviour in tissue in stationary 
and time-dependent models 

Oxygen consumption  Step function for sink term maximum and minimum 
limits  

Fluid-structure 
interaction 

Coupling of solid-fluid and fluid-oxygen models 

 

This chapter focuses on these developments and presents the rationale and 

outcomes of model iterations, plus the decisions and actions employed to 

progress the model based on the evidence. The modelling steps taken within 

each of these iterations are highlighted below in Table 9.  
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Table 9: Summary of the modelling work undertaken to implement each aspect of the model iteration. 

Model iteration  Steps in implementation Outcomes 

Anatomical 
representation 
selection 

1: Extrinsic arteries with arterial walls included  

2: Transversely coursing or parallel arteries  

3: Shape of grey matter  

4: Minimum representation of vasculature  

1: Artery walls add unnecessary complexity to mesh  

2: Parallel arteries to emulate direction of flow in cord 

3: Ellipse shape 1/5th the size of white matter  

4: Three arteries (ASA, PSA-L+R) and vein (PSV) 

Solid step 
displacement 

1: Moving mesh applied for larger deformations 

2: Smoothed step functions developed  

1: Clashes with moving mesh required for fluid in FSI. Automatic 
remeshing was viable but computationally expensive. 

2: Prevents mesh inversion and enables parametric tests 

Fluid 
governance 
model 

1: Free flow co-located to porous Darcy flow 

2: Brinkman’s flow to reflect arterioles 

3: Poroelastic behaviour of spinal tissue  

1: Underestimates microvascular velocity  

2: Produces velocities representative of artery→capillary flow 

3: Could not be coupled to external deformation 

Fluid flow 
parameters 

1: Material properties of porous tissue  

2: Boundary conditions for arterial flow  

1: White matter defined with known spinal porosity [180]. Both 
permeabilities and grey porosity defined from rat brain data [136].  

2: Pressure gradients defined from inlets to outlet (Pa=0) 

Oxygen 
consumption  

1: Position of source vessel for spread in tissue 

2: Consumption of oxygen in tissue  

1: Krogh cylinder model was not representative of anatomy 

2: Constant consumption is an overestimate. Ramp sink function 
deployed in spinal tissue. Arterial inlet concentrations defined. 

Fluid-structure 
interaction 

1: Coupling fluid to solid model  

2: Coupling of FSI structure to oxygen model 

1: Fully Coupled interaction required. Solid→fluid overestimates 
changes to blood flow. 

2: Define reacting flow between Brinkman’s and oxygen transport  
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Not all of the steps overviewed in Table 9 are discussed in this chapter as 

some iterations were discarded quickly due to a clash of the fundamental 

mathematical models or lack of convergence of the model. Below, Table 10 

highlights the expected model outcomes for a healthy rat spinal cord as the 

baseline model for validation. 

Table 10: Expected model outputs under healthy and ischemic/hypoxic 
conditions. 

Geometry Flow profile Expected  

velocity  

outcomes  

White 
matter 
(porous 
medium) 

Flow to move circumferentially from the ASA 
through the white matter to the PSV. 
Permeability is lower so would expect slower 
velocities than grey matter, but anisotropic 
medium may allow a faster flow path 

0.03mm/s  

 

 

Grey 
matter 
(porous 
medium) 

Faster velocities due to less resistance to flow 
through from the ASA to the grey matter, due 
to higher vessel density (higher fluid volume 
ratio as porosity)  

0.6mm/s 

  

 

ASA and 
PSA (free-
fluid) 

Unidirectional flow in the direction of high-to-
low pressure (top to bottom of spinal cord in 
z-direction) 

60mm/s= 
ASA[184] 

 

6.5mm/s= 

PSA[102] 

PSV (free-
fluid) 

Unidirectional flow in the direction of high-to-
low pressure (bottom to top of spinal cord in 
z-direction) 

10mm/s[102] 

 

The assumed velocities of spinal tissues were derived from adaptation of 

known literature values: 



69 

 

• Grey matter in the rat spinal cord has an average flow rate of 

62.5ml/100g/min [185-186] and white matter 17.5ml/100g/min [185-

186] found by measuring flow rates via 14C-antipyrine autoradiography 

with a scanning microscope photometer [185]. 

• The cross-sectional area employed for the rat spinal cord was 8.6mm2 

for white matter and 1.72mm2 for grey matter (one-fifth of white matter, 

scaled from human dimensions) [187]. 

• By knowing the average flow rate and cross-sectional areas of the 

spinal matters represented by rudimentary ellipse geometries, the 

assumed velocities could be derived.  

• The average velocity of blood through the matter microvasculature was 

0.6mm/s and 0.03mm/s for white and grey matter, respectively.  

 

Vessels of less than 5µm diameter present velocities of <1mm/s and  it has 

been reported that the majority of the intrinsic vasculature are of this scale 

[52]. Arterioles are neglected from the geometry modelled here but are 

assumed as represented in the porous continuum by the Brinkman equations 

– the model should produce higher tissue velocities deriving from the feeder 

arteries of around 1.5mm/s [102]. The expected oxygen outcomes for healthy 

model scenarios are as below in table 11.  
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Table 11: Oxygen concentrations under steady-state and hypoxic 
conditions of the rat spinal model. 

Vessel Oxygen concentration under 
normal conditions  

Artery (rat brain)  7.4mol/m3 [188] 

Arteriole (mouse brain)  

Porous tissue adjacent to arteries, 
governed by Brinkman flow   

3.5mol/m3 [16] 

 

Venule (mouse brain)  

Porous tissue adjacent to PSV, governed 
by Darcy flow    

2.08mol/m3 [16] 

 

Tissue  Rat brain interstitium [188] 

=0.74mol/m3  

Rat SC grey matter [186] 
=0.72mol/m3  

Rat SC white matter [186] 
=0.57mol/m3  

 

Data was manipulated from mmHg values into molar concentrations for 

implementation in COMSOL by converting the known literature values 

according to the ideal gas law.  In order to model the varying aspects of the 

non-traumatic spinal cord injury pathophysiology in the thoracic region, 

numerical implementation of the mathematical models as means of achieving 

the expected outcomes presented here is to be done via building a 

computational finite element model. An introduction to finite element analysis 

(FEA) theory is below (chapter 3.2).  

3.2  Finite element method 

The partial differential equations (PDEs) responsible for the governing physics 

of the solid and fluid laws cannot be solved analytically, so these laws are 
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discretised into weak, integral formulations to be solved as numerical model 

equations. The numerical methods approximate the real PDE solutions by 

solving for the derivative of dependent variables (such as velocity or pressure) 

with respect to the change independent variables (such as coordinates or 

time). The finite element method works to convert functions within an infinite 

dimensional function space to a finite dimensional space, with final numerical 

solving of vectors within a vector space. When boundary conditions and 

relationships relative to other boundaries are defined, assumptions can be 

made about the progression of behaviour through the system.  

In order to solve via finite element analysis, the geometry to be solved is split 

into a mesh comprised of elements and nodes. When two neighbouring 

elements overlap and share a node, the associated basis function overlaps, 

creating integrals of non-zero for the system matrix. Conversely, when there 

is no overlap between elements, the integrals and matrix contribution are zero. 

Therefore, zero values lessen the accuracy of the algebraic equations - hence 

why a denser mesh comprised of more elements gives a more accurate 

approximation. Element shapes include triangular, tetrahedral, quad and linear 

- the number, curvature and positioning of these elements is a key determinant 

of solution accuracy (Figure 7). In the 3-D environment, as presented in this 

work, tetrahedral elements are most commonly employed as they maintain the 

aspect ratio between elements as close to unity.  
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Figure 7: 3-D element types. Tetrahedral is most commonly used, meanwhile 

bricks can be preferred for solid mechanic problems. Prism and 

pyramidal elements are generally boundary transition elements. 

 

The mathematical models and parameters reviewed in chapter 2 are to be 

implemented into the finite element modelling software, COMSOL (version 

5.5a). The solver configuration to be used is the COMSOL default relative to 

the study step, which defines the relative solver configurations based on the 

variables to solve for, the solvers that are therefore applicable and their 

storage settings. The study and therefore solver configurations are defined by 

the employed physics interfaces, geometry and variables to be solved for that 

are presented in chapter two and in the remainder of this chapter.  

This model will be simulated via a stationary study, when the equations solved 

for do not have time derivatives and the field variables do not change over 

time. In fluid flow, stationary studies compute the steady flow and pressure 

fields, which is relevant in NT-SCI relative to the long timeframes at which the 

injury takes place [86]. Similarly, in solid mechanics, it computes deformations, 

stresses and strains at static equilibrium. These are computationally easier to 

solve than time-dependent problems and are therefore to be employed in the 
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fundamental model of NT-SCI presented in this work; the nature of the multi-

physics to be deployed in this model (solid and fluid) mean the matrices solving 

the physics solutions will be fully coupled as a single large system of equations 

that solve for all unknowns and couplings between them at once in a single 

iteration [86]. To compensate for this expense, the default PARADISO (parallel 

sparse direct solver) solver is to be used, which solves via an unsymmetric 

sparse matrix to utilise less memory when storing elements during solving, as 

the majority of elements are zero. However, the linear solver is direct, which 

is more robust but uses more memory as it scales usage at N1.5-N2 where N 

is the number of degrees of freedom in the model – the default memory 

allocation factor of 1.2 was used. Iterative solvers scale with N so require less 

computational capacity but are less robust if the mesh quality is low or includes 

deformation of slender geometries [86], which is employed here when 

compressing vessel structures so was less applicable for use in the model.  

The initial aspect of the model to be built is the deformation of the spinal cord 

that will represent the chronic compression seen in NT-SCI. Relative to the 

solid mechanics mathematical models presented in chapter 2, deformable 

mechanics is built into the numerical application (chapter 3.3).  

3.3 Solid deformation 

As means of simulating non-traumatic spinal cord injury, deformable 

mechanics of spinal cord tissue has to be implemented into the finite element 

model. Non-traumatic injury is understood as chronic, low-level compression 

and this work aims to understand the development of this injury at a mild, sub-
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clinical level. Solid deformations are to be applied externally on the exterior 

surface of the spinal cord to deform the underlying blood vessels, 

microvasculature and spinal cord matters.  

 

3.2.1 Displacement 

In deforming the spinal tissue, the effect of applying an external load was 

initially investigated. This initial solid model included the geometries of the 

arterial vessel walls and the internal artery fluid, which were both defined as 

solids with linear elastic properties of the white matter (section 1.5.2). 

Boundary loads were attempted initially at the anteroposterior face of the 

spinal cord but at loads that caused >10% deformation, the tissue would 

buckle and the model would fail, due to the inversion of nodes on buckling, 

causing extreme solver divergence (Table 12).  

Table 12: Load-displacement profile of linear elastic spinal cord and 
artery structures.  

Load (N/mm2) Vessel displacement (mm) Cord displacement (mm) 

25 0.12 0.02 

50 0.14 0.04 

250 0.33 0.21 

 

It was assumed this complication arose from the shape profile of the load and 

the stress-strain threshold of the linear tissue; previous spinal cord mechanics 

models report that non-linear material models are most suitable for increasing 

deformation loads. Automatic remeshing was employed here to re-mesh the 

geometry when the mesh quality fell below 0.5 but this did not aid model 
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convergence to a reliable solution. To overcome mesh at the deformation 

boundaries, defined displacement profiles were to be employed instead of 

loads.  

Deformation of the ventral wall where the anterior spinal artery resides was 

the initial focus; the majority of non-traumatic injuries are effectual here due to 

protrusions of extrinsic bodies from the spine onto the cord [189]. A range of 

displacements reported as sub-clinical to clinical (from 0-30%) were 

investigated (Figure 8) [23], [26], [53], [190]. The displacement was applied 

across the whole cross-section of the cord using a moving mesh with a 

hyperelastic correction to replicate the initial hyperelastic tissue response of 

the spinal cord under load. The moving mesh is required to withstand such 

high deformations to move the material frame relative to the spatial frame.  

 

Figure 8: Mesh plots of prescribed displacement outcomes at 10% strain 
(a), 17.5% (b) and 20% (c) representative of mild, moderate and 
severe compression.  
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The mesh remains smooth and able to converge easily at lower strains, but at 

higher displacements, the mesh quality decreases. The partition and 

geometry-imposed boundaries resulted in mesh inversion and model failure.  

Displacement was applied in the y-direction (compressing the anterior face), 

with no constraints employed in the x-direction. Therefore, mesh inversions 

were common in the x-direction of the displacement.   

In order to apply displacement at the appropriate anatomical location, 

smoothed functions were employed to define the deformation as a function of 

maximum displacement over a set of coordinates (Figure 9). A function was 

built to combine two smoothed step functions that act as smoothed 

approximations of a step within a controllable slope. This enables the transition 

from zero displacement up to its maximum displacement at a particular 

location or coordinate.  

 

Figure 9: Displacement function utilising smoothed step functions to 
produce the bell-curve deformation.  
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The arc length was relative to the height (z-coordinate) of the spinal cord and 

the maximum displacement was a percentage of the sagittal cross-section 

deformation (e.g., 0.285mm=10% strain). The creation of a bell-curve 

deformation step was to be representative of a protrusion deforming the cord 

with maximum force and velocity at its apex and decreasing further from the 

peak area of contact. The smoothing of the deformation profile using the step 

function maintained a higher quality and integrity of the mesh, as defined by a 

decrease in skewness of the local elements at the boundary regions (Figure 

10). 

  

Figure 10: Implementation of the displacement step function. Harsh local 
deformations are seen prior to the smoothing step function (a), 
particularly inversion of sharp edge elements (b). The smoothing function 
prevented mesh inversions (c).  

 

Dependent on the positioning and severity of injury, parameters of the step 

function were altered to emulate focal and diffuse deformation profiles. 

Deformation was employed as a boundary condition defined using the 

following function:  
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𝒎𝒂𝒙𝒅𝒊𝒔𝒑 ∗ ((𝒙𝒐𝒏 (
𝒙

𝟏[𝒎𝒎]
) + 𝒙𝒐𝒇𝒇 (

𝒙

𝟏[𝒎𝒎]
) − 𝟏) ∗ (𝒛𝒐𝒏 (

𝒛

𝟏[𝒎𝒎]
) + 𝒛𝒐𝒇𝒇 (

𝒛

𝟏[𝒎𝒎]
) − 𝟏)) [21] 

 

For anterior injury simulation, maximum displacement (maxdisp) was the 

height of the deformation arc from zero to its apex (i.e., defined as 0-30% of 

the cord sagittal diameter). The x- and z-coordinates allowed for precision of 

displacement along the coronal and sagittal planes, respectively. The above 

function was employed in the y-direction to employ displacement on the 

anterior face of the cord and was altered accordingly for injury at different 

locations, namely posterior (-y direction) and anteroposterior (x-direction). The 

smoothing function prevented harsh step zones of displacement and 

subsequently increased the quality of the mesh (Figure 11).  

 

 

Figure 11: Mesh quality (in terms of skewness) after smoothing of the 
step. Relative to scale, 0=worst quality and 1=best quality.  
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Skewness is a measure of mesh quality wherein the equiangular skew of the 

angles of element edges is compared to the angles in an ideal element – some 

skewed elements are still visible in the injury epicentre, but the boundary 

elements were of a high quality.   

NT-SCI via chronic compressive means (cervical spondylitic myelopathy, 

ligament ossification, disc herniation) has generally been defined as becoming 

symptomatic at a spinal canal diameter reduction of 30%; ideally, the model 

would simulate up to this strain threshold to elucidate the threshold in which 

the fluid mechanics assume an ischemic and potentially hypoxic environment, 

but the model was limited to sub-clinical (<10%) compressions when coupled 

to fluid and oxygen dynamics via a fluid-structure interaction (chapter 3.4 and 

3.5). The moving mesh required for severe deformations of the solid up to 30% 

caused over-constraint when a second moving mesh was required to map the 

fluid domain in the FSI setup (section 3.6). Development of injury during the 

early stages of mild non-traumatic compression was therefore modelled here 

as incremental increases in strain by 2.5%, ranging from 0% to 10%. On 

completion of the deformable mechanics implementation, the blood flow 

models were to be included.  

 

3.4 Coupling arterial and microvasculature flows 

A primary focus of this work has been determining the appropriate governing 

equations and boundary conditions required to simulate the complexity of the 

vascular network in the spinal cord. As detailed in chapter 2, a porous medium 
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is to be implemented to represent the complexity of the intrinsic 

microvasculature as a continuum model coupled to free-flow arteries. This 

section assesses the sensitivity of model parameters, namely artery geometry 

positionings (external or internal to the cord, longitudinally parallel to fibres or 

traversing inwards), porous medium material properties (porosity and 

permeability) and the physics used to solve the mathematical model (Darcy or 

Brinkman’s flow).  

 

3.4.1 Geometry effects on blood flow   

Multiple geometries were investigated to determine the appropriate geometry 

representation required to accurately reflect NT-SCI, without unnecessary 

anatomical detail (Table 13). Differences in the shape of the grey matter 

(ellipse, x-shaped and physiologically shaped) were trialled to understand how 

the boundary of the geometry shape affected the mesh density and therefore 

convergence of the model. Positions of the cord vasculature were trialled as 

extrinsic (physiologically-representative) and intrinsic (simpler model 

convergence) to determine which was most accurate for representation of 

blood flow.  
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Table 13: Geometry implementations and outcomes.  

Geometry Affect  Outcome  

X-shaped grey matter to 
emulate butterfly shape 

Model was prone to mesh 
inversions 

Ellipse semi-circle used 

Arterioles modelled 
branch from the ASA into 
tissue 

Mesh was prone to 
inversions and arterioles 
did not significantly 
increase blood flow 

Arterioles were neglected 
from the model  

Arteries modelled 
transversely coursing into 
tissue like the vasocorona 

Only representative of the 
vasocorona and not the 
core arteries 

Longitudinal arteries 
representing the ASA and 
PSA were employed 

Posterior spinal vein 
added 

Added to drive 
microvascular flows 
through tissue to an outlet  

Implemented in the model 
for use as a model outlet  

 

In the initial x-shaped model, permeability was isotropic throughout the tissue 

(with no differentiation between white and x-shaped grey matter). Only one 

central artery was deployed to understand the influence on porous flow. An 

initial pressure condition of 630Pa was set, relative to the known pressure of 

cerebrospinal fluid in the T10 segment of a rat (from a sham, unoperated 

group), assumed as representative of pressures in the perivascular interstitium 

[191]. No or low (up to 400Pa) initial pressure conditions resulted in negligible 

flow in the cord tissue, with an erratic flow distribution through the pores 

(Figure 12). It was assumed the model was under-constrained due to 

extremely low velocity outputs that were dependent on the imposed initial 

pressure condition, which should only function as an output approximation for 

the solver. 
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Figure 12: Darcy flow distribution in absence of viscous flow laws. Slice 
plot is in the centre of the cord (y=0) with a velocity contour range of 0-
×10-19mm/s (a), Darcy velocity distribution is evenly spread throughout 
tissue (red logarithmic-scaled arrow vectors) (b).  

 

Pressure-driven flow can be seen exiting the central artery into the porous 

medium, but at extremely slow velocities (~×10-19 mm/s) and in erratic 

directions. Presence of a central artery was useful for determining internal flow 

behaviours but was unrepresentative of the cord vasculature itself.  

Therefore, additional free-flowing sources were employed at the posterior end 

of the cord, plus additional anterior arterioles, to protrude into the spinal 

medium as additional constraints for the intrinsic porous pressure gradients. It 

was hypothesized that additional source flows would provide more pressure 
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output conditions for the porous Darcy pressure gradients, instead of one 

central artery to feed the whole cord, which is physiologically unrepresentative. 

Addition of a second source vessel and arteriole at the posterior end of the 

cord increased the Darcy velocity magnitude by 100-fold. However, when 

under mild compression (2.5% reduction in sagittal diameter), the 100-fold in 

velocity magnitude was almost completely reversed. The jump in these outputs 

seemed refutable and unreliable: despite the addition of anterior and posterior 

intrinsic arterioles, Darcy velocity was still extremely slow when compared to 

the expected capillary velocity of 0.56mm/s [172]. It was assumed addition of 

a posterior vessel was additive due to additional pressure gradients now 

evenly distributed at both ends of the tissue, compared to sole addition of an 

arteriole which only affected the surrounding anterior tissue. The almost 

complete negation of the added PSA velocity when under mild strain was not 

expected – this would infer complete occlusion and redundancy of the vessel, 

but again highlights the sensitivity of the model to feeder vessel pressure 

gradients. Additionally, Darcy velocity vectors lacked consistency or direction 

through the tissue due to a lack of constraints in the fluid model. An 

assumption was made that the added geometric complexity of arteriole in-

shoots was not required due to the negligible change in flow in their absence. 

However, the addition of a second artery was influential and assumed 

representative of the two posterior arteries that feed the thoracic section of the 

spinal cord, so the two posterior spinal arteries were confirmed as an inclusion 

criterion.  

The posterior spinal vein was added to act as an outlet to direct flow through 

the tissue aside from the top and bottom of the cord. The anterior and posterior 
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arteries and posterior vein were positioned to run longitudinally in the z-

direction on opposite sides of the cord to direct intrinsic flow behaviours. The 

resultant velocities were a more appropriate scale (~×10-9 mm/s) in the artery-

vein model but were still very low. The direction of flow was more appropriate 

but the insufficient flow rates were assumed as due to insufficient pressure 

constraints and a lack of intrinsic porous flow governance via means of other 

parameters, such as porous material properties and distinction between the 

grey and white matter. The geometry was doubled in height to extend the 

hydrodynamic entry length and ascertain if the vessel-driven gradients were 

underestimating the average intrinsic Darcy velocities – increased vessel 

length did not alter the velocity speeds close to the extremities or in the centre.  

It was therefore assumed the required geometries to create sufficient tissue 

velocities were implemented, which were in line with the literature. Inclusion 

criteria comprises of differentiated grey and white matter, the anterior spinal 

artery, two posterior spinal arteries and the posterior spinal vein. However, 

microvascular flow behaviour through the spinal tissue still requires 

optimisation.  

 

3.4.2  Effect of porous material properties 

Initial model iterations focused on free flow geometrically positioned within, or 

next to, a porous medium governed by Darcy’s law. By co-locating and not 

coupling arterial free flow to porous microvascular Darcy flow, only pressure 

gradients were effectual in determining porous velocities. However, these 
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models are computationally inexpensive and therefore were used to inform 

material properties and appropriate physics.  

It is well understood that the grey and white matter of the spinal cord have 

different material properties. During geometry inclusion analysis (section 

3.4.1), an isotropic permeability had been employed with no discernment 

between the spinal tissue matters. Therefore, porous material properties were 

to be investigated to ascertain the appropriate properties that represent 

microvascular behaviour.  

Porosities and permeabilities of white and grey matter differentiate due to 

difference in the tissue structures [180]. White matter is known to have an 

anisotropic permeability due to the structuring of fibre tracts, whereas grey 

matter has an isotropic permeability due to the strict ordering of cell bodies 

[180]. Average porosities of 0.4-0.45 for the spinal cord matters have been 

reported [180], meanwhile in vivo rodent models of spinal cord ischemia have 

cited the extracellular space fraction (porosity) of the dorsal horn grey matter 

as 0.2 when at a blood pressure of 80-110mmHg, decreasing to 0.16 on a 

decrease of blood pressure to 50-60mmHg, and down to 0.02 under anoxic 

conditions of blood pressure at 20-30mmHg [181]. Other studies in the CNS 

identify similar porosities of 0.2, predominantly from brain grey matter studies 

[136].  

Simulations were therefore run to test a range of porosity and permeability 

values relative to those reported in the literature for the brain and spinal cord. 

Values ranged from low (porosity = 0.1, permeability = ×10-17m2), to average 

(porosity = 0.4, permeability = ×10-13m2) and high (porosity = 1, permeability = 
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×10-5m2) to test the extremes of model sensitivity. In the Darcy flow model 

presented, altering porosity had a null effect on flow behaviour but permeability 

was greatly effectual when differentiating between white and grey matter 

properties, which influenced the route of blood flow. A difference in isotropic 

permeability between white and grey matter influenced the blood fluid path 

through the tissue which had the lowest resistance to flow (Figure 13).  

 

 

Figure 13: Planar extrinsic vessels force flow distribution evenly through 
length of tissue. Velocity arrow vectors (red) indicate an alteration in 
fluid path from the inlet to outlet at low (A) and high (B) resistances to 
flow in grey matter.  
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Next, anisotropic permeabilities were employed. White matter was defined 

with anisotropic permeability and grey matter as isotropic. Flow was distributed 

into the white matter irrespective of geometry. It was assumed the anisotropy 

created a less tortuous fluid path by allowing free movement in the z-direction, 

parallel to the free fluid pressure gradients, whereas the isotropic grey matter 

increased fluid path lengths due to compact ordering of the porous solid 

structure. It has previously been argued that anisotropic fibres compact 

together when compressed, reducing the extracellular space [51],[192], 

meanwhile isotropic properties re-route blood flow around the compact 

material [136]. Flow behaviour in the individual tissue types was simulated with 

a focus on changing the permeability in grey matter (Figure 14) where 

vasculature is most dense and NT-SCI damage is known to be most effectual.  

 

Figure 14: Distribution of flow through high and low permeabilities of 
grey matter. The extremes of the permeability range as high (a) and low 
(b) resistance to flow - when applied only to the grey matter - showed 
pronounced changes at planes central through the cord.  
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Transitional flow zones between the white and grey matter displayed harsh 

boundaries. When resistance to flow was higher in grey matter (figure 14a), 

flow was directed through the white matter. Conversely, low resistance in the 

grey matter streamlined flow through the isotropic grey matter (figure 14b). A 

range of resistances to flow were simulated to understand structure-driven 

changes to the fluid path, as in Table 14.   

 

Table 14: Velocity magnitudes (mm/s) of spinal tissues compartments 
under variation of grey matter permeability.  

Permeability of 

grey matter (m2) 

Grey matter velocity 

magnitude (mm/s) 

White matter velocity 

magnitude (mm/s) 

2×10-5 0.15 0.154 

2×10-10 0.011 0.3 

2×10-13 2.64×10-5 0.31 

 

A number of biological models have defined matter permeability values at 

~×10-13m2 [177], [168]. However, these data complement some of the theories 

in terms of microvascular behaviour under injury; in assuming the grey matter 

has a higher resistance to flow due to compact fibres, the white matter 

compensates during compression due to its less dense structure. Below 

(Figure 15), an increased resistance to flow in the grey matter elicited faster 

flow through white matter, with pronounced effects under displacement (10%).  
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Figure 15: Slice plane of spinal tissue velocity magnitude (mm/s) under 
10% deformation with high (a) and low (b) resistance to flow in the 
grey matter. Decreased resistance to flow is highlighted by larger 
velocity vectors (red arrows), coupled to presence of higher velocities at 
the white-grey matter boundary (light blue).  

 

The increased velocities under compression were attributed to an increase in 

vessel pressures adjacent to the spinal tissue under strain, causing a 

compensatory increased velocity effect through the tissue. Large arrow 

vectors exiting the tissue into the vein are representative of heightened 

pressure gradients which compensate for the under-constrained pressure-

driven model. From these studies, it appears permeability is a core 

determinant in intrinsic porous flow behaviour.  

The literature-reported permeability values drive flow through the anisotropic 

white matter, which is physiologically representative of the vasocorona and its 

ingressing arterioles. However, the velocities remained too low despite the 

changes to the fluid model geometry sources and material properties. 

Therefore, the fluid physics was altered from free-Darcy to employ the 
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Brinkman equations which account for inertial effects in transitional free-to-

porous flows [52] as means of increasing the average velocity of the spinal 

tissue to account for arterioles and dissipation of velocity as arteries decrease 

in size to arterioles and capillaries.  

 

3.4.3 Brinkman’s flow 

Darcy’s law does not account for the inertial transition between free-flowing 

sources and downstream porous flows as it derives average velocity from 

pressure gradients. Therefore, anatomy that is further from the arteries will 

have lower pressure gradients and lower velocities. It is known that grey matter 

has a higher density of microvessels and has a higher blood flow rate than 

white matter, so Darcy model behaviour assumptions do not fit with the current 

model requirements. Therefore, due to the unrepresentative velocities seen in 

section 3.4.2, the Brinkman equations model was employed to account for the 

inertial effects in transitional flows. This represents the presence of arterioles 

and vasculature between the explicitly modelled free-flow arteries and the 

intrinsic porous-continuum microvasculature.  

Brinkman’s flow is used to model single-phase flows; in this scenario, red 

blood cells are assumed as evenly and symmetrically distributed in the blood 

and non-Newtonian behaviour of the blood is also neglected. It is understood 

that single-phase representations of blood do not underestimate pressure or 

velocity changes when modelling stenosis of arteries when compared to multi-

phase models [193]. On inclusion of the Brinkman equations, the primary 
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objective remained ascertaining the appropriate porosity and permeability 

values as inclusion criteria for the model.  

Previous spinal cord models have employed isotropic permeability as those 

models primarily investigate other effects such as traumatic injuries (e.g. burst 

fractures [76–84]) and non-traumatic conditions (e.g. syringomyelia [96], [97], 

[152]) or because the local definition could not be derived experimentally or 

clinically.    

In the context of the brain, porous vasculature models commonly employ a 

known permeability tensor across the whole tissue and have specific sink and 

source terms for individual vessel representation or have multi-compartment 

models representative of anatomies with varying permeability or behaviour 

[135], [175]. A previous brain model simulated a porous continuum model to 

investigate the changes to perfusion throughout the whole brain when one 

large intracranial blood vessel was occluded. The brain model included 

anisotropic permeabilities to account for variations in space, relative to those 

seen physiologically (i.e. arteriole-dense region, capillary-dense region) [182]. 

The specific behaviour of vessels within the brain regions was highlighted as 

imperative to include in understanding the true effects of occlusion; in whole 

organ models, one-dimensional network models are commonly prescribed for 

large vessels and multi-compartment porous continuum models for the 

respective arteriole or venule microvasculature, but the use of a one-

dimensional network does not account for the transitional, mid-scale 

vasculature in the network [136]. Multi-compartment porous networks allow 

feeder vessels to correspond to their downstream receiving anatomies and 
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allow for assumptions around anatomy behaviours, such as the majority of 

oxygen exchange taking place in the capillary zones of spinal tissue.    

Due to the nature of the simplified mathematical model presented here, the 

permeability of the arteries was not necessary to prescribe, as the continuation 

of volume output from the source-to-porous medium was inferred by the open 

fluid-tissue boundary and Brinkman equations. The paper assumed arteries 

acted as a unidirectional column flow, as depicted here through the imposed 

geometry and boundary conditions. As such, the pressure conditions at inlets 

were more applicable than identifying specific velocity thresholds at source 

fluid entry [174]. To avoid the need for volumetric geometry positioning for 

coupling that was employed in the whole brain model, models generally 

implement lumped parameters of fluid gradients weakly coupled to porous 

medium flux, as is to be employed here. 

When replicated in the Brinkman model, equal low (κ=2×10-13 m2) isotropic 

permeabilities in the white and grey matters directed a significant excess of 

flow into the white matter. In order to mitigate this, additional vessels were 

added to the ASA in the white matter to emulate the behaviour of the anterior 

sulcal arteriole (Figure 16). Scale ranges were magnified to look at velocity 

and concentration behaviours at the most relevant ranges for each.  
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Figure 16: Uncompressed spinal cord with low isotropic permeabilities 
in both matter types. Contour plots of velocity magnitude (a), 
concentration (b) and velocity vectors (c) with isotropic permeability of 
2×10-13m2.  

 

As means of increasing flow rate into the grey matter from arteries, anisotropic 

permeability was implemented into both matter types. This directed blood into 

the white matter with the shortest fluid path, similar to the free-Darcy model 

(Figure 17).  
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Figure 17: Blood flow behaviour when both spinal matters are 
anisotropic. Contour plot of anisotropic grey matter (a) and white matter 
(b). Scale range = 0-5mm/s. 

 

Therefore, it was understood that the isotropy or anisotropy of the spinal tissue 

was the core driver of flow through the tissues. High permeability was 

employed in the grey matter (2×10-5m2) and lower in the white matter (2×10-

8m2), both as isotropic permeabilities relative to the increased flow rate into the 

grey matter seen in section 3.4.2 when both tissues were isotropic (Figure 18).  
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Figure 18: Contour (a) and velocity vector (b) plots of spinal cord blood 
velocity with high isotropic tissue permeability in grey matter and 
lower in white matter.  

 

This scenario output velocities in an appropriate range (Table 15), despite the 

re-directed flow behaviours.  

Table 15: Velocity and concentration outputs for isotropic grey and white 
matters, with three sulcal arteriole inputs.  

 
Velocity (mm/s) Concentration (mol/m3) 

Grey matter 0.78 5.03 

White matter  0.023 5.12 

ASA [z] 69.67 5.79 

PLA [z] 13.29 5.39 

Branch 1 (z=2.75)  3.5 5.35 

Branch 2 (z=1.5) 0.72 5.28 

Branch 3 (z=1) 0.19 5.24 
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The velocities were now in line with the expected outcomes but were 

rudimentary values that did not align with the literature. Analysis of both 

parameters was run to assess the behaviour of both tissues in terms of 

porosity, permeability and isotropy relative to known material properties from 

the literature (Table 16). 
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White matter Grey matter 

Porosity  Permeability  

(m2) 

Porosity  Permeability  

(m2) 

WM velocity 
magnitude (mm/s) 

GM velocity 
magnitude 
(mm/s) 

0.2 [153], [194] 5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

Anisotropic [180] 

0.45 [180] 3.3×10-14 m2 0.0089 0.0043 

0.2 4.28×10-4 mm3 

Isotropic  [182] 

0.45 3.3×10-14 m2 0.037 0.005 

0.2  5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

0.25 [180] 1.234mm3 

 

0.0071 0.12 

0.2 4.28×10-4 mm3 0.25 1.234mm3 0.032 0.49 

0.2  5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

0.25 3.3×10-14 m2 0.0088 0.0043 

0.2 4.28×10-4 mm3 0.25 3.3×10-14 m2 0.037 0.005 

0.2 5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

0.45 1.234mm3 

 

0.007 0.13 

0.2 4.28×10-4 m3 0.45 1.234mm3 0.032 0.46 
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0.4 [180] 5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

0.25 1.234mm3 

 

0.0071 0.12 

0.4 4.28×10-4 mm3 0.25 1.234mm3 

 

0.0325 0.51 

0.4 5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

0.45 3.3×10-14 m2 0.0089 0.004 

0.4 4.28×10-4 mm3 0.45 3.3×10-14 m2 0.037 0.005 

0.4 5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

0.25 3.3×10-14 m2 0.004 0.004 

0.4 4.28×10-4 mm3 0.25 3.3×10-14 m2 0.037 0.0053 

0.4 5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

0.45 1.234mm3 

 

0.007 0.13 

0.4 4.28×10-4 mm3 0.45 1.234mm3 

 

0.032 0.455 

Table 16: Analysis of porous material properties on blood velocities through the spinal matter types when implementing 
the Brinkman flow model.  The highlighted rows indicate the material parameters chosen for future model iterations.
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Relative to the above data, the shaded rows indicate the material parameters 

that produced the expected average velocity magnitude for the tissue volume. 

The data highlights that porosity is not hugely influential on fluid behaviour and 

that permeability is a core driver of flow. Lower resistances to flow in both 

tissues were required to represent microvascular behaviour at the appropriate 

scale. Therefore, the isotropic permeabilities employed were derived from a 

brain model study and porosity values from a study in the spinal cord, as in 

Table 6 in section 2.4.1. The assumption implemented here was based on the 

grey matter being a vascular-dense tissue, therefore defined with the arterial 

system permeability from the brain model to produce higher blood flow rates 

(κ=1.234mm3). The white matter was defined with capillary system 

permeability from the brain model (κ=4.28×10-4mm3), as its vasculature is 

generally sparser and is governed by branching arterioles from the 

vasocorona. Porosity was defined relative to the extracellular volume fraction 

defined in the dorsal horn grey matter of the rat spinal cord under normal 

conditions (ε=0.25) [181], [153] and that of the known porosity for spinal cord 

white matter (ε=0.4) [180].  

Anisotropy of the white matter is therefore not accounted for in this model as 

it did not output the expected velocities and was therefore excluded from the 

model criteria. Anisotropic permeability is reported to overly skew flow 

distribution in poroelastic models of vasculature, including in injury scenarios 

[137]. The influence of this is likely driven by coupling an inherent preference 

for blood flow path to tissue ability to alter its pore shape in a poroelastic model. 

This was inferred here when anisotropic white matter was paired with low 

resistance to flow in the grey matter, the velocities in grey matter remain below 
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what would be expected, despite a higher pore volume fraction in the grey 

matter. This was assumed as due to reduced flows from the arteries through 

white matter into the grey matter. Prior literature values at the scale of ~×10-13 

m2 therefore are unlikely to represent the vasculature and may predominantly 

account for the extracellular fluid space that governs interstitial fluid and 

cerebrospinal fluid.  

On surmising the appropriate fluid models to achieve the required baseline 

velocities in each tissue type, oxygen transport is to be coupled to the blood 

flow model to fully understand tissue response to ischemia.  

 

3.5  Oxygen transport 

When modelling both fluid mechanics models (Darcy only 3.4.1-2 and 

Brinkman 3.4.3), oxygen transport was modelled concurrently. Convection of 

oxygen within blood was coupled to blood velocity outputs and diffusion of 

oxygen was attributed an effective diffusivity and dispersion model for 

movement through the porous tissue. The oxygen source was defined at artery 

inlets and outlets were assigned at vessel outlets, the posterior vein and at the 

top and bottom of the cord to emulate circulation into other segments.  

Primary objectives of this model were to elucidate the appropriate inflow 

concentration boundary conditions and how to define the oxygen consumption 

model. As an initial test, a Krogh cylinder model (oxygen source vessel running 

centre down the tissue) was developed to test the diffusion model setup. The 

Krogh tissue cylinder model is a simplified model of oxygen change in muscle 
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tissue, emulating immediate oxygen exchange into surrounding tissue from a 

single, central blood vessel. The Krogh model assumes a steady state, radial 

symmetry of a cylindrical capillary, continuous distribution of reaction and no 

radial flux when the vessel is the sole oxygen supplier of the surrounding tissue 

(Figure 19). The model was employed with a constant consumption term in the 

white and grey matter, These models are generally applied to modelling of 

muscular vasculature, due to the structural regularity of muscle fibres and 

requirements for oxygen: this is not akin to the spinal cord vasculature as 

vessel positioning is irregular through the cord but it has also been employed 

in previous brain oxygen models for simplicity [172]. 

 

 

Figure 19: The Krogh cylinder model of oxygen transport from a capillary 
into surrounding tissue. Oxygen concentration decreases with 
longitudinal progression down the capillary as the fluid pressure also 
decreases, hence the surrounding tissue experiences a correlated 
decrease in oxygen.  

 

The Krogh cylinder model is therefore a simplified means of quantifying 

oxygen transport and was implemented to understand gross qualitative 

changes, namely when iterating boundary conditions.  
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In the free-Darcy model, initial oxygen concentrations were 0.07mol/m3 for 

grey matter, 0.029mol/m3 for white matter and 0.38mol/m3 within the Krogh 

cylinder vessel, which were too low compared to literature-reported values. 

Therefore, the boundary conditions were assumed to be under-constrained as 

a downstream effect of the fluid model and it was assumed that the constant 

consumption rate was too high. Time-dependent simulations were run to 

determine if oxygen was not progressing through the tissue due to a lack of 

constraints, or if the consumption expression was incorrect. Progression of 

oxygen down the vessel and into the porous tissue was visible in time-

dependent simulations (Figure 20).   
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Figure 20: Oxygen distribution through the spinal cord over 1-second 
time period. Spread of oxygen over time is present when solving only 
for vessel concentration (a-c) and for vessel diffusive spread into the 
tissue (d-f). Movement of oxygen species outward into tissue (d-f) 
increases with time (d=0s, e=0.3s, f=1s). 

 

Oxygen was seen progressing with time into the porous medium until it 

reached the maximum consumption level, affirming excess consumption by 

the sink model. In order to combat this, the source oxygen concentration setup 

was altered to be defined by pointwise constraints of a set concentration at the 

inlet boundary, whereas a previously employed flux condition based the inlet 
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concentration on velocity at entry, which forced dependency on the inadequate 

free-Darcy fluid behaviour (Figure 21). 

 

 

Figure 21: Increasing pressure-driven diffusion gradients display further 
diffusion of oxygen. Inflow pressure is increased by 3-fold (b) and 5-
fold (c) with newly employed pointwise concentration inflow conditions.  

 

In defining the source oxygen concentration as pointwise and enforcing the 

same boundary pressure constraints on the Darcy tissue as the free-flowing 

artery, the concentration gradient in the tissue fulfilled the initial oxygen 
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condition as the expected tissue average of 0.5-0.7mol/m3. However, these 

edits had taken place in line with the previous Darcy model where velocities 

had remained too low and the final material properties for use had not been 

elucidated yet.  

Variations in permeability were investigated in the Krogh cylinder model to 

ascertain the appropriate material properties for sufficient oxygen exchange. 

A range of permeability values were studied, wherein spread of oxygen was 

limited or free to move due relative to the resistance to fluid flow (Figure 22).    

 

 

Figure 22: Oxygen diffusion profiles through grey matter at high and low 
permeabilities. Concentration gradients at extreme permeability and 
porosity gradients of permeability=0m2 and porosity=0.0001 (a) and 
permeability=50m2 and porosity=1 (b).  

 

The general transport trends were as expected; spread of oxygen through 

tissue was seen in scenarios with low resistance to flow, meanwhile transport 

was limited under high resistance to flow which was therefore governed by 
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sharp pressure gradient changes at the vessel inlet and outlet boundaries 

(Figure 23). 

 

Figure 23: Diffusive spread relative to high and low permeability in both 
spinal tissue types. Low resistance to flow (b) increases the spread of 
oxygen, but is still limiting in reach and diffusive capability, particularly in 
the case of high (b), literature-derived parameters.  

 

The concentration outputs were considerably higher than the expected 0.5-

0.7mol/m3 range and did not vary dramatically between extreme material 

properties. The continued increase of oxygen in compressed regions with 

faster blood velocities highlighted an inefficiency with the sink function, which 

is investigated in section 3.5.1.  

 

3.5.1 Consumption model 

To account for venous structures and consumption of oxygen via capillary 

exchange in the spinal matter tissues, a sink model (equation 25) is assigned 

to react per unit volume of total pore space (Figure 24). The sink parameter is 

designated a consumption rate of -1.71µmol cm-3min-1, derived from the 
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estimated cerebral metabolic rate of rats. The rate was found from fitting 

changes in tissue partial pressure of oxygen (PO2) up to 200µm from cortical 

penetrating arterioles into the Krogh cylinder model of diffusion [195]. It is 

known that the grey matter has a consumption rate of approximately three-fold 

in the brain, but the consumption term is employed as an average of the whole 

tissue - the oxygen extraction rate of the vessel-dense grey matter is assumed 

as represented by the matter material properties and respective blood flow 

and oxygen concentrations. The sink parameter is multiplied by a ramp 

function which means the rate is fully switched on at the tissue’s highest 

concentration: 

sink*(rm2(c/1[mol/(m^3)])-1          [22] 

The model was devised to maintain an average of oxygen in the tissue by 

consuming continuously when concentration remained above the minimum 

threshold (zero). The sink function will consume at its maximum when the 

spinal cord tissue concentration is at its average for the two tissues 

(c=~0.6mol/m3) (Figure 24). 

 

Figure 24: Plot of oxygen consumption rate as a function of tissue 
oxygen concentration. 
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The sink model reaches the maximum consumption rate when the tissue 

concentration is equivalent to the specified concentration of artery oxygen 

influx (i.e., the maximum possible before transport into neighbouring tissues). 

The tissue is expected to not reach this maximum was due to the dissipation 

of blood and oxygen through the Brinkman model - it is known that the rate of 

oxygen consumption is usually 80-85% of its maximum value [172]. However, 

in order to maintain tissue concentration under ischemic conditions, the ramp 

function of the sink model enabled an increase in oxygen consumption if the 

system was receiving less provided less blood flow and therefore oxygen, but 

also meant the concentration could not go below zero.  

As before, the sensitivity of the porous material parameters for the model were 

investigated to ascertain the appropriate parameters for inclusion (Table 17).  
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White matter Grey matter 

Porosity  Permeability  

(m2) 

Porosity  Permeability  

(m2) 

WM concentration 
(mol/m3) 

GM concentration 
(mol/m3) 

0.2 [153], [194] 5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

Anisotropic [180] 

0.45 [180] 3.3×10-14 m2 0.6 0.54 

0.2 4.28×10-4 mm3 

Isotropic  [182] 

0.45 3.3×10-14 m2 0.65 0.55 

0.2  5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

0.25 [180] 1.234mm3 

 

0.63 0.54 

0.2 4.28×10-4 mm3 0.25 1.234mm3 0.77 0.74 

0.2  5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

0.25 3.3×10-14 m2 0.6 0.53 

0.2 4.28×10-4 mm3 0.25 3.3×10-14 m2 0.66 0.53 

0.2 5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

0.45 1.234mm3 

 

0.63 0.55 

0.2 4.28×10-4 m3 0.45 1.234mm3 

 

0.78 0.74 
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0.4 [180] 5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

0.25 1.234mm3 

 

0.63 0.55 

0.4 4.28×10-4 mm3 0.25 1.234mm3 

 

0.78 0.74 

0.4 5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

0.45 3.3×10-14 m2 0.6 0.54 

0.4 4.28×10-4 mm3 0.45 3.3×10-14 m2 0.66 0.55 

0.4 5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

0.25 3.3×10-14 m2 0.53 0.53 

0.4 4.28×10-4 mm3 0.25 3.3×10-14 m2 0.66 0.55 

0.4 5×10-14 m2 x/y-direction  

2.5×10-13 m2 z-direction 

0.45 1.234mm3 

 

0.63 0.56 

0.4 4.28×10-4 mm3 0.45 1.234mm3 

 

0.77 0.74 

Table 17: Analysis of porous material properties in the oxygen transport through spinal matter types. The highlighted rows 
indicate the material parameters chosen for future model iterations.
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In agreement with the Brinkman flow data for spinal tissue blood velocities, the 

permeability and porosity factors highlighted above were included as inclusion 

criteria for moving forward. Similarly, lower anisotropic permeability of white 

matter reduced oxygen concentrations in both tissue types even when grey 

matter had low resistance to flow, agreeing that isotropic permeabilities are 

most suitable for implementation in the model.  

On addition of the appropriate oxygen transport and consumption models, the 

solid, fluid and oxygen models had to be coupled to simulate the gross effect 

of NT-SCI on all aspects of the spinal tissue and its vascular network. 

Therefore, the fluid-structure interaction setup is to be investigated. In order to 

couple the multi-physics of oxygen consumption in blood flow, a reacting flow 

coupling is defined. This ensures coupling of the computed blood velocity to 

oxygen transport which is dependent on its behaviour and changes in 

composition. This would be more applicable if blood had been modelled with 

its non-Newtonian properties; convection is already driven by the velocity 

outputs of the model.  

 

3.6 Fluid-structure interaction 

A coupling condition was required to govern the relationship between the fluid 

and solid aspects of the model. The fluid-structure interaction was set up to 

couple the solid loading onto the free and therefore porous fluids.  



112 

 

3.6.1  Analysis of the fluid-structure coupling 

To better understand the coupling required between the fluid-structures under 

deformation, a two-dimensional model was constructed to magnify 

visualisation when troubleshooting the meshes and conditions at the fluid-

structure boundaries where the mesh was most prone to failure (Figure 25).  

  

Figure 25: Boundary conditions of the two-dimensional model.  

 

Initially, fluid-structure interactions and moving mesh deformations were 

defined at the same boundaries. The moving mesh was set to have fixed 

constraints at the top and bottom, with a default Yeoh correction stiffness of 

10. However, the moving mesh prevented sufficient coupling of the material 

and spatial frames. The spatial domain would move relative to the moving 

mesh, but material domain would not (Figure 26).  
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Figure 26: Uncoupled solid-fluid model frames. Initial FSI setup highlighted 
a change in solid model, which was not coupled to the fluid model in terms 
of the spatial domain and moving mesh.   

 

It was deduced that the fluid-structure moving mesh had been over-

constrained and clashed with the solid mechanics solver (fig.30). In FSI, the 

fluid model is defined on the moving spatial frame and solid mechanics on the 

material frame. The ALE method monitors the movement of the fluid mesh 

relative to the solid deformation which are used as wall boundary conditions 

for the fluid model. Fully coupled fluid-structure interactions were defined at 

the vessel-blood and blood-spinal cord boundaries; deformation influence was 

controlled by prescribed displacements on the exterior of the solid vessel 

(Figure 27). 
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Figure 27: Compression from 0-30% (a-d) effect on velocity magnitude.  

 

In this scenario, deformation was feasible up to 30%, including coupling the 

porous flow and applying the oxygen model (Figure 28).  
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Figure 28: Oxygen concentration at 10, 20 and 30% deformation (a-c).  

 

As expected, oxygen decreased in concentration below the arterial occlusion 

and therefore presented an uneven distribution into tissue as strain increased.  

The model implemented the 2-D numerical aspects and into a 3-D geometry. 

As below, the interaction was fully coupled between the cord tissue and blood 
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vessel (Figure 29). This utilised the free-Darcy fluid model and implemented a 

moving mesh on the tissue. 

 

 

Figure 29: Blood velocity vectors (a-c) and oxygen concentration profiles 
(d-f) at 10, 20 and 30% compressions respectively.  

 

Upon modelling the velocity vectors, fluid was being forced from the high 

pressure inlet into the tissue above the compressed region, with increased 

effect under higher strains. Below the compression apex, internal velocity 

vectors were negligible. This was expected and could be indicative of zones 

of lower fluid pressure as the pressure gradient decreases longitudinally down 

the arteries. It is expected that overall flow rate and oxygen availability would 

eventually decrease, after having increased due to compensatory 
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mechanisms. As below, the model displayed compensatory behaviour even at 

higher strains in the free-Darcy model (Table 18).  

Table 18: Summary of average velocity magnitudes and oxygen 
concentrations in the free-Darcy model under a range of sub-
clinical strains. 

10% strain Tissue  Velocity (mm/s)  Concentration 
(mol/m3)  

 Full cord tissue  0.63  4.29  

 Gray matter  4.65×10-5  4.28  

 White matter   0.94  4.3  

 Artery  11.6  4.34  

 Vein  0.22  4.25  

20% strain Tissue  Velocity (mm/s)  Concentration 
(mol/m3)  

 Full cord tissue  0.67  4.29  

 Gray matter  7.4×10-5  4.28  

 White matter   1.02  4.3  

 Artery  11.9  4.33  

 Vein  0.14  4.28  

30% strain Tissue  Velocity (mm/s)  Concentration 
(mol/m3)  

 Full cord tissue  0.74  4.29  

 Gray matter  9.84×10-5  4.28  

 White matter   1.16  4.3  

 Artery  11.7  4.32  

 Vein  0.1  4.29  

 

However, arterial velocities and changes in vascular output were grossly 

under-estimated and therefore the aforementioned Brinkman model was 
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implemented (section 3.4.3) and the FSI model was altered to be fully coupled, 

which enabled stabilisation of the fluid behaviour when under strain.  

 

3.7 Summary  

Relative to the analysis of different governing physics and parameters, the 

work presented in this chapter led to the finalisation of the model setup.  

• The implementation of a smoothed function meant displacements could 

be applied without harsh boundaries that cause mesh inversions and 

divergence of the solver.  

o This aspect enables changes in injury profile meaning focal and 

diffuse injury profiles can be studied parametrically alongside 

other variables. 

o Modelling solely solid deformations as presented in this section 

of the work meant the model could achieve strains of >30%, 

when employed with a moving solid mesh. However, on the 

inclusion of fluid modelling and the requirement for FSI, the solid 

deformation model was limited to 7.5% strain for anterior and 

posterior injuries and 10% for anteroposterior injury.  

• Implementation of Brinkman’s model accurately governed the 

transitional flows between arterial free flow and capillary porous flows.  

o Darcy flow underestimated the velocity and pressure gradients 

of the microvasculature in tissue due to the lack of viscous shear. 
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• Analysis of appropriate porosity and permeability values for white and 

grey matter highlighted that anisotropy is not an essential criterion for 

inclusion in simulating tissue blood flow through white matter. The 

model agreed with claims that anisotropy can over-estimate flow 

behaviour in porous models [136]. White matter permeability was 

defined relative to the known permeability of capillaries in the brain 

[182]. 

• Grey matter permeability was defined relative to a known permeability 

of arterioles in the brain [182]. The tissue was prescribed a larger 

volume fraction of pore space via porosity and a lower resistance to 

flow, relative to white matter, which had a lower pore volume space and 

higher resistance to flow. This aligned with the known fibre and vessel 

densities relative to the literature.  

• Applying a sink function to the grey and white matter meant the tissue 

could not surpass its maximum threshold (arterial oxygen 

concentration) and that it could not deplete below zero. This meant the 

model had the ability to compensate for a lack of blood flow by 

increasing its consumption rate to maintain the oxygen baseline.  

• Over-constraint of the fluid-structure interaction model meant the solver 

would not converge. Shared boundaries are employed at the artery fluid 

walls and neighbouring spinal matter walls. A fully coupled FSI 

approach was most suitable instead of a uni-directional solid effect on 

fluid; it is known that disruption of the cytoskeleton and vascular 

structures has concurrent and synergistic effect on fluid behaviour and 

vice versa [80], [196], [198].  
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The baseline simulations of input parameters, mesh verification and 

comparison to the known literature are presented in chapter 4 and parametric 

analysis of injury type effect on tissue response is presented in chapter 5. 

Parametric analysis solves for a sequence of stationary problems when the 

maximum deformation (chapter 3.3) is varied. 
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4 Chapter 4 

Model verification and inclusion criteria validation 

On finalisation of model input setup, verification and validation of the model 

was completed prior to investigative simulations of the location and injury 

profile parameters, presented in chapter 5.  

4.1   Mesh verification  

Verification of the mesh was completed to ensure consistency and accuracy 

of outputs by ascertaining the minimum number of elements required for 

convergence of the mathematical approximations. Mesh verification enables 

reliability of outputs when other parameters, such as displacement, are 

altered. Output variations can therefore be accounted for by the alterations to 

those inputs.  

The mesh convergence testing ascertained the mesh density and localisation 

properties required for consistent solid and fluid outputs in line with those seen 

in the literature. The scale of geometries present was likely to be effectual on 

convergence; blood vessels had a 10-fold smaller diameter than the spinal 

cord, therefore convergence required a denser mesh for blood vessels. Below, 

velocity and concentration values were obtained by finding the output average 

over the anatomical volume (i.e., artery, vein, grey matter, white matter). 

Convection of oxygen in tissue was dependent on the fluid flow behaviour, so 

was inherently influenced by the upstream fluid velocities. Therefore, 

concentration was expected to follow the convergence profile of the fluid model 
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outputs. Below, convergence plots are shown for the velocity and 

concentration profiles of each cord anatomy (Figure 30). 

 

 

Figure 30: Mesh convergence of average velocity magnitudes (mm/s) of 

the simulated anatomies. The left axis scale represents ASA velocities, 

all other anatomy velocities are relative to the right axis’ scale.  

 

Increases in mesh density ranging 2-4x were employed until convergence of 

simulation outputs, defined as less than 10% deviation between outcomes, 

which is a known benchmark in finite element modelling that indicates model 

consistency. These simulations were run with no deformation applied; on 

addition of the deformation of multiple parameters to be run in one simulation, 

the computational capacity significantly lessens. Relative to the deviation of 

the mesh within 10% and the solver requirements to simulate the deformation 

accurately, a minimum total mesh of 267989 was required for appropriate 

convergence, as visualised in Figure 31. 
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Figure 31: Finalised mesh of the spinal cord model (a) and mesh quality 
plot analysing mesh skewness (b) where green=low skewness and 
high quality.  

 

Localised, denser meshing was required on the arteries and lower densities 

for the spinal tissues and vein. Relative to the mesh quality plot (Figure 31b) 

some weaker elements (coloured orange) are located at the boundary edges 

and within the smaller vessels. The number of elements required for 

convergence for each anatomy was as below in Table 19. 
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Table 19: Number of mesh elements per anatomy. 

 Anatomy  Number of elements 

Anterior spinal artery 7322 

Posterior spinal vein 1968 

Posterior spinal artery (L+R) 5160 + 5168  

White matter  201652 

Grey matter  46719 

 

As expected, larger anatomies (white and grey matter, ASA and PSV) required 

lower mesh density relative to volume as larger elements could accurately 

represent the anatomy. Smaller blood vessels (PSA-L and PSA-R) required a 

higher number of smaller elements to give accurate representation over the 

smaller anatomy volume. It is known that integrals over a larger model space 

will converge faster (grey and white matter) and local values will converge 

most slowly (posterior arteries). The posterior spinal vein value did not vary in 

concentration as it behaved as a constant sink in the model.  

4.2 Solid model comparables 

Validation of the solid model – namely severity and profile of injury – was 

planned to be done via parametric simulation of in vivo strain profiles as 

displacement curves. This dataset was the most accessible at the time, 

derived from an internal in vivo study that simulated mild and severe non-

traumatic injuries via a balloon occlusion model. However, the outputs 

ultimately could not be simulated in the model as the strains achieved in vivo 

(>40%) were much higher than the computational model threshold (<10%). 
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4.2.1  In vivo injury severity and profile as inclusion criteria 

In vivo data surrounding the non-traumatic deformable mechanics of spinal 

tissue is limited, due to the complications of the investigative conditions, 

including animal welfare and feasibility of long-term usage of apparatus. An in 

vivo model of NT-SCI was carried out by Timms [21] to elucidate the effect of 

chronic spinal cord compression on functional output in rodents. The 

experimental study, histology and imaging was undertaken by Timms. The 

image measurements and analyses presented in this chapter were performed 

separately for this project to investigate research questions relevant to this 

thesis. Six female Wistar rats were anaesthetised using 5%(v/v) isoflurane in 

oxygen at 2L/min and incisions of 2-3cm were made from approximately T6-

T12. A partial laminectomy of the right-hand side was done at T10 for 

introduction of a balloon-catheter system on the right-hand lateral edge of the 

spinal cord. The catheter was pushed rostro-ventrally for 1cm, therefore the 

balloon ultimately resided at T8-T9. An injection port was made by feeding 

tubing to the T10 level from an incision made between the shoulder blades, 

which enabled addition of fluids to slowly expand the balloon. The balloon was 

inflated daily for three days post-surgery. Sham (n=2) subjects had the system 

implanted but not inflated, meanwhile mild (n=2) inflated up to 12.5µL and 

severe (n=2) subjects up to 15µL. Mild and severe injuries output Beattie, 

Basso Bresnahan scores (appendix A) of 18 and 10 out of 25, respectively. 

Animals were sacrificed and perfused after maximal inflation was achieved, 

for sectioning of the injured cord in 40µm sections to undergo hematoxylin & 

eosin (H&E) staining.  
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Histology sections were analysed to ascertain the strains underwent by the 

thoracic spinal cord during NT-SCI. Analysis sought to determine the shape 

and severity of displacement on the cord for replication in parametric studies 

of the computational model. Histology section dimensions were sized in 

ImageJ: strain was calculated as the difference in the elliptical axes between 

the outermost rostral and caudal sections of the animal and those innermost 

to the injury epicentre. This assumes a constant diameter longitudinally down 

the sections. Each study group (sham, mild, severe) had sections taken 7mm, 

5mm, 2mm, 1mm caudal to the 0mm epicentre and -7mm, -5mm, -2mm, -1mm 

rostral to the epicentre. Therefore, average displacements were derived from 

the +/- 7mm rostral/caudal sections as the base from which a change in 

diameter and strain can therefore be calculated from.   

Both white and grey matter strains were analysed: the coronal axis of the 

transverse cross-section of the cord was measured from the hematoxylin-

stained dura mater that circumferentially lines the cord tissue, measuring 

through the midline of the lateral grey columns and central canal (Figure 32a). 

The sagittal axis was measured from the hematoxylin-stained boundary of the 

anterior to posterior funiculus, running directly through the centre of the ventral 

grey columns (Figure 32b). The same approach was taken when analysing 

grey matter, but measurements were taken from the external boundaries of 

the hematoxylin-stained, cell-nuclei dense grey matter to run through the 

lateral grey horns via the central canal (coronal axis) and through the ventral 

and dorsal horn midlines (sagittal axis) (Figure 32c-d). 
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Figure 32: Strain measurement methodologies for white matter and grey 
after in vivo injury, adapted from Timms [21]. Measurements were 
taken (yellow line) through the geometry to determine the coronal (a) and 
sagittal (b) dimensions for the white matter and the same for grey matter 
(c-d), relative to the image scale of 603 pixels/mm.  

 

On receiving the images (Figure 33) from the Timms study [21], strain analysis 

was undertaken for this work. Sagittal and coronal strains were compared for 

both white and grey matter individually, in both mild and severe injury groups 

which are presented in. Each injury group had two specimens, labelled 

respectively, and the per cent axes change described a decrease under 

compressive strain when negative. Positive per cent axes changes 

represented tensive strain and an increase in dimension (Figure 34).
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Figure 33: Histological slices of mild and severe spinal cord injury surgeries performed at T9 level of rat, adapted from 

Timms [21]. 
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Figure 34: Strain profile of coronal (A+C) and sagittal (B+D) dimension alterations in both white and grey matter in the 

mild (A+B) and severe (C+D) injury group.   
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Under mild injury, the coronal axes of the white matter and grey matter seem 

to follow the same displacement behaviour and profile. However, under severe 

injury, grey matter strain is pronounced, which correlates with the literature 

definitions of NT-SCI, namely the disruption of the grey matter cell nuclei under 

higher strains [67]. There was agreement between injury severity groups that 

the injury epicentre underwent the highest deformation, with segment levels 

further from the injury receiving less strain: these data informed the 

development of the bell-shaped deformation function in the model. 

As well as determining the strain cross-sectional lengths, analysis was done 

to determine the changes in spinal cord area (Figure 35). Histological sections 

were converted to 8-bit monochrome, with a threshold of 200 applied to isolate 

the spinal tissue from slice debris. This threshold separated the hematoxylin-

stained white matter perimeter and grey matter from the internal eosin-stained 

white matter. Some section images required deletion of extraspinal tissues that 

remained, such as the dura and meninges. The outer perimeter of the isolated 

white matter tissue was identified as the region of interest, with measurement 

analysis of the area done using in-built ImageJ tools.  

 

Figure 35: Cross-sectional area measurements of spinal cord histology 
sections.  
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The data presented is reflective of one animal from each study group (mild 

and severe where n=2 for each); the second animal group datasets had re-

sized source images for the rostral sections (-7 to -2 mm), therefore the 

presented areas were skewed relative to the globally applied scale and were 

thus neglected. The visualised data infers similar trends to the cross-sectional 

axes lengths. Animals from the sham injury group (not presented) had 

relatively consistent areas spread through the section slices as expected, 

meanwhile animals in the mild and severe injury groups decreased in area at 

the injury epicentre, with lesion severity decreasing at sections further rostral 

and caudal from the epicentre. Severe injury showed similar trends to current 

computational data, as increased degree of compression further reduced area 

at the injury epicentre and immediate cranial-caudal sites, whereas mild injury 

presented as an even distribution of decline in area [26].  

The data presented above highlights the differences of injury severity relative 

to degree of compression. These align with previous FEM data highlighting 

lower stresses at 10% and 20% strain, but an increase in intramedullary stress 

leading to grey matter degradation at a threshold of 30% strain [26]. The mild 

injury groups displayed a BBB score of 18 after 20 days of balloon 

implantation, meanwhile severe-group subjects displayed BBB scores of 10 at 

the same timepoint. The dataset presented infers that strain is not the sole 

determinant in functional outcome, due to similarity in severity, location and 

timescale – rate of change of occlusion was deemed an essential factor in 

determining functional outcome between mild and severe injury groups [4]. It 

is important to note that balloon occlusion models have been critiqued in their 

capability to produce true injury representations due to a lack of fixation in vivo, 



132 

 

allowing for movement and therefore stress variability across longitudinal 

studies.  

However, relative to the profiles of strain inflicted in this model; it is known that 

displacements that spread laterally along the superior-inferior axes of the cord 

create stresses of an even distribution throughout all segments, whereas focal 

displacements create higher, localised stresses throughout the afflicted 

segment (Figure 36) [23]. Diffuse injury is the most destructive as it induces 

the highest stresses through both the grey and white matter [23]. 

 

 

Figure 36: Outputs of stress constraints up to 30% compression (95th 
percentile of the absolute value by millimetre) along the inferior-
superior axis for different strain profiles (a), visualisation of von 
Mises stress outputs under differing strain profiles (b). (Adapted 
from [23])1.  

 

 

1  Adapted and re-printed from Clinical Biomechanics and The Lancet, Vol 81, January 2021, Levy et al., 

“Biomechanical comparison of spinal cord compression types occurring in Degenerative Cervical 

Myelopathy”, p.105174, (2020), with permission from Elsevier.  
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These data were derived from FEM models of the human spinal cord but the 

mechanical assumptions can be assumed as similar to the rat spinal cord 

behaviour, which is commonly used for in vivo representation [105]. It could 

be inferred that the diffused compression of the sagittal anteroposterior axis of 

the grey matter resulted in poorer functional outcome in the severe study 

group. The mild injury group subjects displayed a consistent area change 

across a 2mm injury zone, whereas the severe group showed a severe 

compressive decrease at the epicentre, spread across a 4mm injury zone, 

highlighting the importance of injury profile and not necessarily the severity of 

strain, which agrees with the clinical literature [18]. The maximum diameter of 

the balloon used in occlusion reached 2.8mm, which agrees with a balloon 

occlusion model in dogs that highlighted the effect of injury profile on outcome: 

2-mm produced 12.5-20% reduction in spinal canal diameter, whilst 4mm 

caused 28-56% decrease and 7mm caused 62-82% [12] – relative to an 

average spinal canal diameter of 6-9mm for dogs – this would infer a 

correlation between injury profile, mechanical stress and functional outcome.  

In terms of the vasculature, a balloon occlusion study in monkeys found that 

compressions deeper than 2mm occluded the sulcal arteries [20]. Therefore, 

focal injuries should be modelled as 2mm spread and diffused injuries as 7mm 

in the model presented in this thesis. Relative to the underlying vasculature, 

no changes were observed in the number of blood vessels but  the diameter 

of underlying blood vessels decreased by approximately 7% in the mild injury 

group and by 50% in severe injury, despite similar deformation severity and 

location [21]. A previous study implementing absorbable polymer in the rat 

cervical spinal cord reduced microvascular density by 33% [145]. Studies 
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utilising human patient data have modelled compression of the cervical region 

from asymptomatic strain ranges of 10-30% and found that tissue stress-

response was relative to the morphology of each segment or compression 

component [26], [199], [200]. Under 10% strain, a mild increase in dorsal horn 

stress was evident; 20% strain created stress in the lateral side of the posterior 

funiculus and 30% compression transmitted stress through the posterior and 

lateral funiculi. However, under 40% compression, stress was increased 

throughout the grey matter, lateral and posterior funiculi of all affected 

segments with little difference in stress profile between the anatomies [26]. 

Relative to the in vivo data presented here, cross-sectional area was 

consistently reduced by 30% at the injury epicentre and the maximum area 

decreases varied by 12% between mild and severe injuries, therefore it was 

hypothesised that a compression threshold between 32 and 44% is where 

symptom manifestation and the compressive severity threshold lies for NT-

SCI, which correlated with literature understanding of 25-50% compression 

[21]. 

The in vivo data informed inclusion of profile as a study criterion which 

correlates to the variance in aetiologies and functional outcome. Diffused 

deformations are seen in degenerative conditions such as CSM and disc 

herniation, whereas focal injuries are akin to indications such as the 

ossification of the posterior longitudinal ligament [23]. Ideally, the in vivo data 

would be used as means of validating the computational model presented but 

the compression thresholds required (20-40% deformation) were beyond the 

capacity of the model. Similarly, the data infers the rate of development of 
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injury should be considered in NT-SCI pathophysiology but was not possible 

to be factored into the modelling undertaken here. 

4.3 Fluid model validation  

Table 20 lists the expected baseline outputs for the model under healthy 

settings, derived from in vivo measurements of sham animals. 

Table 20: Expected model outputs under control and ischemic/hypoxic 
conditions. 

 

The relationships between average vessel diameter and blood velocity in the 

spinal cord using functional ultrasound and ultrasound localisation microscopy 

have identified vessel blood velocity behaviour down to microvascular 

diameters of 10µm, as in Table 21 [102].   

Anatomy Velocity  

(mm/s) 

Ischemic  

velocity 

(70% decrease) 

Concentration 
(mol/m3) 

Hypoxic oxygen 
concentration  

(mol/m3) 

Decrease in 
concentration (%)  

White 
matter  

0.03 0.009mm/s 0.57 [186]–  

Rat SC white 
matter  

0.35 [188] – 

Rat brain 
interstitium 

39 

Grey 
matter  

0.6 0.21mm/s 0.72 [186]–  

Rat SC grey 
matter  

0.35 [188] – 

 Rat brain 
interstitium 

51 

ASA 40-60 
[184],  
[73] 

18mm/s 

 

7.4 [188] 

 

1.96 [188] 74 

PSA 5-8 
[102]  

1.95  3.5 [16] N/A N/A 

PSV  10 
[102] 

3mm/s 2.08 [16] N/A N/A 
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Table 21: Velocity data of vascular structures relative to vessel size 
[102]. 

Diameter of vessel ± 5(µm) Velocity ± 1(mm.s-1) 

200 (ASA) 15-20 

50 5-8 

15 (arterioles) 1-5 

<5 (parenchyma) 1 

PSV 10 

 

These average velocity profiles can be used to validate the behaviour of the 

porous microvasculature, but the velocity of the ASA was low at >15mm/s in 

comparison to other studies. The data was derived from T12-L2 where other 

vascular supplies are available compared to the mid-thoracic cord when the 

ASA supplies two-thirds of the blood flow [102]. Arterioles are neglected from 

the geometry modelled here but are assumed as represented in the porous 

continuum by the Brinkman equations – the model should therefore produce 

higher tissue velocities deriving from the feeder arteries of around 1.5mm/s. 

A recent study investigating traumatic spinal cord injury in the thoracic spinal 

cord detailed velocity measurements of vascular flow in larger blood vessels 

(anterior spinal artery, arterioles) of 4-6cm/sec by using ultrafast contrast-

enhanced ultrasound Doppler [73]. This imaging technique enabled separation 

of higher velocity vessels (larger vessels) and lower velocity microcirculation 

by injecting microbubbles for visualisation of blood flow in real time. The study 

had defined a critical loss of perfusion as below 40% perfusion compared to 

surrounding tissue [81]; CT images from patients deduced that a decrease by 

70% perfusion rate was the threshold in which a tissue region was defined as 
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ischemic [201], therefore worst-case ischemic conditions were derived from 

this assumption and that of in vivo data that highlighted a loss of function at 

<30% cerebral blood flow [72]. 

Oxygen concentrations were derived for both thoracic spinal cord matter types 

from hydrogen clearance microelectrode techniques [186]. Oxygen tension in 

the arteries of the brain has been measured using electron paramagnetic 

resonance oximetry [188] and smaller vasculature oxygen tension from the 

mouse brain was measured by two-photon phosphorescence lifetime 

microscopy [16]. The effect of hypoxia in the awake mouse brain has been 

measured via a progressive decrease in fraction of inspired oxygen, measured 

by EPR oximetry. A decrease in inspired oxygen from 30% to 10% elicited a 

70% decrease in partial pressure of arterial oxygen and a 55% decrease in 

partial pressure of spinal tissue oxygen. From these data, it correlates with the 

literature that a 70% decrease in perfusion results in ischemia and that the 

correlating oxygen concentrations of provisional arteries also decrease by 

70% [201], meanwhile microvasculature in the grey and white matter of the 

brain decrease by approximately 40-50% in a hypoxic scenario [186],[188]. 

Therefore, understanding the mechanics required to reduce blood flow rates 

and oxygen tension by 70% in arteries and 50% in tissue would be a useful 

indicator of NT-SCI progression into a severe injury.  

As below in Table 22, the model outputs aligned with those expected, derived 

from known values in the literature from in vivo models of the spinal cord and 

brain. 
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Table 22: Actual model outputs under control conditions. 

Tissue  Velocity (mm/s) Concentration (mol/m3) 

Anterior spinal artery 61.8 7.16 

Posterior spinal vein 9.1 0.5 

Posterior spinal artery 

(left and right) 

5.8 2.7 

White matter  0.033 0.76 

Grey matter  0.51 0.73 

 

The model generally aligns with the expectations of the blood and oxygen 

behaviour. The oxygen concentrations of the posterior spinal artery are slightly 

lower than expected but the velocity was at the lower end of its expected range 

(5-8mm/s), therefore the lower concentration was attributed to that. 

Microvascular flows behaved as expected relative to geometry setup and 

numerical implementation of material parameters (Figure 37). 
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Figure 37: Velocity magnitude (mm/s) of spinal tissue matters at centre 
of the modelled cord segments (z=0). Contour plot range is 0-
0.5mm/s to highlight grey matter (a) and 0-0.03mm/s to highlight 
white matter (b) behaviours.  

 

The contour plots highlight the importance of the ASA in providing blood flow 

to the grey matter (Figure 37a); the ventral end experiences higher blood 

velocities through tissue but is generally evenly spread (figure 37b). Higher 

velocities are seen beside the arteries, as expected due to the Brinkman model 

for representation sulcal of arterioles.  The white matter indicates spread of 

blood flow throughout the tissue at capillary velocities and highlights a 

sparseness of vasculature in the lateral columns (Figure 37b), with a focus on 

blood flowing through the grey matter directly to the PSV. The posterior 

arteries provide additional arteriole velocities in the dorsal end of the cord.  

The oxygen concentration for white matter was 35% above that expected but 

did remain in line with the expected values for the rat brain interstitium. It was 

not expected that white matter would have the same oxygen concentration as 

the grey matter but relative to the simplifications of the model (same 

consumption rate across both tissues, geometric location of arteries in the 

white matter, implementation of capillary-based isotropic permeability), this did 

not seem unfeasible or unrepresentative of model fundamentals.  
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4.4 Summary 

In analysing the available in vivo data and referencing recent works in the 

literature, relevant parameters and expectations for model behaviour were 

decided.  

• The requisite mesh density for convergence was 267989. Larger 

volume integrals (white and grey matter) converged at lower mesh 

densities than those that required localised, finer densities (posterior 

arteries). 

• The baseline model with no deformation produced outcomes in line with 

that of the literature.  

• The in vivo data agreed with the literature that severity is not a sole 

predictor of severity of outcome.  

o Injury profile appeared to be contributory to functional outcome 

differences seen between mild and severe injury groups, which 

is assumed as representative of the varying aetiologies and 

respective outcomes across NT-SCI injuries. 

▪ A key contributor to NT-SCI is also assumed to be the rate 

of injury, which is known to significantly affect functional 

outcomes assumed as due to rate of occlusion of 

contributory blood vessels and underlying microvessel 

densities. The work presented here focuses on stationary 

models of injury so this is not considered but an increase 

in severity could be assumed as a proxy for injury 

development.  
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▪ Modelling the change in vessel densities would be viable 

if the spinal tissue fluid models were governed by 

poroelasticity, in which the shape of the porous skeleton 

(spinal tissue) and the fluid (blood) are fully coupled to 

each other in terms of deformation and ease of flow. 

However, this interaction cannot be coupled to the larger 

structure FSI to account for external deformations on free-

flowing arteries, therefore was not pursued in this work 

due to the known importance of the ASA in the thoracic 

NT-SCI scenario.  

 

Therefore, the model was validated against the expected outcomes from the 

literature and robustness of the mesh was assured from convergence analysis. 

Definitions for ischemia and hypoxia relative to known values from the 

literature were derived. Injury parameters for assessment were also validated 

relative to gaps in the literature, namely in terms of bridging the current 

understanding around injury profile, location and severity relative to vascular 

response. Parametric analyses were therefore undertaken to elucidate the 

behaviour of blood flow and oxygen transport in mild NT-SCI scenarios 

(chapter 5).  
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5 Chapter 5 

Parametric analysis of blood and oxygen response to non-

traumatic spinal cord deformation 

Parametric analyses were run to ascertain the developmental pathophysiology 

of NT-SCI during mild compression (defined as 0-10% compression). As 

mentioned, the location (anterior, posterior and anteroposterior) of injuries 

produce outcomes that differ relative to the underlying vascular and 

anatomical structures effected [19], [26]. Previous papers have highlighted 

that stress produced by NT-SCI was influenced by spinal segment anatomy 

and profile of the injury [23], [199]. It was already known that stress is 

correlated with injury progression and that severity of strain is not a key 

indicator of injury outcome [1], despite an understanding that 30% 

compression of the spinal canal diameter is assumed as the symptomatic 

threshold [23]. Therefore, the early development of the pathophysiology below 

this threshold remained misunderstood. In order to gain a better understanding 

of the injury processes, particularly around vasculature in the early 

development of NT-SCI, simulations of two injury profiles across three injury 

locations at subclinical compressive strains were done to identify trends in 

behaviour during the early onset of NT-SCI. 

Displacements are applied on the anterior, posterior and anteroposterior 

regions of the cord with increasing strain intervals of 2.5% up to maximum 

compressions of 7.5% in anterior and posterior models and 10% in the 

anteroposterior injury model. Anterior and posterior simulations were limited in 

deformation capacity as the solution would not converge at higher degrees of 
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compression (~10%). Displacement profiles were analysed over spreads of 

2mm to represent focal strain (focused within one spinal segment) and over a 

7mm spread to represent diffuse strain (spread over 2 spinal segments), 

relative to the analysis in chapter 4.  

5.1 Blood and oxygen response to injuries 

Parametric simulations were run to investigate the relationship between 

compressive mechanics and blood and oxygen dynamics in the spinal cord 

during early development of NT-SCI. The blood and oxygen responses of 

different anatomies (ASA, white matter, grey matter) within the injury scenarios 

are presented below.  

 

5.1.1 Anteroposterior injury  

The majority of papers in the field model injury at the anteroposterior location, 

as it is easiest to replicate in vivo and therefore validate [202]. Models were 

run with displacement profiles of 2mm and 7mm at 0, 2.5, 5, 7.5 and 10% 

compression (defined by per cent reduction of the coronal cross-section of the 

spinal cord) on the lateral face of the cord, applied in the x-direction. The 

anteroposterior compression models were most effectual on the posterior 

spinal artery as expected, due to its proximity to the injury site. In the diffuse 

scenario, the posterior spinal artery closest to the injury site experienced a 

10% decrease in average pressure. The PSA showed an increase in oxygen 

concentration alongside a low increase in velocity under diffused injury, but 
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both effects represented a <1% change. Changes to blood velocity and 

oxygen concentration in the white and grey matter are as follows (Figure 38):  

 

Figure 38: Fluid outputs of the white matter (a) and grey matter (b) 
response during increasing anteroposterior compression from 2.5-
10% under both focal and diffuse compression injury profiles.  

 

Average blood pressure remained roughly the same across all anatomies; 

relative to the pressure-driven governance of flow in porous tissue, this would 

elicit little change in blood velocities. Average velocity magnitudes in the white 
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matter increased by 1-1.5% across the two injury types (Figure 38b). An 

increase in white matter concentration coupled to increase blood flow speeds 

provide a compensatory effect. Under strain, white matter fibres have been 

known to become more isotropic due to compaction and therefore increase 

the radial and axial diffusivity potential, namely in the lateral and dorsal 

columns where anisotropic white matter is dominant [203]. Grey matter 

velocity magnitudes incrementally increase under increased focal 

anteroposterior strain (Figure 38c). Under diffused injury, grey matter 

velocities increase marginally but then decrease to below its baseline at 10% 

strain. The compression of the white matter lateral horn has likely skewed the 

posterior spinal artery concentration gradient and white matter has therefore 

increased its velocity to maintain concentration levels. This is highlighted by 

an increased oxygen extraction rate of 2.5% in white matter experiencing 

diffused injury, which increases its average oxygen concentration by ~1%. 

Grey matter (in both injury profiles) and focally injured white matter only 

experience slight increases in consumption rate (0.5%) (Figure 39). 
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Figure 39: Oxygen extraction rate of the grey and white matter under 
focal and diffuse anteroposterior injury conditions. 

 

 It was therefore assumed that compensatory behaviour of the porous 

microvasculature took place to balance the system by increasing oxygen 

extraction rate and blood velocity in the compressed white matter, which has 

either diverted flows from the grey matter at 10% compression to compensate 

for white matter tissue ischemia, or early development of ischemia may have 

been triggered in the grey matter at this threshold. This level of low detail 

cannot be surmised from the model.  
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5.1.2 Anterior injury 

Models were run with displacement profiles of 2mm and 7mm at 0, 2.5, 5 and 

7.5% compression (defined by per cent reduction of the sagittal cross-section 

of the spinal cord) on the anterior face of the cord, applied in the y-direction. 

Diffused injury elicited more drastic changes to blood and oxygen behaviour 

than that of focal injury, as expected, due to a larger section of the ASA and 

adjacent arterioles being compressed (Figure 40). 

 

Figure 40: Velocity magnitude (mm/s) plots for focal (a-d) and diffused 
(e-h) anterior injuries. Plot scale range = 0-0.5mm/s for grey matter 
behaviour (a-b, e-f) and 0-0.03mm/s for white matter (c-d, g-h). 
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Flow is directed into the grey matter but a decrease in velocity can be seen 

flowing from the ASA into the grey matter as compression increases. Blood 

flow in arterioles adjacent to the arteries also decreases as compression 

increases. Diffused injury again elicits a greater decrease in average velocity 

magnitudes. The plots highlight the effect of anterior injury in decreasing blood 

flow to the ventral horns and anterior sulcal arteries, which has been assumed 

as a core ischemic mechanism in the pathophysiology to date [204]. 

In the ASA, the pressure decreased by 2% in the focal scenario and by 10% 

in diffused injury. Its velocities did not alter significantly; the ASA is known to 

have little collateral vasculature supply. Pressure drops were similar in grey 

and white matter under focal injury (~3%) but experienced a sharper decrease 

in pressure of around ~20% during diffused injuries. This highlights the 

dependency of the pressure-driven porous physics on the provision of the core 

arteries. 

The behaviour of the white and grey matter are as below (Figure 41): 
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Figure 41: Fluid outputs of the white matter (a) and grey matter (b) 
response during increasing anterior compression from 2.5-7.5% under 
both focal and diffuse compression injury profiles.  

 

Concentration remained close to baseline in both tissues for both injury profiles 

during anterior injury. However, velocity magnitudes of the tissues decreased 

below baseline in both injury scenarios at the lowest degree of compression 

at 2.5%. Decreases in grey matter blood velocity were double that of those 

seen in the white matter. These data agree with the literature in highlighting 
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the susceptibility of thoracic grey matter to NT-SCI on occlusion of the ASA 

[161]. On blood velocity decreases of 10-15% in the grey matter and 5-8% in 

the white matter during focal and diffused injury respectively, it could be 

assumed oxygen concentration would therefore also decrease. However, 

oxygen consumption increases immediately during compression, with double 

the rate of consumption seen in the grey matter (Figure 42).   

 

Figure 42: Oxygen extraction rate of the grey and white matter under 
diffuse anterior injury conditions.  

 

Consumption plateaus at mild compressions of 2.5-5% but the tissues stop 

extracting oxygen at >7.5% compression and tissue concentrations begin to 

drop below baseline. This could infer early onset or triggering of the ischemic-

hypoxic threshold in anterior injury when tissue flows are decreased by >8%.  
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5.1.3 Posterior injury 

Models were run with displacement profiles employed at the posterior face of 

the spinal cord with deformation, applied in the -y direction. Displacements of 

2mm and 7mm at 0, 2.5, 5, and 7.5% compression (defined by per cent 

reduction of the sagittal cross-section of the spinal cord).  

The posterior blood vessels presented with no significant vascular response 

except for a 10% pressure increase in the posterior artery closest to the 

diffused injury site, which is assumed as due to flattening of the vessel and a 

subsequent increase in pressure to compensate for sustained blood flow. 

Anterior vessels were not affected, as expected.  

The white matter experienced a slight increase in pressure (~2%) across both 

injury profiles, meanwhile grey matter presented a slight decrease (~2%). 

Velocity and concentration data for the spinal tissues are as below (Figure 43).  
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Figure 43: Fluid outputs of the white matter (a) and grey matter (b) 
response during increasing posterior compression from 2.5-7.5% 
under both focal and diffuse compression injury profiles.  

 

Focal injury caused a continual, slow increase of blood velocity and oxygen 

concentration in both white and grey matter but both <1% change. Diffused 
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injury caused a decrease in white matter blood velocity as early as 2.5% 

compression and reached a maximum of 1% blood velocity decrease at 7.5% 

compression. Concentration increased in white matter relative to this. Grey 

matter conversely displayed a slight increase in velocity at milder 

compressions but then decreased to just below its baseline value at 7.5% 

compression. It can be assumed posterior injury does not have a significant 

effect on the underlying vasculature as it does not disrupt any core vessels but 

it does predominantly affect white matter dorsal columns, which aligns with the 

literature [67]. The data could infer that white matter velocity decreases by re-

circulating blood to the grey matter, so the grey matter maintains its velocity 

and oxygen concentration and is only affected above a certain threshold. 

However, a decrease of 1% velocity across the white matter is unlikely to elicit 

the decreased vascular response in grey matter. 

However, the increase in white matter concentration does align with the 

behaviour of the oxygen extraction rate, in that diffuse injury causes higher 

consumption rates and white matter presents with higher consumption in both 

injury profile models (Figure 44).  
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Figure 44: Oxygen extraction rate of the grey and white matter under 
diffuse posterior injury conditions. 

 

White matter had two-fold extraction rates than that of grey matter; the 

increased oxygen extraction rate was attributed to the decreased tissue 

velocities and was viewed as essential to maintaining oxygen concentration. 

 

5.1.4  Summary of blood and oxygen data  

As a summary of the fluid data: 

• Anteroposterior injury caused an increase in both blood velocity and 

oxygen concentration in both matter types during both injury scenarios. 

Grey matter velocities decreased below baseline at 10% compression. 

White matter experienced a continued increase in velocity under direct 

compression. The white matter had a higher oxygen extraction rate and 

therefore oxygen concentration than grey matter. The behaviour of the 
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white matter is believed to maintain the balance of its vascular system 

under mild compression. Focal injuries had negligible effect.  

 

• In anterior injury, the dependency of porous system governance was 

highlighted during compression of the anterior spinal artery. Both tissue 

types displayed a decrease in velocity magnitude from 2.5% 

compression in both focal and diffused injury. Concentrations 

decreased below baseline at 7.5% compression but remained close to 

control conditions. Oxygen extraction rate correlated to this, an 

increase in consumption was seen until 5% during diffused injury which 

decreased below the baseline at 7.5% compression. Focal 

compression caused a decrease in oxygen consumption from 5%. 

Thoracic cord sensitivity to anterior injury was validated; the 5-10% 

compression zone should be further investigated to ascertain if there is 

an early onset of hypoxia under mild ischemic conditions.  

 

• Posterior injury caused a decrease in white matter blood velocity 

coupled to an increase in concentration and increased oxygen 

extraction rate. Grey matter experienced slight increases in velocity and 

concentration but velocity decreased below baseline at 7.5% 

compression. Preservation of grey matter concentration was assumed 

to take place due to the decreased velocity in white matter but 

increased oxygen extraction rates in both tissues. Focal injuries cause 

negligible effects to the vascular system under posterior injury.  
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• The velocities and concentrations output were not representative of 

ischemia or hypoxia (~70% threshold) but do indicate changes to the 

vascular behaviour at much milder compressions than any reported to 

date.  

 

• The data is in agreement with the trend that oxygen consumption 

increases as an early response mechanism to ischemic injury [18] and 

is a valid indicator of injury progression.  

 

It could be hypothesised that anteroposterior injury triggers early vascular 

pathophysiology at compressions of 10%; the anterior vascular injury 

threshold may be as low as 2.5% compression and posterior vascular injury 

may take place at compressions above 7.5% but further work would be 

required to confirm these response profiles.  

It has been seen in vivo that in the early stages of chronic compression, a 

reduction in blood flow is seen which increases internal pressures and causes 

the spinal tissue to swell; the lack of blood supply decreases the density of 

microvessels at the lesion site [205]. Clinical studies correlate a decrease in 

spinal canal diameter with decreased spinal cord blood flow, predominantly 

assumed as driven by compression of the anterior sulcal and grey matter 

arteries in anterior injury, which agreed with the data presented here [18]. 

However, studies have also found an increase in angiogenesis in neighbouring 

spinal tissue, assumed as compensatory for the localised ischemia and 

resultant hypoxia [83], which is assumed to have taken place in the 

anteroposterior injury data presented here. From a temporal perspective, 
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dorsal columns experience injury first and the disruption of grey matter follows, 

which was represented in the posterior injury model presented here [13]. The 

study presented here does not account for temporal changes, but the increase 

in static deformations could act as a proxy for an increase in severity over time.  

 

5.2  Spinal tissue behaviour  

With regards to the mechanical response of the spinal matter and vascular 

networks, stress response is also investigated at each parameter.   

For all compressions, the mechanics experienced represented very low stress 

profiles, most tissues behaved similarly in terms of scale of stress experienced 

and that all stress profiles were exacerbated in the diffused injury scenario.  

 

5.2.1 Anteroposterior injury  

Under anteroposterior compression of the grey matter, the maximum von 

Mises stress of grey matter was doubled in diffused injury when compared to 

focal injury (Figure 45).  
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Figure 45: Stress development in the grey matter under increasing 
anteroposterior compressions (0-10%) during focal (a) and diffuse 
(b) injury.  

 

Focal injury indicated higher tensive stresses in the stress-x direction, likely 

due to localisation over a smaller spread of 2mm, which would contribute to 

the overall von Mises volume average for the grey matter. Similar behaviour 

was observed for focal injury in the white matter. However, white matter 

behaviour under diffused injury showed an inflection in stress experienced at 

7.5% compression (Figure 46). 
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Figure 46: Stress development in the white matter under increasing 
anteroposterior compressions (0-10%) during focal (a) and diffuse 
(b) injury.  

 

The response of tissue at this strain was visualised for analysis of internal cord 

behaviour (Figure 47): 
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Figure 47: Von Mises stress plots of spinal tissue under diffused 
anteroposterior compression. Colour plot range = 0-10-4 MPa. 
Sagittal plots (a-d) are explored by transverse sections (e-h) from the 
injury epicentre (z=0). 

 

Sharp increases in von Mises stresses are observed at the white-grey matter 

boundary on the compressed anteroposterior side of the spinal cord. Higher 

stress zones (coloured red) in the white matter at the injury epicentre and 

lateral column of the grey matter spreading to the left posterior spinal artery 

are likely indicative of the inflection in the stress data. With increasing 

compression, stresses transfer through the white matter into the grey matter. 

The erratic placement of stresses through the tissue is likely due to 

discrepancies in quality of elements in close proximity to small vessel 
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structures with denser, localised meshes. Therefore, the von Mises stress 

inflection was not assumed as contributory to the fluid pathophysiology.  

 

5.2.2 Anterior injury 

Under anterior compression of the grey matter, the maximum von Mises stress 

was lower than anteroposterior compression. However, focal compressions of 

grey matter exhibited similar increases in von Mises and stress-x components 

to that of anteroposterior injury (Figure 48).  

 

Figure 48: Stress development in grey matter under increased anterior 
compressions (0-7.5%) during focal (a) and diffuse (b) injury.  
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Grey matter experienced a 100-fold increase in stresses during diffused injury 

when compared to its focal profile. Tissue stresses maintain a steady increase 

as compressions increases, so could linked to the decreased blood and 

oxygen capacity; similar diffused profile stresses of ~0.0002MPa elicited a mild 

decrease of blood velocity in anteroposterior injury. Stress plots were 

visualised to understand the tissue response to focal injury (Figure 49). 

 

Figure 49: Von Mises stress plots of spinal tissue under focal anterior 
compression. Colour plot range = 0-10-5 MPa. Sagittal plots (a-b) are 
explored by transverse sections (c-d) from the injury epicentre (z=0). 

 

Similar to the anteroposterior scenario, higher stresses were visualised around 

the zone of compression spreading into the tissue (y-direction) plus harsher 
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stresses at the ASA boundaries. White matter experienced a four-fold increase 

in von Mises and principal stress components during diffused injury (Figure 

50). 

 

Figure 50: Stress development in the white matter under increasing 
anterior compressions (0-7.5%) during focal (a) and diffuse (b) 
injury.  

 

Visualisation of internal stress was done again to understand effects of stress 

during diffused injury (Figure 51).  
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Figure 51: Von Mises stress plots of spinal tissue under diffused 
anterior compression. Colour plot range = 0-10-4 MPa. Sagittal plots 
(a-c) are explored by transverse sections (d-f) from the injury epicentre 
(z=0). 

 

The highest stresses are seen at where the blood vessel boundary due to 

compression of a narrower region - flattening of the ASA can be seen in 51f 

as stresses spread into the grey matter. Higher von Mises stress is primarily 

seen in the ventral horns and anterior corticospinal tract and a spread of stress 
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moves through the spinal segment under increased compression, which 

agrees with the literature [42]. 

 

5.2.3 Posterior injury 

Under posterior compression of the grey matter, focal injury was again 

causative of very low stresses in the cord. The maximum von Mises stress 

reached ~0.0002MPa in the diffuse injury model which was 2.5x higher than 

focal injury (Figure 52). 

 

Figure 52: Stress development in the grey matter under increasing 
posterior compressions (0-7.5%) during focal (a) and diffuse (b) 
injury.  
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White matter also experienced 50% lower stresses in focal compression. 

However, diffused compression caused high inflections in stress at 7.5% 

compression, almost 75-fold that of grey matter (Figure 53).  

 

 

Figure 53: Stress development in the white matter under increasing 
posterior compressions (0-7.5%) during focal (a) and diffuse (b) 
injury.  
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The sharp tensive increases in the stress-z direction and compressive 

decrease in the stress-x direction infer lateral spread of the tissue. 

Visualisations of the internal tissue stress are as below (Figure 54).  

 

Figure 54: Von Mises stress plots of spinal tissue under focal (a-c) 
diffused (d-i) posterior compression. Colour plot range = 0-10-4 MPa. 
Sagittal plots (a-c) are explored by transverse sections (d-f) from the 
injury epicentre (z=0). 
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This is similar to the behaviour seen in the anteroposterior model and could 

be attributed to high stresses around the small artery geometries. It should be 

considered that the mesh was close to inversion due to the blood vessel 

positionings as the model could not simulate strains above this threshold. 

Stresses are much higher at the vessel boundaries and at the dorsal columns 

where the grey matter boundary is built into the model, which does reflect data 

from an ischemic model that showed initial damage to the dorsal columns 

before spread into the grey matter laminae [206].  

 

5.2.4  Summary of spinal tissue behaviour  

The solid data presented here indicates much lower stress profiles than 

previously reported for deformations up to 10%, which have reached 0.2MPa 

at the compression epicentre [26]. However, data did align with a 3-D finite 

element model that simulated NT-SCI as static compression and found that 

cord stresses were extremely low (near zero MPa) under 10% compression, 

with a slight increase at 20% compression [202]. The stress plots trends were 

in agreement that mild compression damage is predominantly situated within 

the dorsal horn [26]. Damage to the dorsal horn is understood to take place 

early in the pathophysiology of NT-SCI due to assumed preservation of the 

ventral horn that has much greater metabolic needs [67].  

As a summary of the response of spinal tissue to mild compression:  

• The stress profiles of grey and white matter were similar in 

anteroposterior injury between both injury profile groups except an 

inflection in von Mises stress during 10% diffused strain in white matter.  
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• Anterior diffused injury caused 100-fold increase in grey matter 

maximum von Mises stress and a four-fold increase in white matter 

maximum von Mises stress over focal injury stresses. Stresses were 

similar between the two tissue types.  

o Anterior compression showed particularly high stresses in the 

ventral horn column and corticospinal tract. This could be 

attributed to flattening of the ASA and associated localised 

stresses.  

 

• Posterior injury produced higher stresses, particularly in the white 

matter which experienced 75-fold higher stresses over that of grey 

matter in the diffused injury scenario. The contour plots indicate much 

higher stress distributions, but this is more likely due to unreliable mesh 

quality in close proximity to the three posterior vessels. Posterior and 

anteroposterior diffused compressions indicated white matter was 

prone to compressions in the stress-x component, indicating lateral 

spread of tissue.  

5.2 Results chapter summary   

The key trends to take away from the parametric simulations of injury severity, 

location and profile are:  
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• Changes to blood flow and oxygen transport were seen at 

compressions prior to the assumed threshold of NT-SCI of 30%, which 

infers that vascular pathology is effectual earlier in the injury process.   

• Diffused injuries that compress multiple segments are causative of 

detrimental vascular response. The effects are worse than in focal, 

single segment injuries.  

• Anterior injury is causative of the most severe vascular response in 

terms of tissue velocity speeds with decreases of up to 15% observed. 

Effect of vascular response between 5-10% should be investigated 

further to elucidate any thresholds causative of a decrease in oxygen 

extraction rate, indicative of worsened injury and hypoxia. 

• Anteroposterior and posterior injuries are causative of mild effects and 

do indicate detriment to white matter before affecting the grey matter. 

Compensatory re-rerouting for these locations should be investigated 

further.  

o Compression of white matter fibres may have increased the 

diffusivity potential of the porous transport model and be an 

explanation for increased concentrations and oxygen 

consumption despite decreased velocities.  

• Degree of compression appears to have stronger correlation to oxygen 

extraction rate over average tissue concentration (i.e. hypoxia), which 

is in agreement with Ellingson et al. [18]. 
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Chapter 6 

Discussion and conclusions 

The work presented in the thesis helps to better understand the relationship 

between compressive mechanics and blood and oxygen dynamics in sub-

clinical, asymptomatic NT-SCI. The thesis question was investigated through 

developing the computational model to analyse three injury variables: severity, 

location and shape profile. Mild compressions were simulated to understand 

how mechanical stresses develop across different aetiology profiles and affect 

blood flow behaviour and oxygen transport in the spinal tissues.  

6.1 Core findings  

In developing the mathematical model and numerical implementation of the 

problem into a computational model, the following optimisation steps were 

essential as inclusion criteria for this work:  

• Inclusion of Brinkman’s model to model intermediate vascular network 

flows. 

• Material properties of the porous medium representative of the spinal 

cord grey and white matters. Isotropic permeabilities representative of 

previous cerebral vascular network models were applicable [136]. 

Permeability was a key determinant in model behaviour, porosity was 

not as effective. 

• Modelling oxygen consumption as a function relative to available 

concentration – uniform consumption models forced hypoxic scenarios 

and would not allow for compensatory mechanisms. 
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• Investigating the effect of injury profile representative of different NT-

SCI aetiologies relative to the trends seen in vivo [21] had large effects 

on vascular response to injury. 

On inclusion of these criteria in the mathematical model and numerical 

implementation, parametric analyses of NT-SCI severity, profile and location 

were undertaken, as presented in chapter 5.  

  

6.1.1 Injury severity 

It was assumed that white matter would be affected most at lower compression 

thresholds and the dorsal horns would be injured initially, as is described in 

the literature symptomatically as early sensory dysfunction [80][207]. It was 

expected that blood velocity would gradually increase, due to narrowing of 

primary vessels under compression, which would increase internal 

microvascular network pressures and velocities. With this, oxygen 

concentration and oxygen extraction rate were also expected to increase as 

the volume of blood available for oxygen exchange increased to compensate 

for flattened vessels. A decrease in blood velocity and oxygen concentration 

was expected to take place quickly at higher degrees of compression above 

an unknown threshold - potentially above the 10% compression within the 

scope of this study - as the literature had indicated strains above 20% as the 

estimated threshold that trigger a reduction in spinal perfusion [64][65]. This 

inflection point would take place after compensatory increases in vascular 

response due to increased pressure gradients under external forces.  
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These hypotheses were correct in terms of increased velocity, oxygen 

concentration and oxygen extraction rate at low compressions, but the 

identification of thresholds at which early ischemic responses are triggered 

under mild compression took place at thresholds well below those 

hypothesised in the literature.  

Grey matter velocity magnitudes decreased below the baseline at 10% 

anteroposterior compression; white matter is assumed to have compensated 

for its compression by increasing its oxygen extraction rate, velocity profiles 

and therefore oxygen concentration, maintaining homeostasis in the cord 

vascular network.  

Both grey and white matter velocities were decreased below the control 

scenario from 2.5% in anterior injury. A decrease in oxygen concentration 

below baseline took place at >5% compression, which aligned with a decrease 

in oxygen consumption by the tissue.  

White matter experienced lower velocities coupled to increasing 

concentrations during posterior injury, whereas in anteroposterior injury, 

velocities and concentrations increased concurrently. Both injury types 

experienced an increase in oxygen extraction rate of ~2%. The increased 

blood availability in anteroposterior injury may reflect the delayed decrease in 

grey matter velocities at 10% strain when compared to a decrease at 7.5% 

strain in posterior injury, where less compensatory blood supply was available 

due to direct compression on the posterior arteries Both posterior and 

anteroposterior compression realistically had negligible effect on grey matter 

(<1% deviations from baseline), which aligns with the literature [20].  
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6.1.2 Injury profile 

With regards to solid mechanics, no papers to date have researched the 

change in fluid and oxygen mechanics relative to varying injury aetiologies, 

despite being inferred as a core driver of NT-SCI [208]. It is understood that 

an inherent limitation when investigating injury profiles is the underlying spinal 

anatomy. Previous solid mechanic models had found that diffuse injury – such 

as disc herniation - produced worsened outcome (due to spread of injury 

across multiple spinal segments) [23]. On increase of strain, stress transferred 

through an individual spinal segment from white matter to grey matter, before 

spreading to neighbouring segments (z-direction spread from epicentre at 

z=0), which agreed with the trends observed here [26]. Similarly, focal 

compressions mainly affected the afflicted segment under compression with 

higher localised stresses, which agreed with data trends reported here.  

It was therefore assumed that, similar to the reported solid mechanics model, 

diffused compression would produce worsened vascular outputs due to its 

spread across segments, with particular affect during anterior injury due to the 

importance of the primary anterior vessel. Focal compression was predicted 

to have localised affect that would be negligible until above the known 

symptomatic 30% reduction in diameter. These hypotheses were proven as 

correct. Stresses were similar across injury types in both white and grey matter 

with higher stresses experienced in all diffused injury scenarios. The ratio of 

increased stress response varied with injury and was most pronounced in the 

grey matter of anterior injury with a 100-fold increase in stress experienced 
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during diffused injury compared to focal injury. In posterior injury, the white 

matter experienced a 75-fold increase in maximum von Mises stress when 

compared to grey matter during the highest degree of compression. This 

reflects the effect of injury profile on locations and the underlying structures 

and anatomy.  

However, in the white matter, diffuse anteroposterior and posterior injuries 

displayed significant uplifts in von Mises stresses at higher compressions – 

relative to the stress contour plot data, this was assumed due to mesh 

irregularities when compressions took place beside the smaller artery 

geometries. There have been no reports of the spinal matters rupturing at 

stresses as low at those derived from the model, therefore those data points 

are deemed unlikely as contributors to the pathophysiological processes.  

 

6.1.3 Injury location 

In order to account for the difference in anatomy and feeder vessel importance, 

location was investigated. It is generally understood that compression of the 

anterior spinal artery is most detrimental in thoracic NT-SCI, due to the 

aforementioned lack of collateral vessels and its significance in providing two-

thirds of the blood supply of this region [35]. A study that investigated the effect 

of compression on the anterior artery and its sulcal network was Alshareef et 

al. [19], which validated that anterior compression was resultant in the highest 

decrease in blood flow. However, the model did not account for any other 

vessel networks in the spinal tissue (i.e., posterior, capillaries, etc). Therefore, 

the model presented here investigated other locations and the effect of 
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compression on the respective feeder vessels. It was assumed anterior injury 

would have the lowest tolerance and would show the greatest detriment in 

blood flow and oxygen transport response under a diffused injury scenario. 

The data inferred compressive effect on vasculature from the mildest 

compression at 2.5% compression and caused decrease in velocities by up to 

15%. It was assumed that anteroposterior injury would decrease blood flow 

and oxygen transport to a lesser degree, with only slightly worsened outcomes 

in diffuse injury – this was generally correct but white matter displayed higher 

sensitivity to anteroposterior diffused compression than expected. Posterior 

injury was again assumed to suffer most detriment in diffuse injury cases, but 

to the lowest extent as it does not have any core contributing vessels in the 

region (posterior spinal vein only). Similar to anteroposterior, this was correct 

aside from a higher sensitivity of white matter to compression, but vascular 

changes in both injuries remained <2% so would be negligible in a real-world 

scenario.   

 

6.2 Comparisons with the core literature 

A key comparator paper in the literature simulating spinal compression to 

ascertain changes to fluid flow identified extreme drops in flow rate even under 

strains of <10% [19]. Under anterior compression, 6.5% dural occlusion 

decreased anterior spinal artery flow by approximately 30% and branching 

sulcal arteriole flow rates by ~5%. The data presented here aligns with the 

decrease in arteriole flow but not to the extent of velocity decrease in the ASA. 
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However, blood flow rate increased slightly in the ASA under milder 

compressions before eventually declining at higher degrees of compression, 

similar to the velocity data reported here. The study reported that posterior 

loading (6% occlusion) decreased arteriole branch flow rate by ~30% and ASA 

flow rate by ~5%, which disagrees with the data derived from the thesis model. 

Anteroposterior loading (9.65% occlusion) reduced branch flow rate by 30% 

and the ASA by 50%. Again, velocity decreases of this magnitude were not 

observed in the model developed here. The [19] data would infer a severe 

prognosis for milder injuries, which is not currently reported clinically or 

elsewhere in the literature. The high drops in blood flow rates are likely 

because vessels were presented as isolated cylindrical geometries with limited 

connectivity to only one sulcal network system and no capacity to re-route.  

The model data presented here did, however, correlate with that of an in vivo 

study performed in monkeys, when moderate anterior compression caused 

microvascular deformation and a decline in perfusion in the grey matter, 

without a significant decrease in ASA diameter or flow [77]. Similarly, a rabbit 

study found that grey matter vessels had an exacerbated decrease in 

perfusion rate compared to the ASA under anterior compression [209].  

Another study reported that anteroposterior compressions did not affect grey 

matter microvasculature but anterior compressions of 2mm (10% strain) were 

causative of occlusion of the adjacent sulcal arterioles and intramedullary 

branches into the grey matter [20] – this agrees with the anteroposterior and 

anterior data trends derived from the thesis model. Posterior compression had 

nominal effect on fluid or oxygen output but was assumed to affect the dorsal 

microvasculature and therefore lateral columns due to flattening of the cord in 
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the direction of compression and compensatory lateral bulging, which is in 

agreement with the stress plots presented in chapter 5.2.3 [20]. Clinical studies 

of CSM have highlighted compaction of fibre tracts under compression which 

alters the diffusivity profile of oxygen in the system. Neurological dysfunction 

is hypothesised as due to disruption and degradation of these fibre tracts at 

later stages of injury, but it could be assumed that an earlier response is seen 

through an increase in local fibre re-modelling, which correlates to an increase 

in inflammation and oedema [44] which is known to trigger an increase in 

oxygen extraction rates. Future work should investigate this relationship. 

A transient ischemic model of the rat spinal cord (balloon catheter model to 

occlude the subclavian artery) does not reflect compression but is indicative 

of mild, low-level ischemia and reflects the trend that the dorsal horns are 

affected first; in particular, the laminae V-VII experience a loss of interneurons 

but neurons in ventral horns of the grey matter (laminae VIII-X) are not affected 

[206]. This agrees with the fluid model velocity plots for anteroposterior and 

posterior compressions. Other traumatic studies that have modelled mild 

traumatic SCI indicated minimal neurological dysfunction when SCBF is 

reduced by 45%, which agrees with the known ischemic and therefore 

symptomatic threshold of 70% [210] – the data here indicate that mild 

compressions do not elicit decreases in blood flow to the point of ischemia or 

symptom manifestation. However, on extrapolation of the decreased velocity 

rates in grey matter under diffused anterior injury (15% loss of blood velocity 

under 7.5% compression), the ischemia threshold as 70% loss of perfusion in 

arteries and 50% loss of perfusion in microvasculature is likely to be exceeded 

at around 35% strain for the arteries and at 25% strain for the sulcal 
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microvasculature, which correlates to the commonly understood 30% 

symptomatic threshold from in vivo studies [65], [21].   

Clinical reports of patients with CSM indicate lower degrees of compression 

generally have higher blood flow rates and better neurological outcomes, as 

expected relative to the literature. However, spinal cord hypoxia is not 

correlated to the degree of compression, but increased oxygen extraction rate 

is. Patients with higher T2 hyperintensity signals (relative to degree of 

stenosis) tended to present with >10% oxygen extraction rates and had the 

worst neurological functionality [15]. Data from this thesis agrees with that 

trend and future clinical work should ascertain the mechanical thresholds at 

which changes in oxygen extraction rate trigger hypoxia and progression of 

NT-SCI. Anterior injury indicated a decrease in consumption rates above 5% 

diffused compression when tissue velocities dropped by ~8%. Ideally, the 

study would investigate the changes to consumption rates over chronic 

compression timescales to understand the relative thresholds for increased 

consumption before the decrease that leads to hypoxia, but the model was 

limited in this functionality.  

 

With respect to the shape profile, it was known that under moderate 

compression, tissue stress varies and the response is dependent on the spinal 

segment anatomy and profile of the compression, which therefore alters the 

symptoms experienced [26]. The Kim et al. [199] paper investigated injury 

profile and indicated that a maximum von Mises stress of 0.004-0.006MPa 

was seen at 15% compression, with tissue response dependent on injury 
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profile and shape. Injury profiles of 4mm compared to prior groups (1-3mm) 

showed the highest von Mises response that varied with shape (fused or non-

fused ligament representations), but shape alone (curvature of injury 

deformation) was not a primary driver in stresses experienced by the tissue. 

The thesis data alluding to worsened outcomes during diffused injury align with 

this, as the fluid and solid manifestations of the injury profile varied with 

location and severity.  

The Nishida et al. paper [26] simulated anteroposterior injury at 10% 

compression and reported that the cervical spinal cord experienced stresses 

at around 0.012MPa, which is much higher than the stresses presented here. 

The posterior white matter columns experienced the highest stress under 

anteroposterior injury which correlated to the thesis data [26]. The model from 

the literature applied a focal compression directly onto the spinal cord, with no 

protective tissues modelled. Under anteroposterior compression, the dorsal 

horn experienced most stress at 10%; followed by a spread into the lateral 

posterior funiculus, posterior and lateral funiculi and anterolateral funiculus 

and grey matter anterior horn at 20%; followed by all of the lateral grey matter 

and funiculi being affected at the respective 30% and 40% strains. During 

severe compression (40%), the variance in stress profile between segments 

was less than under mild (0-30%) compression, but such strains could not be 

emulated in this model. The stresses produced in this model are very low 

which correlate to the compression severities being applied and do correlate 

with data reported by Kato et al. [202] where spinal cord stresses were near 

zero MPa at 10% compression. Relative to the Levy et al. [23] paper, 

development of the stress profiles contributory to anteroposterior injury begin 
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at strains as early as 9% for focal and lateral injury types and 15% for diffuse 

injury types – the work presented here indicates that the microvascular 

response of NT-SCI may begin before these mechanical thresholds are met.  

 

6.3 Limitations 

The model was built with inherent assumptions that equally act as limitations, 

primarily in terms of material properties and assumed behaviours of the 

underlying mathematics. Protective geometries of the spinal cord – such as 

the dura and pia mater) were not included, which would alter the stress-

response profile under compression, as described above relative to known 

data in the field [23], [199]. The dimensions of the geometry were derived from 

the literature, but more accurate representations could have been employed 

through 3-D reconstruction of microscopy images. The number of vessels was 

limited to the four core extraspinal vessels known to supply the lower thoracic 

cord [67] and therefore is limited in its ability to truly represent the circulatory 

spinal system. Similarly, the detail of geometry and size of the vessels required 

a denser mesh but ultimately the complexity of mesh had to be limited, relative 

to computational capacity.  

The spinal cord is understood to have hyperelastic-viscoelastic material 

properties, derived from ex vivo studies. This model only employed linear 

elastic properties due to the complexity of the underlying maths and scale of 

computational capacity that would be required for accurate simulation. 
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However, these material properties align with prior solid mechanics simulation 

data used as comparables for the model [19], [153].  

The porous model and its setup inherently assume transference of inertial 

forces from larger vessels into the porous microvasculature medium, which is 

governed by pressure-driven Darcy flows. In terms of modelling the 

vasculature as a porous medium, the nearest comparable is that of an 

ischemic brain model by Jozsa et al. [182] which modelled the brain as a multi-

compartment porous network by attributing different permeabilities and 

behaviours to vascular regions. The model deployed here assumes different 

permeabilities between white and grey matter, with grey matter assumed to 

behave similarly to the arterioles in the brain and white matter relative to 

cerebral capillary permeability [136]. These assumptions likely do not fully 

translate into a rat model from human, nor do the brain parameters fully reflect 

spinal cord behaviour, as the brain has markedly more vasculature and more 

collateral availability under damage. To account for vessels of varying size 

dispersed randomly throughout the tissue, other porous compartments and 

mathematical requirements would need to be employed to simulate this 

accurately. The mode presented here applies gross permeability terms across 

the whole spinal matter instead of localising permeability relative to scaling of 

geometry in tissue and therefore changes in pressure and concentration 

gradients.   

Other vascular models account for non-Newtonian properties of the blood, 

namely diffusion from plasma into vessels via the Hill equation and 

consumption rates relative to saturation and hematocrit, considered by the 
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Michaelis-Mention equation. Previous time-dependent brain models have 

employed saturation of vascular tissue to represent known saturations of 

arterioles (85%) and capillaries (45%) [129], wherein the liquid volume fraction 

is then calculated from the porosity and saturation so ties in with the blood and 

oxygen transport models. The oxygen model used was rudimentary compared 

to other advanced vascular models that exist in the literature. In particular, the 

oxygen consumption model was defined as a single sink term employed by a 

variable function based on blood velocity outputs, meaning a variable sink 

function represented venules throughout the tissue and was designed to only 

consume oxygen at or above the baseline assumed oxygen concentration, 

therefore the circulatory effects of the feeder vessels and porous network 

would account as an attempt to balance oxygen metabolism back to 

equilibrium. The intricacies of oxygen consumption modelling are more 

complex than this, plus it is known that excess consumption takes place during 

ischemia to provide for the surviving tissue, but the compressions required to 

elicit ischemia and therefore hypoxia were not modelled here to exhaustively 

test these parameters. Other oxygen transport models have employed 

stationary models that impose specific consumption constraints and neglect 

the non-stationary aspects of blood and oxygen exchange  by accounting for 

hematocrit, oxygen saturation and therefore alter the consumption rate based 

on the availability of oxygen and blood flow over time [139], [142].  
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6.4 Future work 

During non-traumatic compression, it was already known that a decrease in 

blood flow was a core aspect of the pathophysiology, assumed due to hypoxic 

biochemical and mechanical behaviours of the damaged spinal tissue and 

vasculature [13], [67], [80]. It has been understood that ischemia is defined as 

a 70% decrease in blood perfusion [18] and hypoxia is relative to each 

individual tissue type. Normal blood velocities for different tissue anatomies 

had also been reported (section 3.1), therefore the decrease in flow and 

concentration relative to increasing compression at different locations and 

injuries was investigated to find the transition point at which it could be 

assumed NT-SCI would occur to a detrimental level. The model presented 

here could only simulate compressions up to 7.5-10% but from extrapolating 

the data for anterior injury, vascular response to compression profiles of 25-

35% should be investigated - it is expected that vascular disruption would be 

one of the early primary drivers of neurological dysfunction and not a 

secondary response as it is in traumatic SCI.  However, the complexity of the 

fluid-structure mathematics, geometry scales and 3D deformations required 

were too complex to simulate larger deformations here. 

As mentioned, the oxygen model and circulatory assumptions could account 

for changes in viable vasculature, plasma-capillary exchange, oxygen 

saturation and alterations to oxygen consumption and should be considered 

when modelling a time-dependent chronic compression model. From a solid 

mechanics perspective, poroelasticity could further elucidate on the changes 

to the microvasculature; extracellular space fraction is known to decrease as 
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tortuosity of spinal vessels increase as tissues experience compression, 

ischemia and hypoxia [181]. Modelling poroelasticity could enable 

investigation of fibre compaction relative to diffusivity of oxygen throughout 

tissue [44], which in turn would relate to changes in oxygen consumption rates. 

Understanding the thresholds at which these changes take place could bring 

further clarification to some of the trends discovered here, namely the changes 

in white matter behaviour in anteroposterior and posterior injury and in further 

elucidation of the rationale for the oxygen extraction decrease in anterior 

injury. 

To broaden the dataset and understanding of the variation in NT-SCI, other 

injury profiles should be considered, such as hypertrophy of the ligamentum 

flavum (circumferential compression), lateral compressions and hopefully in 

the future, personalised compression profiles for conditions such as metastatic 

spinal cord compression (tumour morphology dependent, secondary bone 

fragmentation, etc). The model could utilise patient-specific geometry from 

experimental imaging reconstruction or from medical imaging – particularly as 

location and morphology of the cord segments would be a core aspect of 

prognosis. Personalised diagnostic pathways may become commonplace in 

the future by using in silico models coupled to patient-specific medical images 

- work has already started in compiling in silico datasets for brain infarction 

models for use in stroke clinical trials [136]. 

A core component of NT-SCI that was not modelled here was the timescale of 

injury. It is understood that non-traumatic injuries take place over long 

timescales which are inherently linked to functional outcome [1]. Clinically, NT-
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SCI manifests over a period of months to years but this is not feasible or 

humane to emulate in an in vivo setting. Relative to injury timescales, three 

days in a rat is equivalent to approximately three months in a human [211] and 

it is known that recovery of rats plateaus 6-8 weeks after injury [212]. From a 

temporal perspective, studies indicate that neural damage is irrecoverable 

after 9-weeks of compression [45] and decreased area of the spinal cord is 

strongly correlated to decreased functional output scores [213]. In particular, 

in a chronic compression models emulating CSM, the diameter of the ASA 

was smallest after 42 days, which may indicate a temporal inflection point in 

terms of initiating the ischemia-hypoxia pathway [214]. The change in 

perfusion and oxygen consumption over time, relative to the aforementioned 

parameters, would be useful in determining better diagnostic thresholds and 

treatment process for potentially earlier interventions. In particular, thoracic, 

incomplete and non-traumatic injury decompression surgery outcomes are 

speculative, as there are higher complication rates due to the non-exact nature 

of the injury and sensitivity of the surrounding provisional vasculature [3]. 

Therefore, better diagnostic criteria could identify key intervention thresholds 

at earlier pathological stages.   

 

6.5 Conclusions 

An in silico model of NT-SCI in the lower thoracic spinal cord was developed 

to include the effects of perfusion and oxygen changes under compression. 

The model provided clarity on aspects of the pathophysiological mechanisms 
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that have previously been hypothesised as contributory in the development of 

NT-SCI:  

 

• Diffuse injury profiles (affecting multiple segments) produce more 

detrimental effects in terms of vascular response blood velocity and 

oxygen metabolism, as well as in functional outcome of rodents. Focal 

injury did not elicit any substantial effects.  

 

• Anteroposterior injury indicated vascular contribution towards injury 

development at 10% compression with affect in the grey matter and 

compensatory effects in white matter. 

 

• Anterior injury indicated vascular contribution towards injury 

development at 2.5% compression in both matter types.  

 

• Posterior injury indicated vascular contribution towards injury 

development from 7.5% onwards and at earlier thresholds in the white 

matter.    

 

• From the extrapolation of anterior compression data – an estimated 

threshold at which ischemia may be triggered is between 25-35% 

compression for diffused anterior injuries that affect the essential ASA 

in the thoracic spinal cord.  

 

• Further work should investigate vascular response at higher 

compression thresholds (20-40%) and should look to understand the 
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structural and behavioural changes in spinal matter fibres and the 

underlying microvascular networks.  
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Appendix A 

Functional outcome scoring methodology 

In vivo studies use the Beattie, Brasso and Bresnahan (BBB) scale to 

determine functional outcomes [215]. The scoring system is as below (Table 

23).    

Table 23: Brasso, Beattie and Bresnahan scoring used to assess the 
severity of neural damage in vivo.   

 Beattie, Brasso, Bresnahan Scale 

0 No observable hindlimb (HL) movement 

1 Slight movement of one or two joints, usually thehip and/or knee 

2 Extensive movement of one joint or extensive movement of one joint 
and slight movement of one other joint 

3 Extensive movement of two joints 

4 Slight movement of all three joints of the HL 

5 Slight movement of two joints and extensive movement of the third 

6 Extensive movement of two joints and slight movement of the third 

7 Extensive movement of all three joints of the HL 

8 Sweeping with no weight support or plantar placement of the paw with 
no weight support 

9 Plantar placement of the paw with weight support in stance only (i.e., 
when stationary) or occasional, frequent, or consistent weight 
supported dorsal stepping and no plantar stepping 

10 Occasional weight supported plantar steps, no forelimb (FL)-HL 
coordination 

11 Frequent to consistent weight supported plantar steps and no FL-HL 
coordination 

12 Frequent to consistent weight supported plantar steps and occasional 
FL-HL coordination 

13 Frequent to consistent weight supported plantar steps and frequent 
FL-HL coordination 

14 Consistent weight supported plantar steps, consistent FL-HL 
coordination and predominant paw position during locomotion is 
rotated (internally or externally) when it makes initial contact with the 
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surface as well as just before it is lifted off at the end of stance or 
frequent plantar stepping, consistent FL-HL coordination and 
occasional dorsal stepping 

15 Consistent plantar stepping and consistent FL-HL coordination and no 
toe clearance or occasional toe clearance during forward limb 
advancement, predominant paw position is parallel to the body at 
initial contact 

16 Consistent plantar stepping and consistent FL-HL coordination during 
gait and toe clearance occurs frequently during forward limb 
advancement, predominant paw position is parallel at initial contact 
and rotated at lift off 

17 Consistent plantar stepping and consistent FL-HL coordination during 
gait, and toe clearance occurs frequently during forward limb 
advancement, predominant paw position is parallel at initial contact 
and lift off 

18 Consistent plantar stepping and consistent FL-HL coordination during 
gait, and toe clearance occurs consistently during forward limb 
advancement, predominant paw position is parallel at initial contact 
and lift off 

19 Consistent plantar stepping and consistent FL-HL coordination during 
gait, and toe clearance occurs frequently during forward limb 
advancement, predominant paw position is parallel at initial contact 
and lift off and tail is down all or part of the time 

20 Consistent plantar stepping and consistent coordinated gait, 
consistent toe clearance, predominant paw position is parallel at initial 
contact and lift off, tail consistently up and trunk instability 

21 Consistent plantar stepping and coordinated gait, consistent toe 
clearance, predominant paw position is parallel throughout stance, 
consistent trunk stability, tail consistently up  

 


