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Resumen 

 

Factores biomecánicos asociados a la neuropatía óptica glaucomatosa 

 

Antecedentes: El glaucoma se ha asociado a diversos factores biomecánicos, tales como 

la presión intraocular (PIO), la presión del líquido cefalorraquídeo (PLCR), los movimientos 

oculares horizontales, la rigidez de los tejidos, entre otras. Esta tesis tiene como objetivo 

analizar la influencia de estos factores en la cabeza del nervio óptico (CNO). Además, 

debido a la alta variabilidad en las reconstrucciones anatómicas propuestas 

históricamente, se evalúa el impacto de incluir y excluir diferentes regiones anatómicas. 

 

 

Métodos: Se desarrolló un modelo computacional tridimensional del ojo y la órbita usando 

el método de los elementos finitos, documentando las deformaciones promedio a lo largo 

de los ejes anatómicos y en las direcciones principales en la CNO. Asimismo, se creó un 

modelo axisimétrico del ojo, a partir del cual se generaron 17 casos anatómicos. 

 

 

Resultados: La inclusión y exclusión de las regiones anatómicas afectó significativamente 

las deformaciones obtenidas. Por otro lado, se obtuvo una alta dispersión de las 

deformaciones debida a los movimientos oculares laterales, que no se observó con la 

variación de la PIO y la PLCR. Desde una perspectiva anatómica, una PIO alta y una PLCR 

baja generaron un efecto mecánico sinérgico sobre la CNO. Finalmente, los factores más 
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influyentes fueron la PIO, la PLCR, la rigidez del espacio subaracnoideo (ESA), y la rigidez 

del tejido adiposo (TA). 

 

Conclusión: Los factores biomecánicos más importantes para el desarrollo del glaucoma 

son una PIO alta, una PLCR baja, y una rigidez elevada del ESA y del TA. 

 

Palabras clave: Glaucoma, presión intraocular, presión de líquido cefalorraquídeo, 

espacio subaracnoideo, movimientos oculares horizontales, cabeza del nervio 

óptico, biomecánica. 
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Abstract 

 

 

Biomechanical factors associated with glaucomatous optic neuropathy 

 

Background: Glaucoma has been associated with various biomechanical factors, such as 

intraocular pressure (IOP), cerebrospinal fluid pressure (CSFP), horizontal eye 

movements, and tissue stiffness, among others. This thesis aims to analyze the influence 

of these factors on the optic nerve head (ONH). Furthermore, due to the high variability in 

historically proposed anatomical reconstructions, the impact of including and excluding 

different anatomical regions is examined. 

 

Methods: A three-dimensional computational model of the eye and orbit was developed 

using the finite element method, and the mean strains along the anatomical axes and in 

the principal directions in the ONH were documented. Likewise, an axisymmetric model of 

the eye was created, from which 17 anatomical cases were generated. 

 

Results: The inclusion and exclusion of the anatomical regions significantly affected the 

obtained strains. On the other hand, there was a high strain dispersion due to lateral eye 

movements, which was not observed with IOP and CSFP variations. From an anatomical 

perspective, high IOP and low CSFP generated a synergistic mechanical effect on the 

ONH. Finally, the most influential factors were IOP, CSFP, the subarachnoid space (SAS) 

stiffness, and adipose tissue (ADT) stiffness. 

 

Conclusion: The most important biomechanical factors for the development of glaucoma 

are high IOP, low CSFP, high SAS stiffness, and high ADT stiffness. 
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1.  Introduction 

 

1.1 Background 

 

Visual impairment is a significant public health issue that affects a substantial portion of the 

population in the world. It represents a functional limitation of the visual system and its 

symptoms include reduced visual acuity, alterations to the visual field, and visual distortion, 

among others (1). Pascollini et al. (1) conducted a review of published and unpublished 

surveys from 2000 to 2011 to estimate the causes and number of visually impaired people. 

They reported that there are 285 million visually impaired people worldwide, of which 39 

million are blind and 246 million have low vision. Moreover, 65% of visually impaired people 

and 82% of blind people are over the age of 50 years. The researchers also reported that 

43% and 33% of all visual impairments worldwide are caused by refractive errors and 

cataracts, respectively (1). Other causes include glaucoma (2%), age-related macular 

degeneration (1%), diabetic retinopathy (1%), trachoma (1%), and corneal opacities (1%) 

(1).  

 

Although, at first glance, glaucoma might seem to have relatively minor importance, the 

reality is quite different. Refractive errors and cataracts are potentially reversible causes of 
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blindness and visual impairment. In contrast, glaucoma leads to chronic and irreversible 

blindness (2). Even when it does not result in mortality, it imposes a significant burden of 

disability (3).  

 

Glaucoma often develops silently, with no noticeable symptoms until vision loss occurs. 

This, combined with a general lack of awareness about the disease, makes early diagnosis 

a challenging task (4). Consequently, glaucoma is a significant global health concern and 

stands as the leading cause of irreversible blindness throughout the world (5). It can affect 

individuals of all age groups, including children, although it is more prevalent in the elderly.  

 

In 2014, the global prevalence of glaucoma among people aged 40ï80 years was estimated 

at 3.54%. Moreover, in 2013, it was estimated that globally, 64.3 million people had 

glaucoma, with projections that this number would increase 18.3% (76 million cases) by 

2020 and 74% (111.8 million cases) by 2040 due to the progressive increase in life 

expectancy (6). Although several factors predispose to the appearance of glaucoma, the 

most important risk factor for its development is high intraocular pressure (IOP) (7). More 

recently, other mechanical factors such as cerebrospinal fluid pressure (CSFP), scleral 

stiffness, and horizontal eye movements, among others, have also been associated with its 

genesis.  

 

1.2 Justification 

 

Based on previous experience gained from ocular biomechanics and other ocular 

pathologies (8ï12), this thesis aims to evaluate the acute biomechanical effects of IOP, 

CSFP, horizontal eye movements, and the constitutive properties of ocular tissues, adipose 

tissue (ADT), and orbital bone on optic nerve head strains, as well as their implications for 

glaucoma. The goal is to provide new information that contributes to a better understanding 

of the pathophysiology of this disease. 
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1.3 Problem statement 

 

Currently, there is a lack of knowledge of the effect of various biomechanical factors on the 

optic nerve head that may be related to the pathophysiology of glaucomatous optic 

neuropathy. 

 

1.4 Research question 

 

What are the influences of the main ocular biomechanical factors (IOP, CSFP, horizontal 

eye movements, mechanical properties of the tissues of the eyeball, ADT, and orbital bone) 

on the mechanical behavior of the optic nerve head, and what are their potential 

relationships with the pathophysiology of glaucomatous optic neuropathy? 

 

1.5 Objectives 

 

1.5.1 General objective 

 

The general objective is to determine, through in silico studies, the influences of the main 

biomechanical factors on the strains experienced by the optic nerve head in the anatomical 

as well as principal directions, and their potential relationships with the pathophysiology of 

glaucomatous optic neuropathy. 
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1.5.2 Specific objectives 

 

1. The first specific objective is to study computationally the optic nerve head strains 

generated by each of the biomechanical factors (IOP, CSFP, horizontal eye 

movements, mechanical properties of the eyeball tissues, ADT, and orbital bone) in 

the anatomical as well as principal directions. 

2. The second specific objective is to carry out a correlation analysis of the distributions 

of the strains obtained for each biomechanical factor with the available 

morphophysiological knowledge, and with previously published experimental and 

clinical trials, to estimate qualitatively the pathophysiological impact of each of the 

studied biomechanical factors. 

 

1.6 Hypothesis 

 

1. The most important factors for the development of glaucoma are, in order: an IOP 

increase, a CSFP decrease, and the constituent properties of the subarachnoid 

space (SAS). 

2. Horizontal eye movements play a minor role in the development of glaucomatous 

optic neuropathy. 

3. The constitutive properties of the sclera do not have as crucial a role as has been 

postulated to date. 

 

1.7 Contributions of this thesis 

 

Despite the great advances made in the field of ocular biomechanics, several gaps are 

evident in the historically proposed computational models of the ocular globe. These gaps 

are the central focus of this thesis and are described below.  
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1. Strain analysis 

 

The finite element method (FEM) has been used to study strains in eye tissues, focusing 

on the principal directions, which represent the greatest elongation and compression of the 

tissues. Conversely, clinical and experimental studies have focused on the anteroposterior 

and radial directions (13ï15). 

 

Although the principal directions represent the extreme strains (16), the vectors that 

characterize them vary at each calculated point. As a result, their pathophysiological effects 

vary. For this reason and given the importance of anatomical axes in pathological 

interpretations and decision-making in the medical field (17), it is necessary to determine 

the strains in the anatomical axes, antero-posterior (A-P), superior-inferior (S-I), and 

temporo-nasal (T-N), to obtain a complete pathophysiological analysis that leads to 

estimating the impact of each of the factors that mechanically affect the optic nerve (18) 

(Figure 1-1). 

 

2. Anatomical components 

 

Computational models have typically not included the three tunics of the eyeball, the 

cornea, ADT, and orbital bone, nor all of the meninges, and the dura mater has been 

included in only a few recent studies. As a result, the mechanical contribution of these 

anatomical components has not been considered.  
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Figure 1-1. Vectors describing the maximum principal strain directions (A) and the minimum principal 

strain directions (B) inside the lamina cribrosa and prelaminar tissue following an intraocular pressure 

increase of 12 mmHg are shown. Observe their different orientations. Adapted from a published study 

(18). 

 

As each anatomical part plays an important role in physiological function (19), and stresses 

and strains in a structure depend on its geometric configuration (20,21), computational 

reconstructions that diverge from basic ocular anatomy may produce inaccurate results. 

Therefore, it is necessary to evaluate the effects of including and excluding various 

anatomical structures of the eye on the resulting optic nerve head (ONH) strains, as, to the 

best of this thesis author´s knowledge, this has never been done before. 

 

3. SAS modeling 

 

The SAS is not an empty void; rather, it is intricately filled with trabeculae that extend from 

the arachnoid to the pia mater, as well as cerebrospinal fluid, which flows between these 

trabeculae, resulting in a complex solidïliquid interaction that serves a variety of functions, 

including acting as a shock absorber (22). Hence, the incorporation of the SAS into eye 

computational models may carry significant importance. In a finite element investigation 

carried out by the author of this thesis (23), it was observed that during episodes of elevated 

IOP, Youngôs modulus of the SAS significantly impacts the strains and stresses 

experienced by the ONH and the surrounding peripapillary area. Nevertheless, the precise 

significance of the SAS and its contribution to the development of glaucoma remains 

undetermined. 
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4. Selection of mechanical properties 

 

The use of mechanical properties sourced from diverse anatomical regions and species 

has been widespread. However, tissue behavior exhibits substantial variation across 

species and the specific anatomical sites from which these properties are derived (24,25). 

As a consequence, a significant source of error may be introduced (18). Hence, this thesis 

prioritizes data obtained from humans and anatomical regions associated with the orbit, 

eyeball, and optic nerve. While this approach could potentially lead to simpler assignments 

of mechanical properties to the tissues, it also enhances the potential for greater biological 

accuracy. 

 

5. Assessment of the influence of biomechanical factors 

 

Researchers have commonly estimated the impact of different factors on ONH 

biomechanics by using percentage variations within reported populations ranges (26ï28). 

When using a percentage variation, each factor varies in different amounts (variable 

changes in pressure [MPa]), so the results of this type of analysis are not equivalent to ȹ 

strain (%) / ȹ MPa (slope calculation). 

 

Furthermore, using population ranges to determine the impact of a variable can introduce 

significant bias. For factors with narrow population ranges, the variations in strains would 

be small, thus underestimating their importance and misleading the reader into thinking that 

the factor is irrelevant. In addition, factors with a large range of variation would be 

overestimated because of the larger variation in strains. 

 

Moreover, many factors are not available in a population-based format, and population data 

are not always indicative of a factorôs pathophysiological importance. Thus, critical 

physiological parameters like pH and temperature have extremely narrow homeostatic 

ranges. As a result, their population ranges are similarly limited, as minor variations in these 
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variables can have a significant impact on life-sustaining vital processes, potentially leading 

to pathological states and death. 

 

From the thesis authorôs perspective, the alteration in strain for each unit of variation stands 

out as a superior gauge for estimating the pathophysiological significance and biological 

influence of biomechanical factors. In this type of analysis, a sharp steep slope signifies a 

greater likelihood of inciting pathological mechanisms, whereas a gentle steep slope 

suggests the contraryða reduced potential for inducing pathologies. This distinction arises 

from the fact that a steep incline signifies that even minor alterations in the factor could 

yield notable strains. Hence, in the current thesis, the slope (ȹ strain (%) / ȹ MPa) is used 

to assess the biological impact of mechanical factors. 

 

6. ONH segmentation 

 

 

Although the ONH has been included in finite element studies of ocular biomechanics, this 

region has not been traditionally segmented. This thesis seeks to perform the most 

comprehensive segmentation of the ONH to date to conduct a more in-depth analysis of 

the impact that various mechanical loads have on this anatomical region.  

 

 



 

 
 

 

 

 



 

 
 

2.  Theoretical framework  

 

2.1 Glaucoma 

 

2.1.1 Definition 

 

The word ñglaucomaò derives from the ancient Greek word ñglaukos,ò which means blue 

gray. Initially, Hippocrates (460 to 377 BC) used this term, possibly to describe the 

appearance that the cornea assumes when IOP suddenly rises. During the 1820s, 

glaucoma became synonymous with hardening of the eyes and significant vision loss. It 

was not until around 1850, when the ophthalmoscope was introduced as a clinical tool, that 

the signs of glaucoma were clearly identified (29).  

 

Currently, glaucoma is classified as a group of optic neuropathies that can be regarded as 

neurodegenerative diseases, because it is also caused by a deficit of neuronal function, as 

are Alzheimerôs disease or Parkinsonôs disease. The common characteristics of the 

different types of glaucoma are progressive degeneration of the optic nerve with an 

increase in cupping, the progressive death of retinal ganglion cells, and retinal thinning (30). 
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2.1.2 Histopathological findings 

 

The optic nerves of patients with glaucomatous optic neuropathy exhibit notable cupping, 

disarrangement, compression, and posterior bulging of the lamina cribrosa (LC) with a 

decrease in axons and compact accumulations of extracellular matrix. Thus, it has been 

proposed that the LC may not be able to support itself, regardless of whether IOP is 

elevated or normal (31). 

 

There is atrophy of the retinal pigment epithelium, the choriocapillaris, and the 

photoreceptors in the peripapillary region. Examination of serial sections of the retina shows 

significant loss of retinal ganglion cells and their axons compared to normal control optic 

nerves (31). In addition, the inner retina and the ONH exhibit a decrease in capillaries 

compared with normal controls, especially in areas where there is substantial loss of 

ganglion cells and their axons. In general, the loss of capillaries is proportional to the loss 

of neural tissue in the retina and optic nerve (31).  

 

Furthermore, multiple investigations have reported damage to the outer layers of the retina. 

(32,33). In this regard, Gua et al. (32) measured the base thickness of the retina in rats 3 

and 8 weeks after the induction of ocular hypertension. They found a significant reduction 

in both the inner and outer retinal layers. Lei et al. (33) quantified the density of postmortem 

neurons in human retinas and reported a significant loss of neurons in both the inner and 

outer retina, which was spatially correlated with the loss of ganglion cells. 

 

Recent research, however, has shown that the injury in glaucoma is not limited to the optic 

nerve; it also involves the rest of the visual pathway and the cerebral cortex. Several authors 

have reported alterations in the neurons that make up the visual pathway (34). Michelson 

et al. (35) evaluated papillary morphology and demyelination and axonal integrity of optic 

radiations in 13 patients with normal-pressure glaucoma (NPG), 13 with high-pressure 

glaucoma, and 7 normal patients. They reported that papillary alterations correlated with 

axonal integrity, demyelination, and cell injury of glia from the optic radiations in both normal 
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and glaucoma controls. Haykal et al. (36) studied the optic tract and the postgeniculate 

optic radiation of patients with primary open-angle glaucoma (POAG) and normal controls. 

The optic tracts of patients with glaucoma showed a higher dispersion index in their 

orientation and a lower neuronal density, while the optic radiations showed only a higher 

dispersion index. Colbert et al. (37) characterized the integrity of five glaucoma animal 

models by using diffusion tensor imaging following the induction of chronic IOP elevation. 

Their findings suggested altered microstructural integrity along the optic nerve and optic 

tract.  

 

Finally, it is important to mention that the aforementioned histopathological findings are 

similar in patients with glaucoma with elevated pressure and patients with NPG. Hence, 

anatomical, vascular, or other differences would determine the difference in susceptibility 

to optic nerve damage between patients (31).  

 

2.1.3 Pathophysiological theories of glaucoma 

 

Two central theories have emerged to explain glaucoma: the mechanical theory and the 

vascular theory. Over the past 150 years, various research groups have supported both 

perspectives. According to the mechanical theory, increased IOP causes deformation and 

strangulation of axons of retinal ganglion cells, leading to their death. In contrast, the 

vascular theory holds that glaucoma is a consequence of insufficient blood supply, a result 

of increased IOP or other risk factors (38).  

 

Á Mechanical theory 

 

IOP is mainly determined by the balance between ciliary body production and elimination 

of aqueous humor. In individuals with glaucoma, there is an increase in resistance to 

aqueous humor drainage, either at the level of the trabecular meshwork, or due to blockage 
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of the iridocorneal angle (angle-closure glaucoma; ACG) (38). This increase in resistance 

would lead to a decrease in the outflow of aqueous humor with its consequent 

accumulation, and therefore to an increase in pressure in the anterior segment that would 

be transmitted to the posterior segment of the eyeball. 

 

The causal role of IOP in glaucoma has been historically recognized. In 1951, with the 

invention of the ophthalmoscope, the ONH could be observed for the first time and a 

correlation was established between IOP and the degree of excavation of the ONH. This 

correlation was so evident that it was proposed in ancient times as ñthe essenceò of 

glaucoma (38). High IOP increases mechanical stresses in the ocular globe and optic 

nerve, with the ONH being particularly affected because it is directly exposed to the IOP 

effects (23). As a result of the increased stress, the ONH tissues deform, strangling the 

axons particularly at the level of the foramina of the LC; affecting axonal flow; and 

generating oxidative stress, neuroinflammation, and excitotoxicity. Sigal et al. (28) 

performed an investigation using the FEM and concluded that the LC is exposed to 

significant levels of deformation.  

 

Axonal flow is an essential process in the life of neurons: It plays a critical role in their 

survival and in maintaining an adequate metabolic balance. This process manifests itself in 

two possible directions: retrograde flow and anterograde flow. Anterograde flow plays a 

critical role in facilitating the delivery of proteins and lipids, and transport from the 

mitochondria to synaptic terminals in the lateral geniculate body (39). On the other hand, 

retrograde flow is involved in the elimination of misfolded and aggregated proteins, as well 

as in the transport of trophic factors to the soma, such as neurotrophins. These trophic 

factors promote the survival of ganglion cells, inhibiting apoptosis. Therefore, any 

interference with axoplasmic transport in either direction can trigger apoptosis, leading to 

the death of retinal ganglion cells (39). 

 

The mechanical theory may be challenged by the fact that this disease does not always 

manifest with elevated IOP. Likewise, patients with ocular hypertension do not always 
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develop glaucoma. Indeed, not all cases of glaucoma can be exclusively explained by 

increased IOP; other factors are involved in the development of this disease directly or 

indirectly. Engineering studies have suggested multiple biomechanical factors that likely 

influence individual susceptibility to developing glaucoma due to IOP and CSFP, namely 

the magnitude and orientation of collagen fibers in the peripapillary sclera, given that a ring 

of highly aligned collagen fibers would protect the ONH from injury; the rigidity of the LC 

and sclera, as a stiffer sclera would protect from tissue damage; and the geometry of the 

LC and sclera, as a thicker lamina may protect from axonal damage (40) 

 

Á  Vascular theory 

 

The vascularization of the ONH is unique: The superficial part receives its blood supply 

from small branches of the central retinal artery, while the prelaminar region depends on 

branches of arterioles of the choroid and the posterior depends on ciliary arteries (38). 

According to the vascular theory, damage to the optic nerve results from a decrease in 

blood flow due to increased IOP or other risk factors that can reduce it (38). 

 

Mechanical stress can have an adverse impact on the blood circulation of the ONH by 

causing deformation of capillaries with a subsequent decrease in vascular lumen and 

secondary ischemia (41). However, there is substantial evidence that altered blood flow 

regardless of the level of mechanical stress could play a crucial role in the development of 

glaucoma. A reduction in blood flow would involve different parts of the eyeballðthe ONH, 

the choroid, the retina, and the macular areaðand it would even affect areas behind the 

eye and in its periphery (38,42). There are three main types of defects that have been 

described in ONH, namely local filling defects, slow filling, and increased leakage (38). 

Regarding these defects, Portmann et al. (43) analyzed the baseline submacular blood flow 

and in response to isometric exercise in 45 normal subjects, 45 patients with primary 

POAG, and 45 patients with ocular hypertension. They found that the eyes of healthy 

patients presented a much greater submacular flow than the eyes of other groups.  
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On the other hand, there is strong evidence regarding the importance of alterations in ocular 

vascular flow in the progression of NPG. Indeed, several studies have shown much greater 

vascular dysregulation in patients with NPG than in patients with high-tension glaucoma, 

particularly in patients with progressive worsening of the disease (44). This vascular 

dysfunction would decrease ocular perfusion due to insufficient flow regulation, resulting in 

unstable ocular perfusion and, consequently, ischemia and reperfusion injury. In this 

regard, Harris et al. (45) investigated the velocity of ocular blood flow in patients with NPG 

at rest and under treatment with a cerebral vasodilator. They found that compared with 

normal controls, these patients presented significantly lower diastolic velocities and much 

higher vascular resistance indices. 

 

Finally, several studies indicate that vascular dysregulation, rather than a constant 

reduction in ocular blood flow, could contribute to glaucomatous optic neuropathy (46). This 

dysregulation would be caused by systemic dysfunction of the autonomic nervous system 

and the vascular endothelium (46). Several vascular factors, including ocular perfusion 

pressure, arterial hypotension and hypertension, atherosclerosis, and migraine, increase 

the risk of developing glaucoma (7,42,47,48). It is important to highlight that the mechanical 

and vascular theories are not mutually exclusive; on the contrary, vascular dysfunction or 

ischemia increases vulnerability to elevated IOP (46). 

 

2.1.4 Types of glaucoma 

 

Glaucoma can be classified with various criteria: based on the age of onset, whether it is 

congenital or acquired, and according to its origin as primary and secondary. In primary or 

idiopathic glaucoma, there is no clearly identifiable cause, while secondary glaucoma is 

caused by increased IOP (49). According to the amplitude of the iridocorneal angle, primary 

and secondary glaucoma can be classified as open or closed. In turn, open-angle glaucoma 

can be divided into three categories: POAG, normal tension or NPG, and secondary open-

angle glaucoma (49). The most common variants of glaucoma are POAG, primary ACG, 

and NPG. 
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Á Primary open-angle glaucoma 

 

POAG is the most common type of glaucoma. It is a group of chronic progressive 

neuropathies of the optic nerve that are distinguished by elevated IOP and an open 

iridocorneal angle on gonioscopy (49). POAG usually appears in adulthood, most frequently 

after 40 years of age, and is one of the main causes of visual impairment and blindness in 

industrialized countries (50). It often becomes symptomatic only in an advanced stage (51). 

It seems that there would be a cortical reorganization in these patients, which affect the 

recognition of visual loss (52). Its pathophysiology is not clearly understood; however, the 

mechanical and vascular theories that include mechanical and cellular changes at the level 

of the ONH seem to be able to explain, at least in part, its evolution. All major therapeutic 

modalities (eye drops, laser, or surgical treatments) aim to reduce IOP (53). 

 

Á Angle-closure glaucoma 

 

ACG is thought to affect around 26% of the glaucoma population (54); however, it is 

responsible for nearly half of the cases of glaucoma-related blindness throughout the world 

(54). The angle between the iris and the cornea narrows in this variant of glaucoma, making 

it difficult for aqueous humor to drain normally. IOP increases rapidly when the drainage 

becomes blocked, which can cause severe damage to the optic nerve and the retinal 

network. 

 

The diagnosis of ACG is fundamentally based on gonioscopy, although it can be 

complemented with optical coherence tomography (OCT) of the anterior segment and 

biomicroscopy (55). The initial approach for acute iridocorneal angle closure focuses on 

rapidly reducing IOP to prevent damage to the optic nerve, followed by iridotomy in patients 

with iris block. This procedure consists of making a hole in the iris, usually using a laser, 

which restores the flow of aqueous humor in the anterior chamber (55).  
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Á Normal-pressure glaucoma 

 

In the 1850s, Von Graefe first described a condition now known as NPG (56). Clinically, 

NPG is a special subtype of glaucoma that is characterized by progressive damage to the 

optic nerve and loss of vision even though IOP remains within the range considered normal. 

(57,58). Thus, the typical findings of POAG are observed, such as a normal iridocorneal 

angle, thinning of the nerve fiber layer of the peripapillary retina, cupping of the optic nerve 

cup, and the characteristic visual field defects, without elevated IOP (7,58). As in POAG, 

this condition usually manifests itself chronically and without obvious clinical symptoms in 

its initial stages, which makes its early diagnosis difficult. 

 

The cause of NPG is not completely clear and is not yet well defined, and to date there is 

no theory that provides a unanimous and conclusive explanation of the pathophysiology of 

NPG (59). Due to its similarities with POAG, NPG has been postulated to represent a 

continuum of the disease that differs in the importance of IOP in its development and 

progression (7). In NPG, mechanical, vascular, genetic, and nervous factors could play a 

more important role than IOP (7). It is possible that individuals with NPG have a greater 

sensitivity to mechanical injuries derived from IOP, in contrast to those who present other 

glaucoma phenotypes. 

 

Regarding mechanical factors, researchers have postulated that alterations in the 

circulation and pressure of the cerebrospinal fluid could be fundamental for the 

development of this form of glaucoma. Ren et al. (60) measured CSFP at the lumbar level 

in 14 patients with NPG, 29 patients with POAG, and 71 normal subjects; they found that it 

was significantly lower in the patients with NPG. Boye et al. (61) studied the dynamics of 

cerebrospinal fluid flow in 15 patients with NPG and 11 normal controls by using phase-

contrast imaging. Compared with healthy controls, patients with NPG had significantly 

reduced cerebrospinal fluid flow. However, a meta-analysis did not show an association 

between low CSFP and NPG (62). 
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The treatment of NPG focuses on reducing eye pressure, as in the case of POAG, because 

this intervention slows the progression of the disease (63). A collaborative study on NPG 

showed that a 30% decrease in IOP had a positive impact on the evolution of this disease 

in individuals with NPG, compared with untreated subjects (64,65). However, even after 

IOP reduction, the disease progressed in approximately 12% of the patients, implying that 

in many cases, a much greater decrease in IOP is required (64,65).  

 

2.1.5 Risk factors 

 

Glaucoma is associated with numerous risk factors: elevated IOP, decreased CSFP, age 

over 40 years, Black race, myopia, systemic hypertension and hypotension, vasospasm, 

migraine, pigment dispersion syndrome, obstructive sleep apnea syndrome, diabetes, 

smoking, a family history of the disease, and certain medications such as corticosteroids 

(66). The mechanical risk factors are detailed below.  

 

Á IOP elevation and fluctuation 

 

Normal IOP in the human eye ranges from 9 to 21 mm Hg. IOP may vary slightly depending 

on age, corneal thickness, the measurement method, and interobserver variation (29). 

Elevated IOP is considered the most significant risk factor in the development of glaucoma 

and is the only factor that can be modified (67). Therefore, lowering IOP has historically 

been the central focus in the treatment of glaucoma (68). In this regard, several studies 

have shown that reducing IOP leads to a decrease in the progression of the disease (69). 

 

It is well understood that IOP is not constant, but rather varies significantly over time. Along 

these lines, multiple investigations have indicated that variations in IOP are also important 

(70ï72). IOP fluctuation can be classified as snapshot, dayïnight (changes over the course 

of a day), short-term (changes from a few days to weeks), and long-term (variations from 
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months to years) (72). During saccades, blinks, and eye rubbing, brief high IOP spikes 

occur in primates (73,74), but instantaneous fluctuation does not appear to affect glaucoma 

progression directly (72). Regarding dayïnight elevation, the highest IOP values generally 

occur at night (75), partly due to a supine sleeping position, increased supine perfusion, 

and increased CSFP (72). However, the quality of the available evidence is poor, which 

prevents drawing a definitive conclusion that diurnal fluctuations or isolated measurements 

of IOP can be considered a risk factor in relation to the appearance or evolution of glaucoma 

(75). Similarly, there is no conclusive evidence regarding short-term variation (72). 

However, this type of variability could be relevant: Tojo et al. (76) examined 50 eyes of 

patients with glaucoma over an average period of 5.4 years. They concluded that short-

term IOP fluctuations can be useful to predict long-term fluctuations. 

 

Long-term IOP fluctuations have been recognized as a glaucoma risk factor (72). Indeed, 

in several studies (71,77) IOP fluctuation was a more independent and stronger predictor 

than mean IOP for visual impairment measured by campimetry, with a much stronger 

association in eyes with a low mean IOP. Additionally, in a collaborative study for the initial 

treatment of glaucoma (78,79), the peak, standard deviation, and statistical range of IOP 

were significant factors for greater vision loss. Despite this evidence, the mechanism 

underlying disease progression linked to IOP fluctuations remains unclear. 

 

Á Low cerebrospinal pressure 

 

The ONH is anatomically located between two compartments: the SAS, where 

cerebrospinal fluid circulates, and the vitreous body in which the vitreous humor is located. 

Therefore, this anatomical region is subject to the effects of IOP and CSFP. Although the 

main risk for POAG is elevated IOP, it does not provide a complete explanation of the 

mechanisms underlying the disease, particularly in cases of NPG (80). 
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In a retrospective study, Knier et al. (80) observed that after adjusting for age and gender, 

patients diagnosed with POAG had significantly lower CSFP compared with control 

individuals (9.9 ± 3 mmHg vs. 12.1 ± 3.6 mmHg). Siaudvytyte et al. (81) found that CSFP 

was lower in patients with NPG (7.4 Ñ 2.7 mmHg) compared with controls (10.5 ± 3.0 

mmHg). This finding supports a possible connection between glaucoma and low CSFP. 

 

Additionally, CSFP changes with age. Fleischmann et al. (82) examined the medical 

records of 12,118 patients who had lumbar punctures between 1996 and 2009. Their 

findings revealed no significant difference in CSFP between 20 and 49 years of age. 

However, there was a gradual decrease beginning at 49 years: a reduction of 2.5%, 7%, 

9%, 12.3%, and 13.3% from 50 to 54 years, 60 to 64 years, 65 to 69 years, 70 to 74 years, 

and 75 to 79 years, respectively. The greatest decrease of 26.9% occurred from 90 to 95 

years. These results provide, at least in part, an explanation for the higher incidence of 

glaucoma in older individuals. 

 

Á Translaminar pressure 

 

The translaminar pressure difference (TPD, which equals IOP ï CSFP) theory proposes 

that the pressure gradient created between IOP and CSFP could trigger greater mechanical 

damage and, consequently, the development of glaucoma, especially when IOP is high or 

CSFP is low (80,83). Accordingly, retinal ganglion cells would die when TPD is elevated 

and sustained (84). 

 

IOP and CSFP differ very little in the supine position, but there are greater differences 

between them in other anatomical positions. Skrzypecki et al. (85) studied the change in 

CSFP and IOP from a horizontal to a vertical position in rats. They found that this change 

produced a significant decrease in CSFP, a non-significant decrease in IOP, and a 

significant increase in TPD. Jasien et al. (86) studied CSFP and IOP in three non-human 

male primates in the supine, sitting, standing, prone, and head positions. TPD changed 

considerably and instantly from supine to sitting (+14 mm Hg), from supine to standing (+13 
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mm Hg), and from supine to the head position (-12 mm Hg). There were no significant 

changes in TPD from supine to prone. 

 

Furthermore, a higher TPD could lead to abnormal axonal function and injury due to 

changes in axonal transport, deformation of the LC, and altered blood flow, among other 

changes, leading to glaucoma development (87). Consistently, several studies have shown 

that TPD could be a better glaucoma predictor than IOP alone (87,88). Ren at al. (89) 

reported that the degree of visual field loss in patients with glaucoma was positively 

correlated with the TPD. Jonas et al. (90) evaluated 4,711 subjects and found that the 

difference between IOP and estimated CSFP was significantly associated with both the 

prevalence of glaucoma and the decrease in neuroretinal border area. 

 

2.1.6 Symptoms 

 

Frequently, individuals with glaucoma are unaware of their condition, because in its initial 

stages it usually lacks symptoms. Population studies suggest that around 50% of people 

with glaucoma are unaware of their diagnosis, even in developed countries (91). Hence, it 

is common for a late diagnosis to occur, when the damage caused by glaucoma is already 

at an advanced stage.  

 

Heijl et al. (92) estimated the prevalence and severity of undetected glaucoma in 32,918 

people in Switzerland between 1992 and 1997. They detected glaucoma in 1.23% of the 

subjects, with a unilateral presentation in 66% of the cases. Additionally, 35% presented 

mild visual field defects, 31% presented moderate visual field defects, and the remaining 

33% presented advanced loss. Boodhna et al. (93) examined the severity of vision loss at 

diagnosis in patients with glaucoma over a 13 years in England. They found that 30% of 

the patients developed advanced glaucoma from 1999 to 2001, and 21% developed the 

condition from 2009 to 2011. 
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Vision loss due to glaucoma has typically been characterized as a decrease in ñperipheral 

visionò or ñtunnel visionò that involves a decrease in the visual ability in the outer areas of 

the visual field (94). However, in patients with glaucoma, in addition to the narrowing of the 

visual field, there are other visual alterations, such as decreased contrast sensitivity, 

difficulties in color discrimination, blurred vision, and a sensation of darkness or cloudiness 

(94). Regarding these changes, Niwa et al. (95) evaluated color deficiency in 27 eyes of 

patients with glaucoma and 27 normal eyes using the Rabin contrast sensitivity test. The 

scores for the patients with glaucoma were significantly lower compared with the control 

group (80.7 vs. 91.9). Sample et al. (96) compared short-wavelength color sensitivity in 

normal eyes, eyes with ocular hypertension, and eyes with POAG. The eyes of patients 

with glaucoma showed a reduction in visual sensitivity by more than two standard 

deviations with respect to the normal eyes. In patients with ACG, there is usually eye pain, 

visual impairment, conjunctival hyperemia, and sometimes nausea and vomiting with an 

eyeball that is tense to acupressure (4). 

 

2.1.7 Diagnosis 

 

Early diagnosis of glaucoma continues to be essential for its early treatment given that the 

blindness it causes is irreversible. However, there is no single diagnostic test that can 

definitively determine whether this disease is developing, which is why in many cases it is 

difficult to establish the diagnosis of this condition with certainty. For this reason, various 

tests have been used to establish its diagnosis, such as ophthalmoscopy, imaging tests, 

campimetry, and IOP measurement using tonometry, among others. 

 

Ophthalmoscopy is a simple method that involves direct observation of the fundus of the 

eye and allows for the detection of glaucomatous cupping of the optic disc, which is usually 

accompanied by tonometry (IOP measurement) and campimetry to detect visual field 

defects. Hagiwara et al. (97) proposed a computer-aided detection system to diagnose 



Biomechanical factors associated with glaucomatous optic neuropathy 51 

 

glaucoma accurately, reliably, and quickly using optic nerve characteristics from fundus 

images. 

 

Although these methods have proven useful, they do not detect the loss of retinal ganglion 

cell axons and therefore cannot detect glaucoma in its earliest stages. For this reason, 

various imaging techniques have been developed, which allow the quantification of 

changes such as: loss of tissue in the neuroretinal edge and enlargement of the optic nerve 

cup, an asymmetry between the optic nerve cups in the two eyes, thinning of the nerve fiber 

layer of the retina, and atrophy of the parapapillary tissue, among others (4). Confocal 

scanning laser ophthalmoscopy, OCT, and scanning laser polarimetry are the most 

commonly used imaging modalities for this purpose (97).  

 

2.1.8 Treatment 

 

IOP reduction is the only modifiable risk factor and the only supported strategy for slowing 

or stopping glaucoma progression (98). An IOP decrease can be achieved through medical, 

laser, or surgical interventions (91). In the Advanced Glaucoma Intervention Study (99), 

738 eyes were randomly assigned to one of two glaucoma surgery sequencesðone 

starting with argon laser trabeculoplasty and the other with trabeculectomyðand were 

followed for at least 6 years. During this time, eyes with a baseline mean IOP > 17.5 mmHg 

showed an estimated major decline in the visual field defect score compared with the eyes 

with a mean IOP < 14 mmHg. In their meta-analysis, Peeters et al. (100) estimated the 

effect of reducing IOP on the incidence of glaucoma in patients diagnosed with ocular 

hypertension. They found a 14% decrease in the probability of progression to glaucoma 

with each 1 mmHg reduction in IOP. 

 

An IOP decrease is also the cornerstone of treatment for patients with NPG. Naito et al. 

(101) investigated the impact of trabeculectomy in Japanese patients with NPG with IOP < 

15 mmHg. The treatment slowed the rate of disease progression, reducing IOP to < 10 
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mmHg. Aoyama et al. (102) investigated the target level of IOP for visual field stability after 

trabeculectomy in 40 patients with NPG, with a mean follow-up of 12 years. They 

determined that a reduction of at least 20% of the baseline IOP is required to stop the 

progression of the disease. 

 

Despite the above findings, in a good proportion of patients, achieving a normal IOP through 

conventional treatments does not stop the progression of the disease. Indeed, Chen et al. 

(103) evaluated the progression of visual field loss in 70 eyes that had already shown initial 

progression, with a mean follow-up of 127 months. They found that 37 eyes (55%) 

continued to progress. In a retrospective analysis carried out in the United States (104), the 

authors evaluated the probability of developing ñlegal blindnessò after initiating medical or 

surgical treatment in patients with glaucoma. For this purpose, they reviewed the records 

of 295 patients. Approximately 20% of patients progressed to blindness in at least one of 

their eyes over the course of the 20-year study. Furthermore, some of the patients 

developed blindness with IOP levels that others tolerated without significant disease 

progression. 

 

2.2 Ocular biomechanics 

 

2.2.1 A thin-walled spherical pressure vessel as an analogy for the 
eyeball 

 

 

A thin-walled spherical pressure vessel has a radius to wall thickness ratio that is Ó 10 and 

houses a pressurized fluid (105). The eyeball fits such characteristics given that, from a 

purely mechanical perspective, it contains aqueous and vitreous humor, which are 

pressurized fluids, and its radius to wall thickness is approximately 11 (an eye radius of 

approximately 11 mm and a wall thickness of around 1 mm). In this way, it is possible to 

establish an analogy with this type of vessel. As a result, the pressure of the aqueous and 

vitreous humor within the eyeball generates internal mechanical forces (stresses) in its wall.  
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Within a spherical container under pressure, the resultant stresses („, generated by the 

pressure of the contained fluid, are equal to the product of the magnitude of the pressure 

(p) and the radius (R) of the spherical container, divided by twice the thickness (t) of its wall 

(105): 

 

„      Equation 1 

 

Thus, in a thin-walled spherical pressure vessel, stresses increase with pressure and 

radius, but decrease with thickness (105). Although this analogy may provide a good 

starting point for understanding the variables that can affect stresses inside the ocular wall, 

it would be only applicable to containers made of homogeneous, linear-elastic, and isotropic 

materials, which is not the case for ocular tissues. As a result, an alternative approach is 

required, namely the mechanics of a continuous medium. 

 

2.2.2 Mechanics of a continuous medium 

 

A continuous medium is a system of many particles that allows its physical properties to be 

measured and operated for and between points in physical space rather than individual 

particles, and these properties have continuity (106). A continuous medium mathematical 

study requires a ñbase objectò that is used to build the relationships between functions; it is 

the differential element of volume d .ᶅ Using a cartesian coordinate system, this element 

would correspond to a cube. Thus, in a continuous medium, the minimum element of 

analysis is equivalent to a volume differential (106). Therefore, physical properties are in its 

domain and can be applied either to the center of d  ᶅor to its faces. 
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Á Forces in the continuous medium 

 

In the mechanics of a continuous medium, two types of forces can be distinguished: body 

and surface. Body forces are those that the environment exerts at a distance and act on 

each component of the continuous medium (the most common being gravity). Surface 

forces, on the other hand, operate as the name implies, on the surface boundaries of d  ᶅ

(106). 

 

Á Stress 

 

In continuous medium mechanics, surface force is very useful, but from a practical 

perspective, it is better to use tension or stress ʐ, which is obtained by dividing the surface 

force by the area of the plane upon which it acts (106): 

 

ʐ       Equation 2 

 

Thus, in each of the faces of the volume differential element acts one normal and two 

tangential stresses. As a result, the complete characterization of the state of stress at a 

point in the continuous medium requires the use of a dyadic (106). In the matrix form, the 

components act on each face of d  ᶅ: 

 

ů = 

„ „ „
„ „ „
„ „ „

     Equation 3 
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There are two well-differentiated regions of the matrix. First, the main diagonal contains the 

normal or axial stresses. They originate from forces acting in the direction normal to the 

faces of d  ᶅ(106): 

 

„  

 

Second, the areas above and below the main diagonal is where the tangential or shear 

stresses are located, originating from the tangential components of the surface force (106): 

 

„  

 

Á Strain 

 

The tension experienced by the interior of a continuous medium alters its internal structure 

and manages to deform its area of influence. Thus, strain involves an internal recomposition 

of the continuous medium, after the application of any force (106). As mentioned previously, 

the complete characterization of the state of strain at a point in a continuous medium 

requires the use of a dyadic (106). In the matrix form, the components act on each face of 

d  ᶅ: 

 

Ů = 

‐ ‐ ‐
‐ ‐ ‐
‐ ‐ ‐

     Equation 4 

 

There are two well-differentiated regions of the matrix. First, the main diagonal include 

longitudinal or volumetric strain. This strain implies a change in the initial length (L + ȹL), 

and therefore in size, thus affecting the total volume of the object (106): 
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 ‐  

 

Second, the areas above and below the main diagonal include angular strains, which imply 

a change in shape (distortion) (106): 

 

‐  

 

Á Principal strains and stresses 

 

Because a dyadic is a type of tensor, it can be transformed if the infinitesimal cube is rotated 

by a certain angle. Therefore, at a point in the continuous medium there would be infinite 

states of stress and strains (106). However, the principal state of stresses and strains is 

particularly important. A stress state is said to be principal when its shear strains are zero. 

In turn, a strain state is principal when its angular strains are zero. Thus, in these states the 

axial stresses and volumetric strains become extreme (one is maximized, while the other 

is minimized). Finally, the principal directions refers to a line of points formed by 

eigenvectors assigned to a principal plane (106). 

 

2.2.3 The finite element method 

 

The analysis of a continuous medium often requires the development of mathematical 

models, typically involving partial differential equations. However, solving these equations 

analytically is challenging, leading to the development of mathematical methods for 

constructing approximate solutions, such as the FEM (107). In this method, local solutions 

are constructed along simple subdivisions known as elements, such as triangles, 

quadrilaterals, and tetrahedra. By subdividing the continuous domain, local approximations 

are constructed, leading to approximate solutions of partial differential equations. Then, the 

solution is assembled to ensure continuity (107). 
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The FEM has its origins in the analysis of mechanical engineering and structural design. 

Although it is not a universal solution for all engineering problems, it stands out for its 

remarkable versatility and ability to model even highly complex geometries. This has 

allowed its application in a wide range of fields, including solid mechanics, fluid dynamics, 

and electromagnetism, among others (107). Furthermore, the FEM is the most frequently 

used numerical method to determine the stresses and strains of biological structures (108), 

because it provides detailed quantitative data that helps to theoretically estimate the 

mechanical reactions of biological structures to the application of forces. This is especially 

valuable in medicine and dentistry, where it is difficult to obtain detailed information by using 

experimental techniques due to the complexity of the surrounding structures. 

 

In the FEM, a geometric representation of the structure is made, which is then divided into 

a mesh composed of elements that are joined by connection points known as nodes (109). 

Knowing the mechanical properties of a structure, such as the elastic modulus and 

Poisson's ratio, the degree of stress and strain to which each node of the element is 

subjected can be determined (109). To summarize, the steps involved in the FEM are 

reconstruction of the geometric model, generation of the mesh, definition of the material 

properties, specification of the boundary conditions, configuration of the loads, resolution 

of the system of linear algebra equations, and, finally, postprocessing and interpretation of 

the results (109). 

 

 

 

 

 

 



 

 
 

3.  General methodology 

 

3.1 Initial methodology 

 

To achieve the objectives of this thesis, the following activities were carried out (Figure 3-

1). 

 

1. Selection of a normal patient 

 

A 30-year-old patient without eye surgeries and a history of glaucoma or its risk factors was 

selected and underwent a comprehensive ophthalmological consultation to confirm normal 

eye function. 

 

2. Carrying out a battery of medical tests 

 

After providing informed consent, the patient was subjected to a detailed medical study that 

comprised a battery of medical imaging tests, including orbital computed tomography (CT), 

orbital magnetic resonance (MR) imaging, OCT of the ONH and peripapillary region, 

campimetry and pachymetry tests, and others. The goal of these examinations was to 

create a highly personalized model and to precisely reconstruct the eyeball, optic nerve, 

and orbit in two and three dimensions. 
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Figure 3-1. Flow diagram representing the initial methodology followed in this thesis. 
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3. Anatomical data review 

 

Because of the small size and inaccessibility of the ocular structures, it is not possible to 

obtain all of the anatomical information from medical images. To overcome this limitation, 

the published histological and clinical studies of normal anatomical data of the posterior 

region of the eyeball and the optic nerve were reviewed. This endeavor provided the 

geometric details required to carry out the computational reconstructions.  

 

4. Reconstruction of the geometric models 

 

Based on the previously collected data, two types of reconstructions were performed in the 

Abaqus finite element software, axisymmetric and three dimensional, which included the 

eyeball (with the three tunics), the optic nerve (with all of the meninges and SAS), and the 

orbit (including ADT and the orbital bone). The axisymmetric reconstruction provided a low-

cost computational evaluation of how the anatomical reconstruction influenced the ONH 

strains, whereas the three-dimensional anatomical reconstruction allowed for greater 

biological precision in assessing the influence of the proposed biomechanical factors.  

 

¶ Axisymmetric reconstruction 

 

 

In the first step of the axisymmetric reconstruction, the contours of the cornea and sclera 

on the right side of the right eye were outlined. The scleral width was adjusted based on 

histological data provided by Vurgese et al. (110), resulting in a width at the peripapillary 

edge, posterior pole, and equator of 390, 940, and 420 ɛm, respectively. The central 

corneal thickness was set at 535 ɛm, with lateral thickness adapted from the patientôs 

pachymetry data (Figure 3-2A,B). Subsequently, the retina and peripapillary choroid 

thicknesses were determined to be 116 ɛm (from the patientôs OCT data) and 155 ɛm, 

respectively, extending consistently throughout the eye (Figure 3-2C). 
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Figure 3-2. A. The boundary of the model is superimposed on the magnetic resonance scan. B. 

Morphological reconstruction. C. Morphological reconstruction enlarged to show the optic nerve head, the 

peripapillary region, and the surrounding structures. Observe the segmentations: PPR (peripapillary 

retina), PPC (peripapillary choroid), PPS (peripapillary sclera), PRE (prelaminar tissue), LC (lamina 

cribrosa), A-POST (anterior-postlaminar tissue), P-POST (posterior-postlaminar tissue), PM (pia mater), 

SAS (subarachnoid space), ARAC (arachnoid), DM (dura mater) and ADT (adipose tissue). D. Mesh of 

the optic nerve head, the peripapillary region, and the adjacent structures. 
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The optic nerve included the prelaminar tissue with a cup to disc ratio of 0.46 (based on the 

OCT data), the LC, the postlaminar tissue, all of the meninges, and the SAS. The central 

width of the LC was 0.37 mm (111), while the lateral width was 0.30 mm (28). The pia mater 

and arachnoid had a constant width of 0.06 and 0.03 mm, respectively (112), whereas the 

dura mater was 0.4 mm thick and increased near the sclera (16). The SAS was thickest in 

the anterior region and gradually thinned (112), with a thicknesses of 0.87, 0.67, and 0.61 

mm at 3, 9, and 15 mm behind the eyeball, respectively, in accordance with Wang et al. 

(16) (Figure 3-2B,C).  

 

Finally, based on the orbital MR imaging, the length of the optic nerve was adjusted (23), 

and the ONH was divided into 11 concentric subzones from the center of LC, producing a 

total of 3, 4, and 4 subzones in the prelaminar tissue, LC, and postlaminar tissue, 

respectively (Figure 3-2C). 

 

¶ Three-dimensional reconstruction 

 

The contours of the right eyeôs cornea and sclera were demarcated from the MR scan in 

the transverse plane (Figure 3-3A), and their thicknesses were adjusted based on the data 

provided by Vurgese et al. (110), as well as the patientôs data. Similarly to the axisymmetric 

model, the central corneal width was 535 ɛm (based on the OCT data). At the sclero-

corneal limbus, the scleral thickness was the same as the lateral corneal thickness, but it 

gradually decreased toward the equator (110).  

 

In addition, the scleral width at the peripapillary rim, posterior pole, and equator was 390, 

940, and 420 ɛm, respectively (18,110). Furthermore, the peripapillary retina and choroid 

were also included with thicknesses of 116 ɛm (based on the OCT data) and 155 ɛm, 

respectively, and a shell model was created by revolving the left side of the right eye 

because the right side of the right eye displayed approximate symmetry in the transverse 

plane of the orbital MR scan (18). 
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Figure 3-3. A. The boundary of the model superimposed on the magnetic resonance scan. B. The eye 

model, orbit, and optic nerve meshes. C. Anatomy and mesh of the optic nerve head and the peripapillary 

region. Observe the segmentations: N (nasal region), T (temporal region), PPR (peripapillary retina), PPC 

(peripapillary choroid), PPS (peripapillary sclera), PRE (prelaminar tissue), LC (lamina cribrosa), A-POST 

(anterior-postlaminar tissue), P-POST (posterior-postlaminar tissue), PM (pia mater), SAS (subarachnoid 

space), ARAC (arachnoids), and DM (dura mater). Adapted from a published study (18). 
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The anatomy of the optic nerve incorporated the prelaminar tissue, LC, and postlaminar 

tissue; all of the meninges; and the SAS. Similarly to the axisymmetric model, the 

prelaminar tissue included a cup with a cup to disc ratio of 0.46 (based on the OCT data), 

the LC was central (111), and the lateral thickness was 0.37 and 0.30 mm, respectively 

(28). The pia mater was 0.06 mm thick, the arachnoid was 0.03 mm thick (112), and the 

dura mater was 0.4 mm thick, increasing near the sclera (16). Furthermore, the SAS was 

thickest in the anterior region before gradually becoming thinner (18,112).  

 

After the optic nerve was reconstructed, its length was adjusted based on the MR scan, 

and it was then inserted into the shell of the previously reconstructed eye. Furthermore, to 

conduct a more thorough analysis of the ONH, the LC was divided into eight concentric 

zones around its center, which were then expanded to include the other ONH regions 

(Figure 3-3C).  

 

This yielded a total of 22 subzones within the ONH, 6 in the prelaminar tissue, and 8 in the 

postlaminar tissue (Figure 3-3C) (18). Finally, the MR and CT scans were used to 

reconstruct ADT and the orbital bone, resulting in a complete three-dimensional 

reconstruction (Figure 3-3A). It is worth noting that only half of the model was reconstructed 

to save time on computation (18). 

 

5. Constitutive model selection 

 

¶ Three-dimensional model 

 

It is essential to carefully select the constitutive models that are assigned to each tissue to 

obtain accurate predictions using the FEM (113). The literature was reviewed extensively, 

and data from humans, obtained under physiological conditions, as well as data 
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corresponding to the evaluated anatomical regions (the optic nerve, eyeball, and orbit) were 

prioritized (18).  

 

Based on the findings, the cornea, peripapillary sclera, posterior sclera, dura mater, 

choroid, and retina were modeled as hyperelastic, homogeneous, isotropic, and 

incompressible (16,18,24,114,115).  

 

The pia mater, arachnoid, prelaminar tissue, LC, and postlaminar tissue were assumed to 

exhibit isotropic, homogeneous, and linear elastic properties (18,23,28). Similarly to 

previous research, these tissues were thought to be practically incompressible 

(16,18,28,116). For the ONH, linear elastic models were chosen because the initial 

simulations showed that the maximum LC, prelaminar tissue, and postlaminar tissue strains 

were, respectively, 9.6%, 13.2%, and 13.3%. This type of model fits neural tissue and LC 

mechanical behavior well at these strains (117ï119). This was also done because Youngôs 

modulus of the ONH reported by Sigal et al. (28) has been validated in vivo in humans 

(120). Based on these choices, high biological precision would be expected in these regions 

(18).  

 

Additionally, because previous research has shown that the orbital bone fits well when 

subjected to small strains (121,122), and taking into account the small strains obtained as 

a result of fluctuations in IOP, CSFP, and horizontal eye movements evaluated in this 

thesis, it was also modeled with an elastic, linear, isotropic, and homogeneous behavior. 

Finally, a linear elastic approach was used as an initial approach to model ADT (123). Table 

3-1 provides the preliminary basis for investigating the mechanical behavior of the human 

eye (18). 
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Tissue Species 
Anatomical 

region 
Constitutive 

model 
Properties Reference 

      
Cornea Human Ocular globe Linear elastic E=1.3 MPa, ɜ=0.42 (114) 
Prelaminar tissue Estimated data Optic nerve Linear elastic E=0.03 MPa, ɜ=0.49 (28) 
Postlaminar tissue Estimated data Optic nerve Linear elastic E=0.03 MPa, ɜ=0.49 (28) 
Lamina cribrosa Estimated data Optic nerve Linear elastic E=0.3 MPa, ɜ=0.49 (28) 
Retina Human Ocular globe Linear elastic E=0.015 MPa, ɜ=0.49 (24) 
Choroid Human Ocular globe Linear elastic E=0.375 MPa, ɜ=0.49 (24) 
Posterior sclera Human Ocular globe Linear elastic E=4.4 MPa, ɜ=0.49 (24) 
Peripapillary sclera Monkey Ocular globe Linear elastic E=4.1 MPa, ɜ=0.49 (124) 
Pia mater Estimated data Optic nerve Linear elastic E=3 MPa, ɜ=0.49 (28) 
Arachnoid Estimated data Optic nerve Linear elastic E=3 MPa, ɜ=0.49 (23) 
SAS Estimated data Cranial cavity Linear elastic E=0.00115 MPa, ɜ=0.48 (125,126) 
Dura mater Porcine Optic nerve Linear elastic E=5.2 MPa, ɜ=0.49 (16) 
Periorbital fat tissue Human Orbital cavity Linear elastic E=0.0083 MPa, ɜ=0.49 (123) 
Orbital bone Human Orbital cavity Linear elastic E=15200 MPa, ɜ=0.3 (121,122) 

      

 

Table 3-2. Tissue linear mechanical properties. The data are taken from a published study (18). 

 

¶ Axisymmetric model 

 

In this model, linear elasticity, isotropy, and homogeneity were assumed. Thus, tissue 

stiffness was described by a single parameter: Young's modulus [38]. Most tissues were 

assumed to be incompressible (Table 3-2) (18,124ï126). 

 

6. Inclusion of the subarachnoid space  

 

Although evaluating the impact of SAS inclusion is complex, one initial approach in some 

of the studies conducted in this thesis was to replace the CSFP space by the SAS. In 

computational models, the SAS has generally been modeled by using three approaches: 

solid, fluid, or soft porous medium (126). Saboori et al. (126) investigated the 

appropriateness of these SAS models and found that all three are suitable and reliable. 

Additionally, these authors determined that the SAS has an optimal elastic modulus of 1150 

Pa and Poisson's ratio is 0.48 when solid modeling is used (125). As a result, and for 

simplicity in this thesis, the SAS was modeled as a linear elastic soft solid using these 

recommended parameters (18,23). 
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7. Definition of the boundary conditions 

 

¶ Three-dimensional model 

 

The tissues in the three-dimensional model were merged at their interface, with the 

exception of the sclera and ADT, where Tenonôs capsule is located, and thereby a 

frictionless contact was used. Furthermore, a friction coefficient of 0.5 was applied between 

ADT and the bone, allowing the fat to slide over the bone (16). Furthermore, to mimic the 

fibrous tissue around the optic nerve, at the level of the orbital canal l it was fully constrained 

(112), as was the external surface of the orbital bone (16). Symmetry conditions were 

imposed (18) (Figure 3-4). 

 

¶ Axisymmetric model 

 

The axisymmetric model assumed that all tissues were joined at their interfaces. In addition, 

the outer surface of the orbital bone and the lower end of the optic nerve were fully 

constrained, and symmetric boundary conditions were imposed (Figure 3-5). 

 

8. Definition of the loading conditions 

 

¶ Three-dimensional model 

 

IOP was applied to the cornea, the internal limiting membrane, and the prelaminar tissue 

in the three-dimensional model. Furthermore, except for the model in which the SAS was 

modeled as a solid (see below), the inner edges of the SAS were subjected to CSFP. The 

external surfaces of the eye were subjected to a pressure of 0 mmHg (18) (Figure 3-4). 
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Figure 3-4. A. The boundary and loading conditions. B. An enlarged view of the optic nerve head region 

illustrating the different pressure fields 
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Figure 3-5. A. The boundary and loading conditions. B. An enlarged view of the optic nerve head region 

illustrating the different pressure fields.  

 

¶ Axisymmetric model 

 

The internal limiting membrane, prelaminar tissue, and cornea were subjected to IOP. The 

inner edges of the SAS were subject to CSFP except in the model with the solid SAS (see 

below). No pressure was applied to the external surface of the eye (Figure 3-5). 
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9. Numerical details 

 

¶ Three-dimensional model 

 

The Abaqus software was used to create, mesh, and solve the models, which included 

tissue properties, interactions, loads, and boundary conditions. All anatomical regions were 

represented by tetrahedra, with the exception of the orbital bone, where hexahedral 

elements were used (Figure 3-3B,C) (18).  

 

Further, to provide numerical precision without excessive computation cost, 10-node 

tetrahedral elements were used in the ONH and peripapillary region, while 4-node 

tetrahedral elements were used in the other regions. This choice was based on the study 

by Karimi et al. (127), who found that 20-noded hexahedral elements, which are the most 

accurate for human ONH and posterior pole models, yield remarkably similar results to 10-

noded tetrahedral elements (18). 

 

The measurements of elements in the ONH, peripapillary region, and surrounding 

meninges were around 100 ɛm. In other anatomical regions, the measurements ranged 

from 100 to 1000 ɛm. According to Shin et al. (128), using this methodology resulted in 

increased precision in the designated areas of interest while reducing the number of 

required elements. It was numerically validated through a convergence test with an error of 

< 5% (Appendix A). The model contained 809,729 elements, and each simulation took 

approximately 6 hours to complete (18).  

 

¶ Axisymmetric model 

 

Quadratic triangular elements were used in the axisymmetric model in all regions, with 

element sizes ranging from 50 µm in the ONH and its adjacent regions, to 150 µm in the 

other anatomical areas (Figure 3-2D) (128). This approach ensured the convergence of the 
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ONH strains, as confirmed by a refinement of the mesh for each model until the error was 

less than 3% (Appendix A). The axisymmetric model included 104,000 elements, and each 

simulation took less than 1 minute to complete. 

 

10. Post-processing data 

 

For both models, the bounded mean to 10% of the strains in the maximum and minimum 

principal directions, as well as the anatomical axes, was obtained for each of ONH zone 

and subzone by executing a previously developed script in the Abaqus software. In this 

thesis, greater emphasis was not placed on peak strains, given that the main objective is 

to determine global damage to the ONH, which pathophysiologically would correlate with a 

compromised functional reserve and, therefore, the development of irreversible blindness. 

 

11.  Analysis of the results  

 

The results of each biomechanical factor were analyzed and correlated with experimental 

and clinical studies. The analysis is presented throughout each of the chapters of this 

thesis. 

 

12.  Validation 

 

As described later, the results obtained from the models were validated qualitatively and 

quantitatively by comparison with strains from various experimental tests performed on 

animals and humans, as well as medical imaging in the case of lateral eye movements. 
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3.2 Studies carried out 

 

Based on the described methodology, the following studies were carried out in this thesis. 

Each study is explained in detail in the subsequent chapters. 

 

1. Influence of anatomical variation (chapter 4): This study uses the axisymmetric 

model to investigate the effects of including and excluding different anatomical 

regions on the ONH strains, as well as the results of the sensitivity analysis study. 

2. Influence of IOP (chapter 5): The impact of IOP elevation and variation on the ONH 

strains is evaluated by using the three-dimensional model. This chapter focuses on 

objectives 1 and 2 regarding IOP as a factor influencing ONH biomechanics. 

3. Influence of CSFP (chapter 6): The three-dimensional model is used to determine 

the effects of CSFP elevation and fluctuation on ONH strain. This chapter focuses 

on objectives 1 and 2 with respect to CSFP as a factor affecting ONH biomechanics. 

4. Influence of horizontal eye movements (chapter 7): The three-dimensional model is 

used to evaluate the effect of horizontal eye movements on ONH strain. This 

chapter focuses on objectives 1 and 2 regarding lateral ocular movements as a 

factor influencing ONH biomechanics. 

5. Influence of tissue stiffness (chapter 8): Using the three-dimensional model, this 

chapter investigates the effect of Youngôs modulus of the tissues on the ONH strains 

during eye movements, in the presence of ocular hypertension, and in normotensive 

conditions. The results are also compared with IOP and CSFP. This chapter focuses 

on objectives 1 and 2 in terms of tissue stiffness, as well as how to improve our 

understanding of the most important factors influencing ONH biomechanics. 



 

 
 

4.  Influence of anatomical variations  

 

4.1 State of the art 

 

It is crucial to have information about the strains that affect the ONH to understand 

glaucoma. However, there are limited data from experimental methods and in vivo studies, 

and all tissues cannot be considered. To overcome this limitation, various computational 

studies have been conducted in which the eyeball has been reconstructed. In 1972, Woo 

et al. (129) proposed a single-layer model composed of the cornea and the sclera. In 2000, 

Bellezza et al. (130) created 13 three-dimensional models that represented the posterior 

sclera of 13 human eyes; they were idealized with spherical geometry and contained 900 

elements. The authors applied IOP as a load. In 2004, Sigal et al. (28) reconstructed three 

axisymmetric models with greater anatomical complexity, including the central retinal 

artery, the sclera, the LC, the prelaminar and postlaminar tissues, and the pia mater. 

 

Despite the increasing incorporation of anatomical structures into computational studies, 

there are still variable anatomical reconstructions across studies, with different anatomical 

regions being included and excluded. This variability could lead to incorrect results and 

erroneous pathophysiological interpretations because each eye component is essential for 

proper physiological functioning, and the resultant strains depend on the geometric 

reconstructions (21,131). In this respect, Issarti et al. (19) examined the role of the anterior 

segment structural elements (cornea, sclera, limbus, iris, lens, and muscles) in corneal 

biomechanics. They found that the lens, iris, and muscle significantly alter the resulting 
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corneal strains. Nevertheless, as far as we know, the impact of anatomical components has 

not yet been explored in relation to ONH biomechanics. 

 

This chapter evaluates how the inclusion or exclusion of the anatomical structures affects 

the resulting ONH strains, with particular focus on the posterior segment of the eye, the 

optic nerve, and the orbit. Furthermore, the impact of anatomical variation on the sensitivity 

analysis results is assessed. 

 

4.2 Methodology 

 

4.2.1 Anatomical reconstructions 

 

From the previously developed axisymmetric model (see chapter 3) that included the LC, 

the peripapillary region, the choroid, the retina, the sclera, the cornea, all meninges (pia 

mater, arachnoid mater, and dura mater), the SAS, ADT, and the orbital bone, several 

models were developed to account for different anatomical scenarios. As a first step, only 

one anatomical structure was excluded at a time, but later more structures were excluded. 

A short optic nerve was also considered in some cases (1 mm from the scleral canal). Thus, 

a total of 15 anatomical cases were reconstructed. 

 

Two more cases were also included. In one, the prelaminar tissue and Youngôs modulus of 

the retina were assumed to be equivalent (case 10), as the retina has traditionally been 

treated as an extension of the prelaminar tissue in finite element research. In the other, the 

empty SAS was replaced with a solid SAS (case 9) (see chapter 3). Each case is explained 

in Table 4-1 and Appendix B.  
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Case Description 

  
1 Exclusion of the cornea 
2 Exclusion of the retina 
3 Exclusion of the choroid 
4 Exclusion of the pia mater 
5 Exclusion of the arachnoid 
6 Exclusion of the dura mater 
7 Exclusion of the orbital adipose tissue 
8 Exclusion of the orbital bone 
9 Inclusion of the subarachnoid space 

10 
Youngôs modulus of the retina equal to Youngôs modulus of the 
prelaminar tissue (0.03 MPa) without any anatomical exclusion 

11 
Exclusion of the cornea, choroid, arachnoid, dura mater, orbital fat, and 
bone; Youngôs modulus of the retina equal to Youngôs modulus of the 
prelaminar tissue (0.03 MPa) 

12 
Exclusion of the cornea, prelaminar tissue, retina, choroid, arachnoid, 
orbital fat and bone 

13 
Exclusion of the cornea, choroid, pia mater, arachnoid, dura mater, orbital 
fat, and bone; Youngôs modulus of the retina equal to Youngôs modulus 
of the prelaminar tissue (0.03 MPa) 

14 
Exclusion of the cornea, choroid, arachnoid, orbital fat, and bone; 
Youngôs modulus of the retina equal to Youngôs modulus of the 
prelaminar tissue (0.03 MPa) 

15 
Optic nerve of 1 mm in length; exclusion of the cornea, choroid, 
arachnoid, dura mater, orbital fat, and bone; Youngôs modulus of the 
retina equal to Youngôs modulus of the prelaminar tissue (0.03 MPa) 

16 
Optic nerve of 1 mm in length; exclusion of the choroid, arachnoid, dura 
mater, orbital fat, and bone; Youngôs modulus of the retina equal to 
Youngôs modulus of the prelaminar tissue (0.03 MPa) 

17 
Optic nerve of 1 mm in length; exclusion of cornea, choroid, pia mater, 
arachnoid, dura mater, orbital fat, and bone; Youngôs modulus of the 
retina equal to Youngôs modulus of the prelaminar tissue (0.03 MPa) 

  

 

Table 4-1. Description of each of the examined anatomical cases. 

 

4.2.2 Mechanical properties 

 

A single quantity was used to describe tissue stiffness: Young's modulus. Furthermore, 

most tissues were assumed to be incompressible (Table 4-2). 
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Tissue Species 
Anatomical 

region 
Constitutive 

model 
Properties Reference 

      
Cornea Human Ocular globe Linear elastic E=1.3 MPa, ɜ=0.42 (114) 
Prelaminar tissue Estimated data Optic nerve Linear elastic E=0.03 MPa, ɜ=0.49 (28) 
Postlaminar tissue Estimated data Optic nerve Linear elastic E=0.03 MPa, ɜ=0.49 (28) 
Lamina cribrosa Estimated data Optic nerve Linear elastic E=0.3 MPa, ɜ=0.49 (28) 
Retina Human Ocular globe Linear elastic E=0.015 MPa, ɜ=0.49 (24) 
Choroid Human Ocular globe Linear elastic E=0.375 MPa, ɜ=0.49 (24) 
Posterior sclera Human Ocular globe Linear elastic E=4.4 MPa, ɜ=0.49 (24) 
Peripapillary sclera Monkey Ocular globe Linear elastic E=4.1 MPa, ɜ=0.49 (124) 
Pia mater Estimated data Optic nerve Linear elastic E=3 MPa, ɜ=0.49 (28) 
Arachnoid Estimated data Optic nerve Linear elastic E=3 MPa, ɜ=0.49 (23) 
SAS Estimated data Cranial cavity Linear elastic E=0.00115 MPa, ɜ=0.48 (125,126) 
Dura mater Porcine Optic nerve Linear elastic E=5.2 MPa, ɜ=0.49 (16) 
Periorbital fat tissue Human Orbital cavity Linear elastic E=0.0083 MPa, ɜ=0.49 (123) 
Orbital bone Human Orbital cavity Linear elastic E=15200 MPa, ɜ=0.3 (121,122) 

      

 

Table 4-2. Tissue linear mechanical properties. The data are taken from a published study (18). 

 

4.2.3 Boundary conditions 

 

To guarantee that changes in the results were attributable only to the inclusion or exclusion 

of the anatomical components, all tissues were merged at their interfaces in all 

reconstructed models. Additionally, the lower end of the optic nerve was constrained in all 

anatomical reconstructions (cases 1 through 17). This approach emulated the bands of 

fibrous tissue in this anatomical site (112).  Furthermore, the orbital boneôs external surface 

was fully constrained in cases 1 through 10, except for case 8, where the exterior surface 

of the fatty tissue was fixed. Lastly, symmetry conditions were applied in all models. 

4.2.4 Loading conditions 

 

The internal limiting membrane, the prelaminar tissue, and the cornea (if present) were 

exposed to an IOP of 15 mmHg in all anatomical reconstructions. Furthermore, except for 

the model in which the SAS was represented as a solid (case 9), the internal limits of the 

SAS were subjected to a CSFP of 10 mmHg, which is a normal pressure in the supine 

position. As for the external surfaces of the eye, it was maintained at a pressure of 0 mmHg. 
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4.2.5 Numerical details 

 

Quadratic triangular elements were employed in all locations for all models. The ONH and 

its surrounding areas had element sizes of 50 µm, while the remaining anatomical parts 

had element sizes of 150 µm in all models. This approach guaranteed the precision and 

convergence of the results (128), which was confirmed by refining the mesh for each model 

until the error was < 3%. Thus, the models included between 80,729 and 104,000 elements, 

and each simulation was completed in less than 30 seconds. 

 

4.2.6 Post-processing of the data 

 

By executing a previously developed script in Abaqus software, the bounded mean to 10% 

of the strains in the maximum and minimum principal directions, as well as in the anatomical 

axes, was obtained for each ONH zone (LC, prelaminar tissue, and postlaminar tissue), 

and subzone (see chapter 3). Then, the mean absolute relative errors were calculated for 

the ONH zones and subzones by using the base model (complete model without the SAS) 

as the reference standard.  

 

4.2.7 Sensitivity analysis 

 

The purpose of sensitivity analysis is to assess how a group of variables influences a 

specific output factor. This assessment involves local and global analyses (132). Global 

sensitivity analysis explores potential parameter sets, evaluating the significance of each 

parameter. By contrast, in local sensitivity analysis, individual parameters are altered while 

keeping the others constant (132).  
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There is uncertainty regarding whether the inclusion or exclusion of anatomical components 

could affect these analyses. To investigate this, a local sensitivity analysis was conducted 

for case 9 (the model with the SAS), alongside cases 11, 13, and 14. This entailed 

systematically varying Youngôs modulus, IOP, and CSFP from baseline by ±10%, spanning 

from 10% to 70%. Subsequently, linear regression was employed to quantify changes in 

strain percentage per unit (ȹ Strain (%)/ȹ MPa).  

 

It should be clarified that the CSFP data come from the complete model without the SAS 

(the axisymmetric base model). The relative significance of each factor in each direction 

explored is depicted using 100% stacked bars, with colored segments indicating the 

contribution of each component. 

 

4.3 Results 

 

4.3.1 Mean strains 

 

Table 4-3 shows that when one anatomical structure was excluded at a time, the relative 

errors were up to 100.46%, 97.04%, and 2893.96% in the subzones of the LC, prelaminar 

tissue, and postlaminar tissue, respectively. Thus, it was evident that altering anatomical 

reconstruction markedly modified the ONH strains in the principal and anatomical 

directions, exhibiting the postlaminar tissue the greatest level of affectation inside the ONH. 
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In general terms, the prelaminar tissue was more impacted by removal of the retina, 

choroid, and dura mater and by inclusion of the SAS. The LC was most affected by removal 

of the dura mater, arachnoid, and cornea and by inclusion of the SAS. Finally, the 

postlaminar tissue was most affected by inclusion of the SAS and by exclusion of the 

choroid, arachnoid, and cornea. Neither ocular fat nor bone significantly affected the mean 

ONH strains, as would be the case if the retina were assumed to be equivalent to the 

prelaminar tissue. 

 

On the other hand, when multiple structures were excluded at once, in some cases the 

ONH strains had lower absolute relative errors, while in other cases the absolute relative 

errors were higher (Table 4-4). The mean absolute relative error was as high as 112.85%, 

62.45%, and 8453.19% for the subzones of the LC, prelaminar tissue, and postlaminar 

tissue, respectively. For the LC and postlaminar tissue subzones, the highest error levels 

were obtained without any meninges (cases 13 and 17), while for prelaminar tissue 

subzones, the highest errors were obtained in case 11, which excluded the cornea, choroid, 

arachnoid, dura mater, orbital fat, and bone. The differences in the relative errors were 

statistically significant. 

 

4.3.2 Sensitivity analysis results 

 

All directions had a good linear correlation (Ὑ  = 0.95 ± 0.06, range: 0.72ï1.00). IOP and 

CSFP played the largest role in the ONH strains. There were higher strains in postlaminar 

tissue because of CSFP variations than IOP variations, which had a greater impact on the 

prelaminar tissue and LC than CSFP fluctuations. Regarding the tissues, the ONH strains 

were most affected by the prelaminar, LC, and postlaminar stiffness. Nonetheless, the 

importance of ADT and the SAS on the ONH strains became clear in the complete model. 

The SAS had the greatest impact on the postlaminar tissue, which was by far the most 

important. Furthermore, the analysis revealed significant differences in the results between 

the studied models (p = 0.001, KruskalïWallis test), indicating that anatomical variation had 

a significant impact on the sensitivity analysis results (Figures 4-1ï4-12).  
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Figure 4-1. The results of the sensitivity analysis for the prelaminar tissue of the complete model. A. 

Considering all factors. B. Excluding intraocular pressure and cerebrospinal fluid pressure.  
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Figure 4-2. The results of the sensitivity analysis for the lamina cribrosa of the complete model. A. 

Considering all factors. B. Excluding intraocular pressure and cerebrospinal fluid pressure. 
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Figure 4-3. The results of the sensitivity analysis for the postlaminar tissue of the complete model. A. 

Considering all factors. B. Excluding intraocular pressure and cerebrospinal fluid pressure. 
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Figure 4-4. The results of the sensitivity analysis for the prelaminar tissue of case 11. A. Considering all 

factors. B. Excluding intraocular pressure and cerebrospinal fluid pressure. 
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Figure 4-5. The results of the sensitivity analysis for the lamina cribrosa of case 11. A. Considering all 

factors. B. Excluding intraocular pressure and cerebrospinal fluid pressure. 
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Figure 4-6. The results of the sensitivity analysis for the postlaminar tissue of case 11. A. Considering all 

factors. B. Excluding intraocular pressure and cerebrospinal fluid pressure. 
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Figure 4-7. The results of the sensitivity analysis for the prelaminar tissue of case 13. A. Considering all 

factors. B. Excluding intraocular pressure and cerebrospinal fluid pressure. 
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Figure 4-8. The results of the sensitivity analysis for the lamina cribrosa of case 13. A. Considering all 

factors. B. Excluding intraocular pressure and cerebrospinal fluid pressure. 
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Figure 4-9. The results of the sensitivity analysis for postlaminar tissue of case 13. A. Considering all 

factors. B. Excluding intraocular pressure and cerebrospinal fluid pressure. 
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Figure 4-10. The results of the sensitivity analysis for the prelaminar tissue of case 14. A. Considering 

all factors. B. Excluding intraocular pressure and cerebrospinal fluid pressure. 
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Figure 4-11. The results of the sensitivity analysis for the lamina cribrosa of case 14. A. Considering all 

factors. B. Excluding intraocular pressure and cerebrospinal fluid pressure. 
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Figure 4-12. The results of the sensitivity analysis for the postlaminar tissue of case 14. A. Considering 

all factors. B. Excluding intraocular pressure and cerebrospinal fluid pressure. 
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4.4 Discussion 

 

Traditionally, computational reconstructions in the published literature have often included 

or excluded certain anatomical regions. However, the influence of such anatomical 

variations on ONH strains has not been thoroughly explored. Because each anatomical 

structure plays a role in ocular biomechanics and physiology, these variations may affect 

the results and pathophysiological interpretations. 

 

In this study, there were statistically significant errors due to anatomical variations. Notably, 

commonly excluded structures such as the choroid, cornea, dura mater, arachnoid, and 

SAS had a considerable impact on the ONH strains. For example, the SAS, often presumed 

to be empty, significantly influenced the ONH strains when it was included, with a particular 

effect on the postlaminar tissue. Similarly, the arachnoid, often excluded due to it is quite 

thin, affected the ONH strains when omitted, likely because it directly supports CSFP under 

physiological conditions. Furthermore, anatomical simplifications altered the results of 

sensitivity analyses because they exclude multiple morphological regions that interact in 

vivo, leading to biased conclusions. 

 

In the most comprehensive model, ADT and the SAS were very influential, with the SAS 

having a marked impact on the postlaminar tissue. However, the importance of the SAS 

and ADT was not evidenced in the other studied cases, due to their omission. These 

findings emphasize that a complete anatomical reconstruction could have a substantial 

impact on the optic nerve biomechanics results.  

 

To summarize, anatomical variation is expected to have a significant impact on the 

computed mean ONH strains. This would have varying effects on the LC, prelaminar tissue, 

and postlaminar tissue depending on the excluded structure, with the postlaminar tissue 

exhibiting the greatest errors within the ONH. Sensitivity analysis results would also be 

significantly affected.  
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4.5 Conclusion 

 

¶ Anatomical reconstruction affects the results of ONH biomechanics analysis in a 

very important way.  

 

Because morphological oversimplification can result in inaccurate data and interpretations, 

particularly in the postlaminar tissue, it is critical to reconstruct the eye anatomy as 

completely as possible for ONH biomechanics analysis. Excluding anatomical regions of 

the ocular globe and optic nerve has a significant impact on the obtained results.



 

 
 

5.  The effects of intraocular pressure 

 

5.1 State of the art 

 

As discussed in chapter 2, elevated IOP is widely recognized as the principal risk factor 

contributing to the onset and progression of glaucoma. Several studies have highlighted 

the deleterious effects of elevated IOP on the ONH. Anderson et al. (133) demonstrated in 

monkeys that increased IOP led to obstruction of rapid axoplasmic flow at the level of the 

LC. Quigley et al. (134) induced an IOP elevation in 32 primate eyes and assessed rapid 

axonal transport of retinal ganglion cells with autoradiography and electron microscopy. 

They reported that with an IOP elevation of 30 mmHg, there was blockade of axonal 

transport identified after 2 hours with autoradiography and after 1 hour with electron 

microscopy. These changes were reversible once IOP had normalized. These findings 

supported mechanical compression as the most likely cause of the induced neural damage. 

Similarly, Minckler et al. (135) studied anterograde and retrograde axoplasmic transport in 

37 eyes of Macaca fascicularis by using two types of tracers. Both tracers accumulated in 

the LC. Additionally, the degree of obstruction of retrograde transport in the LC appeared 

to be proportional to the extent of IOP elevation and its duration (135).  

 

Given the above findings, and the historical significance of IOP in glaucoma, several 

researchers have investigated the effects of IOP on the ONH by using the FEM. Sigal et al. 

(28) constructed three models of the eyeball including the ONH and other tissues. They 

found that the LC experiences biologically meaningful levels of stress. Tong et al. (136) 

characterized the impact of IOP and CSFP on the depth of the LC and its peak strains. The 
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results revealed that the contribution of IOP to the maximum strain of LC is three times 

greater than that of CSFP. Dai et al. (137) investigated the stresses and strains caused by 

an IOP increase from 10 to 50 mmHg; the strains within the LC were around 5%. 

 

In this context, the author of this thesis used an axisymmetric finite element model and 

reported that, due to variations in IOP, prelaminar tissue displays the highest strain values 

in the ONH (23). Nonetheless, the LC exhibits more A-P compression and extension in the 

other anatomical directions than the prelaminar tissue, with the highest strains found in the 

central areas of both ONH regions. This chapter assesses the influence of IOP on ONH 

strains through the utilization of a three-dimensional computational model. 

 

5.2 Methodology  

 

This study employed the three-dimensional model previously described in chapter 3. Then, 

different scenarios were explored to establish the ONH strains resulting from IOP variation. 

Initially, an 12 mmHg IOP increase, from 15 to 27 mmHg, with a constant CSFP of 10 

mmHg was induced, and the strains in each of the anatomical zones and subzones were 

documented, as well as the strain dispersion among the subzones (18). Furthermore, IOP 

was increased gradually in 2.5 mmHg steps, from 2.5 to 50 mmHg. This yielded a 

comprehensive set of 20 values, including normal, hypotensive, and hypertensive levels. A 

linear regression was performed on the 10% bounded mean of strains to determine the 

slope that describes the change in strain for each 1 mmHg (ȹ Strain (%)/ȹ mmHg) (18). 

 

5.2.1 Model with the subarachnoid space 

 

To investigate the effect of SAS inclusion, a solid SAS was used, and the resulting strains 

were measured after a 12 mmHg IOP increase, from 15 to 27 mmHg. Furthermore, 

following a similar approach to the model without the SAS, the slopes were obtained from 
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the 10% bounded means when raising IOP in 2.5 mmHg steps, from 2.5 to 50 mmHg, as 

described previously for the model without the SAS (18). 

 

5.3 Results 

 

5.3.1 Results for the model excluding the subarachnoid space 

 

Following a 12 mmHg IOP elevation, there was an increase in the strains in the principal 

maximum and minimum directions in the prelaminar tissue, the LC, and the postlaminar 

tissue. However, the increase was not the same for each region: The LC was the most 

affected area, presenting the greatest increase (Figure 5-1).   

 

With respect to the anatomical directions, there was a general compression of the ONH in 

the A-P axis and elongation in the S-I axis, with the LC being the most affected region in 

both directions. There was mixed behavior in the T-N axis, with elongation of the LC and 

the postlaminar tissue, and compression of the prelaminar tissue, with the prelaminar tissue 

showing the greatest strain changes (Figure 5-1). 

Á Results of the subzones 

 

After a 12 mmHg IOP increase, there an increase in strains in the maximum and minimum 

principal directions for all subzones. These strains were higher in the LC than in the 

prelaminar and postlaminar tissues (Figure 5-2). In the LC there was compression in the A-

P axis and elongation in the T-N and S-I axes. It should be noted that within the LC the 

highest strains were obtained in the central subzones, which decreased toward the lateral 

subzones. The prelaminar tissues presented compression in the T-N and A-P axes and  
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Figure 5-1. The calculated strains in the maximum principal direction (MAX), the minimum principal 

direction (MIN), and the anatomical directions (T-N, A-P, and SïI) for each optic nerve head region after 

an intraocular pressure elevation of 12 mmHg in the model without the subarachnoid space. In the 

maximum principal direction, a positive number indicates a strain increase, while a negative number 

indicates a decrease. In the minimum principal direction, a negative number indicates a strain increase, 

while a positive number indicates a decrease. In the anatomical directions, a positive number indicates 

elongation, and a negative number indicates compression. The data are taken from a published study 

(18). 

 

elongation in the S-I axis. Finally, the postlaminar tissue showed compression in the A-P 

axis, elongation in the S-I axis, and mixed results in the T-N axis (Figure 5-3). 

 

In general terms, in all evaluated directions there was a low dispersion of the strain among 

the ONH subzones. In other words, there was a homogeneous distribution of strain within 

the ONH due to the IOP elevation. Although the LC and postlaminar tissue showed a 

greater dispersion compared with the prelaminar tissue, these differences were not 

significant (Table 5-1). 
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Figure 5-2. The results of model without the subarachnoid space in the maximum and minimum principal 

directions. In the maximum principal direction, a positive number indicates a strain increase, while a 

negative number indicates a decrease. In the minimum principal direction, a negative number indicates a 

strain increase, while a positive number indicates a decrease. The data are taken from a published study 

(18).  
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Figure 5-3. The results of model without the subarachnoid space in the anatomical directions. Elongation 

is indicated by a positive number, while compression is indicated by a negative number. The data are 

taken from a published study (18).  
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Prelaminar tissue 

      

 MAX MIN T-N A-P S-I 

12 mmHg IOP increase 0.08 0.05 0.07 0.19 0.11 

      

Lamina cribrosa 

      

 MAX MIN T-N A-P S-I 

12 mmHg IOP increase 0.08 0.19 0.12 0.24 0.12 

      

Anterior-postlaminar tissue 

      

 MAX MIN T-N A-P S-I 

12 mmHg IOP increase  0.15 0.13 0.09 0.30 0.20 

      

p = 0.124 (Kruskal Wallis test)      

      

 

Table 5-1. The standard deviations of the prelaminar tissue, lamina cribrosa, and anterior-postlaminar 

tissue in the maximum principal direction (MAX), the minimum principal direction (MIN), and three 

anatomical directions (T-N, A-P, and SïI) in the model without the subarachnoid space. The data are 

taken from a published study (18). 
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Prelaminar tissue 

       

 MAX MIN T-N T-N2 A-P S-I 

ȹ strain (%) /ȹ mmHg  0.03 -0.04 -0.03 - -0.02 0.02 

       

Lamina cribrosa 

       

 MAX MIN T-N T-N2 A-P S-I 

ȹ strain (%) /ȹ mmHg  0.06 -0.07 0.01 - -0.06 0.05 

       

Postlaminar tissue 

       

 MAX MIN T-N T-N2 A-P S-I 

ȹ strain (%) /ȹ mmHg  0.03 -0.05 -0.01 0.004 -0.02 0.02 

       

p = 0.766 (Kruskal Wallis test)       

       

 

Table 5-2. The slopes in the maximum principal direction (MAX), the minimum principal direction (MIN), 

and the anatomical directions (T-N, A-P, and SïI) in the model without the subarachnoid space. Singular 

behavior is indicated in structures that only include MAX, MIN, T-N, A-P, and S-I; mixed behavior is 

indicated in structures containing the subscript 2. The data are taken from a published study (18). 

Á Results of the slopes 

 

There was a good linear correlation in all of the studied directions (Ὑ = 0.96 ± 0.05, range: 

0.86ï1.00). In the maximum and minimum principal directions, the ONH experienced a 

strain increase as IOP increased, with the greatest slopes in the LC compared with the 

prelaminar and postlaminar tissues. In the anatomical axes, the LC had the greatest slopes 

in the A-P and S-I axes, while the prelaminar tissue had the greatest slope in the T-N axis. 

However, these differences were not significant (Table 5-2). 
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Figure 5-4. The calculated strains in the maximum principal direction (MAX), the minimum principal 

direction (MIN), and the anatomical directions (T-N, A-P, and SïI) for each optic nerve head region after 

an intraocular pressure elevation of 12 mmHg in the model with the subarachnoid space. In the maximum 

principal direction, a positive number indicates a strain increase, while a negative number indicates a 

decrease. In the minimum principal direction, a negative number indicates a strain increase, while a 

positive number indicates a decrease. In the anatomical directions, a positive number indicates 

elongation, and a negative number indicates compression. The data are taken from a published study 

(18). 

 

5.3.2 Results for the model including the subarachnoid space 

 

As in the case of the model without the SAS, there was an increase in the strains in the 

principal maximum and minimum directions following a 12 mmHg IOP increase, with the 

greatest impact seen in the LC (Figure 5-4). The LC presented elongation in the T-N and 

S-I axes and compression in the A-P axis; the prelaminar tissue showed compression in 

the T-N and A-P axes and elongation in the S-I axis; and the postlaminar tissue presented 

compression in the A-P axis and elongation in the other anatomical axes. These results 

were similar to those obtained for the model without the SAS (Figure 5-4). 

Á Results of the subzones 
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For the minimum and maximum principal directions, there was a strain increase for all of 

the ONH subzones, with lower values toward the lateral regions (Figure 5-5). In general, 

the central regions showed the highest ONH strains regarding the anatomical axes (Figure 

5-6). Similarly to the model without the SAS, in all of the evaluated directions, there was a 

low dispersion of the strains among the ONH subzones (Table 5-3). 

 

Figure 5-5. The results of model with the subarachnoid space in the maximum and minimum principal 

directions. In the maximum principal direction, a positive number indicates a strain increase, while a 

negative number indicates a decrease. In the minimum principal direction, a negative number indicates a 

strain increase, while a positive number indicates a decrease. The data are taken from a published study 

(18). 

0.43
0.50

0.62 0.64

0.52
0.44

0.81

0.91 0.94 0.94 0.94 0.95 0.93
0.83

0.43

0.59
0.68

0.73 0.74

0.62 0.61

0.42

0.00

0.20

0.40

0.60

0.80

1.00

1.20

S
tr

a
in

 (
%

)

Maximum principal

-0.69-0.71

-0.88-0.89

-0.72-0.69

-0.86

-1.08
-1.13-1.11-1.11-1.13

-1.08

-0.87

-0.60

-0.77
-0.83

-0.90-0.91

-0.75-0.78

-0.60

-1.40

-1.20

-1.00

-0.80

-0.60

-0.40

-0.20

0.00

S
tr

a
in

 (
%

)

Minimum principal



The effects of intraocular pressure 107 

 

 

Figure 5-6. The results of model with the subarachnoid space in anatomical directions. Elongation is 

indicated by a positive number, while compression is indicated by a negative number. The data are 

taken from a published study (18). 
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Prelaminar tissue 

      

 MAX MIN T-N A-P S-I 

12 mmHg IOP increase 0.09 0.09 0.12 0.28 0.16 

      

Lamina cribrosa 

      

 MAX MIN T-N A-P S-I 

12 mmHg IOP increase 0.05 0.11 0.11 0.22 0.11 

      

Anterior-postlaminar tissue 

      

 MAX MIN T-N A-P S-I 

12 mmHg IOP increase  0.12 0.12 0.07 0.28 0.19 

      

p = 0.576 (Kruskal Wallis test)      

      

 

Table 5-3. The standard deviations of the prelaminar tissue, the lamina cribrosa, and the anterior-

postlaminar tissue in the maximum principal direction (MAX), the minimum principal direction (MIN), and 

the anatomical directions (T-N, A-P, and SïI) in the model with the subarachnoid space. The data are 

taken from a published study (18). 
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Prelaminar tissue 

      

 MAX MIN T-N A-P S-I 

ȹ strain (%) /ȹ mmHg  0.04 -0.06 -0.03 -0.03 0.03 

      

Lamina cribrosa 

      

 MAX MIN T-N A-P S-I 

ȹ strain (%) /ȹ mmHg  0.08 -0.09 0.01 -0.08 0.07 

      

Anterior-postlaminar tissue 

      

 MAX MIN T-N A-P S-I 

ȹ strain (%) /ȹ mmHg  0.05 -0.06 0.01 -0.04 0.04 

      

p = 0.968 (Kruskal Wallis test)      

      

 

Table 5-4. The slopes in the maximum principal direction (MAX), the minimum principal direction (MIN), 

and the anatomical directions (T-N, A-P, and SïI) in the model with the subarachnoid space. The data 

are taken from a published study (18). 

 

Á Results of the slopes 

 

All of the studied directions showed good linear correlations (Ὑ= 0.97 ± 0.05, range: 0.81ï

1.00). Based on the maximum and minimum principal directions, the ONH experienced a 

strain increase as IOP increased, with steeper slopes in the LC compared with the other 

ONH zones. From an anatomical perspective, the LC had the greatest slopes along the A-

P and S-I axes, while the prelaminar tissue showed the greatest slope along the T-N axis. 

However, there were no significant differences between the three regions (Table 5-4). 
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5.4 Discussion 

 

IOP is the most significant predictor of glaucomatous damage (138). This study showed 

that IOP primarily affects the LC, with less involvement in the prelaminar and postlaminar 

tissues. In general, following IOP elevation, the ONH and its structures are anticipated to 

compress in the A-P direction and elongate along the other axes. In turn, an IOP reduction 

leads to elongation in the A-P axis and compression the other anatomical axes. 

 

Wang et al. (139) reported A-P compression of the prelaminar tissue following an acute 

IOP rise in 20 healthy, 20 ocular hypertensive, 20 POAG, and 16 primary ACG eyes. 

Similarly, Fortune et al. (140) reported a posterior displacement of the ONH surface and a 

posterior bulging of the peripapillary region after an acute IOP elevation in rats based on 

spectral-domain OCT. Furthermore, Lee et al. (141) used OCT to investigate the response 

of the LC and prelaminar tissue in 35 eyes of patients with POAG following trabeculectomy. 

An IOP decrease from 27 mmHg to 10 mmHg led to a significant reduction in the posterior 

displacement of the LC as well as a significant thickening of both the LC and the prelaminar 

tissue. 

 

Fazio et al. (142) assessed the in vivo displacement of the anterior LC surface following an 

acute IOP elevation in individuals of European and African ancestry. African ancestry was 

associated with a greater posterior curvature of the LC and a greater posterior displacement 

of the prelaminar tissue. Additionally, Agoumi et al. (143) investigated LC and prelaminar 

tissue response to an acute IOP elevation in normal controls and patients with glaucoma. 

They concluded that acute changes in the surface of the ONH reflect a compression of the 

prelaminar tissue. 

 

Given its orthogonality with the ONH blood supply (112), the A-P axis is expected to exert 

the greatest shear stress on the capillary wall, potentially causing maximum blood flow 

obstruction (144), which would not be probable with compression in the other anatomical 
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axes. Consequently, based on the aforementioned evidence, an IOP increase is expected 

to induce significant ischemic effects. 

 

Moreover, the results of this study indicate that IOP-induced strains in the ONH are highly 

homogeneously distributed. Consistently, Beotra et al. (145) conducted an in vivo 

quantitative analysis of regional strain differences in the LC after IOP rise; there were no 

significant variations between the laminar sectors. Similarly, Midgett et al. (146) examined 

the strains induced in eight human eyes in various regions of the LC after mounting the 

posterior scleral cup in an inflation chamber. They found no significant differences in the 

maximum principal strain among the LC subzones. These findings align with the present 

study, suggesting that elevated IOP affects multiple axons simultaneously, potentially 

leading to significant axonal damage. 

 

Additionally, this research revealed higher strain levels in the central ONH regions, 

particularly along the anatomical axes. Lee et al. (147) determined the influence of the TPD 

on the position of the anterior surface of the LC in 26 eyes of 26 normal subjects. They 

found that a greater depth of the central region of the LC was associated with a greater 

TPD and, therefore, speculated that IOP and CSFP interact primarily in the ONH central 

region. Furlanetto et al. (148) examined in vivo the position of the LC in 47 eyes of patients 

with glaucoma and 57 normal eyes. The central and midperipheral regions of the LC were 

more posteriorly located in the eyes of patients with glaucoma than in the normal eyes, as 

well as in eyes with visual field defects versus eyes without defects. The aforementioned 

research supports the findings obtained from the present study. 

 

Finally, there were no significant differences between the models with and without the SAS. 

However, the results for each ONH zone and subzone in both models were not identical, 

potentially leading to incorrect pathophysiological interpretations. Thus, it is crucial to 

incorporate diverse SAS characteristics into a multiphysics model. 
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5.5 Conclusion 

 

¶ Consistent with prior research, IOP is the most relevant factor for the development 

of glaucoma.  

 

This is primarily attributed to its impact on the LC within the ONH during its elevations and 

fluctuations. Moreover, an IOP increase leads to elevated ONH strains, which exhibit a 

homogeneous pattern and thereby affect multiple axons simultaneously. Additionally, an 

IOP increase would induce A-P compression of the ONH, resulting in a significant 

secondary ischemic effect leading to axonal injury. 

 



 

 
 

6.  The effects of cerebrospinal fluid pressure 

 

 

6.1 State of the art 

 

 

As discussed in chapter 2, abnormally low CSFP is now recognized as a risk factor for the 

development of glaucomatous optic neuropathy. In fact, there is evidence that lower CSFP 

is associated with a greater risk of NPG (149) due to the location of the ONH at the interface 

between the intraocular and retrobulbar spaces. IOP acts in the intraocular compartment, 

whereas CSFP acts in the retrobulbar compartment (150). As a result, the ONH is exposed 

to both the posterior force of the IOP and the anterior force of the CSFP, also known as the 

TPD (which equals IOP ï CSFP) (149). 

 

Numerous studies have investigated the impact of CSFP on the ONH. Yang et al. (151) 

examined the effects of chronically reducing CSFP on the retinal nerve fiber layer thickness 

and neuroretinal rim area in four monkeys in vivo. Two of the four monkeys had a bilaterally 

higher cup to disc ratios, thinner retinas, and a decreased neuroretinal rim area after the 

CSFP reduction. Garcia-Montesinos et al. (152) evaluated the changes in the ONH and 

retina before and after lowering CSFP in 12 eyes with papilledema. After this reduction, 

there was a thinning of the retinal fiber layer and prelaminar tissue, as well as backward 

displacement of the LC. 
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Feola et al. (116) used the FEM to evaluate the ONH strains that result from intracranial 

pressure. Their model revealed that acutely elevated CSFP was mainly correlated with an 

increase in postlaminar strain. In a study conducted by the author of this thesis (23), a finite 

element axisymmetric model revealed that the postlaminar tissue was more susceptible to 

CSFP variations than to IOP changes, whereas the LC and prelaminar tissue were more 

influenced by IOP fluctuations. The objective of this chapter is to assess the impact of CSFP 

on ONH strains by using a three-dimensional computational model.  

 

6.2 Methodology 

 

This study was conducted based on the three-dimensional model described in chapter 3. 

The ONH strains caused by CSFP were estimated based on various loading scenarios. 

The first scenario involved a 7 mmHg CSFP decrease (from 10 to 3 mmHg) with a constant 

IOP of 15 mmHg, and the strains in each ONH zone and subzone were documented, as 

well as the strain dispersion among the subzones. In the second scenario, CSFP fluctuated 

at 18 values (0.5, 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 30, 35, 40, and 45 mmHg). 

Then, based on the 10% bounded mean strains, linear regression was carried out to 

calculate the slope of the strain change for each 1 mmHg (ȹ Strain (%)/ȹ mmHg). 

 

6.3 Results 

 

After a 7 mmHg CSFP decrease, there were increased strains in the principal maximum 

and minimum directions in the LC and postlaminar tissue, with the greatest increase in the 

postlaminar tissue (Figure 6-1). In contrast, the strains in the principal directions decreased 

in the prelaminar tissue. Regarding the anatomical directions, the LC and postlaminar tissue 

showed compression in the A-P axis and extension in the other two anatomical axes. By 

contrast, the prelaminar tissue showed extension in the A-P axis and compression in the 

other two anatomical axes (Figure 6-1). 
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Figure 6-1. The calculated strains in the maximum principal direction (MAX), the minimum principal 

direction (MIN), and the anatomical axes (T-N, A-P, and SïI) for each optic nerve head region following 

a 7 mmHg cerebrospinal fluid pressure decrease in the model without the subarachnoid space. In the 

maximum principal direction, a positive number indicates a strain increase, while a negative number 

indicates a decrease. In the minimum principal direction, a negative number indicates a strain increase, 

while a positive number indicates a decrease. In the anatomical directions, a positive number indicates 

elongation, and a negative number indicates compression. 

Á Results of the subzones 

 

All postlaminar tissue subzones experienced increased strains in the minimum and 

maximum principal directions, while the LC and prelaminar tissue experienced mixed 

results (Figure 6-2). Regarding the anatomical axes, the LC experienced mixed results, 

while the postlaminar and prelaminar tissues exhibited opposite behaviors (Figure 6-3). In 

general terms, there was a homogeneous dispersion of the strains in the ONH (Table 6-1). 
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Figure 6-2. The results of the model without the subarachnoid space in the maximum and minimum 

principal directions. In the maximum principal direction, a positive number indicates a strain increase, 

while a negative number indicates a decrease. In the minimum principal direction, a negative number 

indicates a strain increase, while a positive number indicates a decrease. 

-0.21

-0.14

-0.08

-0.22

-0.13

-0.06

0.07 0.08

0.03

-0.08

0.08 0.07
0.03

-0.06

0.24 0.23
0.20

0.18

0.24 0.23
0.20

0.17

-0.30

-0.20

-0.10

0.00

0.10

0.20

0.30

S
tr

a
in

 (
%

)
Maximum principal

0.17 0.18

0.01

0.16
0.14

-0.01

-0.14-0.15

-0.05

0.14

-0.14-0.15

-0.06

0.10

-0.16

-0.21

-0.12
-0.10

-0.15
-0.17

-0.12
-0.10

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

S
tr

a
in

 (
%

)

Minimum principal



The effects of cerebrospinal fluid pressure 117 

 

 

 

 

Figure 6-3. The results of the model without the subarachnoid space in the anatomical directions. 

Elongation is indicated by a positive number, while compression is indicated by a negative number. 
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Prelaminar tissue 

      

 MAX MIN T-N A-P S-I 

7 mmHg CSFP decrease 0.07 0.08 0.02 0.03 0.02 

      

Lamina cribrosa 

      

 MAX MIN T-N A-P S-I 

7 mmHg CSFP decrease 0.06 0.11 0.08 0.16 0.08 

      

Anterior-postlaminar tissue 

      

 MAX MIN T-N A-P S-I 

7 mmHg CSFP decrease 0.03 0.04 0.07 0.14 0.07 

      

p = 0.092 (KruskalïWallis test)      

      

 

Table 6-1. The standard deviations of the prelaminar tissue, the lamina cribrosa, and the anterior-

postlaminar tissue in the maximum principal direction (MAX), minimum principal direction (MIN), and 

anatomical directions (T-N, A-P, and SïI) in the model without the subarachnoid space. 

 

Á Results of the slopes 

 

All of the studied directions showed good linear correlations (Ὑ= 0.96 ± 0.05, range: 0.83ï

1.00). There were steeper slopes in the prelaminar and postlaminar tissues compared with 

the LC because of the CSFP fluctuation (Table 6-2). However, these differences were not 

statistically significant. 

6.4 Discussion 

 

Currently, low CSFP is recognized as a risk factor glaucoma development, although the 

precise causes of this association remain incompletely understood. Therefore, it is 

imperative to investigate the effects of CSFP fluctuations, particularly a reduction, on the  
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  Prelaminar tissue  

          

 MAX MAX2 MIN MIN2 T-N T-N2 A-P S-I S-I2 

ȹ strain (%) /ȹ mmHg  0.04 - -0.06  0.03 - -0.05 0.03 - 

          

  Lamina cribrosa  

          

 MAX MAX2 MIN MIN2 T-N T-N2 A-P S-I S-I2 

ȹ strain (%) /ȹ mmHg  -0.004 0.01 0.01 -0.02 -0.001 0.002 -0.003 -0.001 0.001 

          

  Postlaminar tissue  

          

 MAX MAX2 MIN MIN2 T-N T-N2 A-P S-I S-I2 

ȹ strain (%) /ȹ mmHg  -0.03 0.03 0.02 -0.02 -0.02 - 0.02 -0.02 - 

          

p = 0.430 (Kruskal Wallis test) 

 

 

Table 6-2. The slopes in the maximum principal direction (MAX), the minimum principal direction (MIN), 

and the anatomical axes (T-N, A-P, and SïI) in the model without the subarachnoid space. Singular 

behavior is indicated in structures that only include MAX, MIN, T-N, A-P, and S-I; mixed behavior is 

indicated in structures containing the subscript 2. 

 

ONH. Based on this research, it can be predicted that the strains in the ONH caused by 

CSFP variations would exhibit a homogeneous distribution, similar to those observed when 

analyzing IOP variations. Hence, these factors could affect multiple axons at the same time, 

with a high potential for generating axonal damage. 

 

The present study showed that CSFP variations would primarily influence the prelaminar 

and postlaminar tissues, especially the later, compared with the LC. Specifically, there 

would be an increase in extreme strains, elongation in the T-N and S-I axes, and 

compression in the A-P axis, potentially leading to secondary ischemia. Furthermore, A-P 

compression could be detected in the LC, albeit to a much lesser extent than in the 

postlaminar tissue. In turn, a CSFP increase would result in elongation of the ONH in the 

A-P axis as well as extension in the other anatomical axes. 
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Considering the findings from chapters 5 and 6, it can be inferred that anatomically, 

elevated IOP and decreased CSFP would collectively exert a synergistic mechanical force 

on the LC and postlaminar tissue, involving A-P compression along with extension in other 

axes. Consequently, the combination of a high IOP and a low CSFP may augment axonal 

damage. Conversely, low IOP and high CSFP would result in the inverse behavior (A-P 

extension with compression in the other axes).  

 

Based on the findings of this thesis, it is plausible to predict that ocular hypotony would also 

facilitate the development of papilledema, a common ophthalmological sign caused by 

elevated CSFP, which compresses the optic nerve and causes axoplasmic flow stasis, 

resulting in its inflammation (153). Increased ONH A-P compression is expected to occur 

in this condition. Consistently, papilledema was seen unilaterally after trabeculectomy in a 

patient with pseudotumor cerebri (154). Similarly, Faingold et al. (155) reported a case of a 

patient with pseudotumor cerebri who, after bilateral trabeculectomy, presented with 

papilledema and macular folds. 

 

6.5 Conclusions 

 

¶ CSFP is likely to play an important mechanical causative role in glaucomatous optic 

neuropathy. 

 

Unlike IOP, which has a greater influence on the LC, CSFP exerts its effect on the 

postlaminar tissue. As a result of a CSFP decrease, this anatomical region would 

experience A-P compression, with a possible secondary ischemic effect. Similarly to IOP, 

the resulting homogeneous strain pattern inside the ONH would affect multiple axons 

simultaneously, thereby increasing the likelihood of axonal injury. 
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¶ From an anatomical point of view, high IOP and low CSFP cause a similar 

mechanical effect as low IOP and high CSFP. 

 

The LC and postlaminar tissue are synergistically impacted by high IOP and low CSFP 

(compression in the A-P axis and extension in the other anatomical axes). Due to this 

combination, axonal damage may be increased when high IOP is combined with low CSFP. 

By contrast, low IOP and high CSFP would result in A-P extension and compression in the 

other axes for the LC and postlaminar tissue. As a result, ocular hypotony could facilitate 

the development of papilledema, a condition characterized by increased A-P compression 

of the ONH (23). 



 

 
 

7.  The effects of horizontal eye movements 

 

7.1 State of the art 

 

High IOP is recognized as a major glaucoma risk factor, but it is not the only mechanical 

force that acts on the optic nerve. It is also influenced by changes in CSFP, choroidal 

vascular pressure, central retinal artery pressure, and eye movements, among other 

mechanical loads. 

 

As early as the 19th century, it was proposed that ocular movements could cause optic 

nerve deformations (156). Since then, various studies have revealed important optic nerve 

changes during eye movements. Lee et al. (156) utilized swept-source OCT to study the 

effect of lateral ocular movements on the ONH in 104 eyes from 52 subjects aged 20ï40 

years. To accomplish this, the authors performed a three-dimensional scan in the primary 

position, adduction, and abduction, and then analyzed the images to determine the degree 

of change in the ONH. Compared with the primary position, there was an elevation in all 

sectors of the ONH in abduction, while in adduction, the nasal side was elevated while the 

temporal side was depressed.  

 

Sibony et al. (157) studied the shape of the peripapillary basement membrane during ocular 

adduction at approximately 10ï15° and abduction at approximately 30ï40° in patients with 

optic nerve drusen using OCT. There were statistically significant differences in the shape 
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of the peripapillary basement membrane, with the temporal region shifting posteriorly in 

adduction and reversed in abduction.  

 

Shin et al. (158) reported a case involving a 38-year-old man who experienced phosphenes 

while moving his eyes laterally. Ophthalmoscopy revealed hyperemia of the optic disc with 

blurred margins in abduction, while OCT showed a volcano-like appearance of the ONH in 

abduction. The authors suggested that these morphological changes were the cause of the 

patientôs phosphenes. 

 

 Wang et al. (139) measured the ONH strains due to abduction and adduction using OCT 

in 16 eyes of 8 healthy subjects. They found that after adduction, the ONH presented an 

elongation of the temporal side and compression of the nasal side with respect to the 

transverse plane, with less striking strains during abduction.  

 

Demer et al. (159) using MR imaging, found that abduction leads to redundant and 

sinusoidal optic nerve. Suh et al. (160) used OCT to study the effect of horizontal eye 

movements on ONH and peripapillary retina in 50 eyes of 25 normal subjects and 

discovered that ocular movements cause a deformity of the ONH and Bruchôs membrane 

that is more pronounced in adduction than abduction. 

 

Based on the significant optic nerve changes seen in experimental studies, researchers 

have proposed that eye movements play an important role in the development of glaucoma. 

Although deformations in the optic nerve caused by eye movements are transient, it is 

important to note that they occur repeatedly throughout life, with an average of 

approximately 170,000 saccades per day (161), and thus may have long-term effects on 

the axons of the optic nerve.  
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Given this high number, several authors have examined the impact of horizontal eye 

movements using the FEM. Wang et al. (16) used the FEM to compare ONH strains caused 

by 13° horizontal ocular movements to those caused by an IOP increase ranging from 15 

to 50 mmHg. The average and peak strains caused by eye movements were significantly 

higher than those caused by increased IOP. Jafari et al. (115) simulated ocular incremental 

adduction using the FEM and discovered that the resulting stresses and strains were 

concentrated in the optic disk. Shin et al. (128) used the FEM to investigate the ONH 

biomechanics during 6° adduction versus different IOP values. They reported that 

adduction causes significantly more ONH stresses and strains than IOP elevation. 

 

Contrary to previous findings, in vivo, ONH strains induced by horizontal eye movements 

do not differ significantly from those caused by acute IOP increases. Chuangsuwanich et 

al. (162) examined LC strains in 228 eyes, 114 with high-pressure glaucoma and 114 with 

NPG, and found that adduction generated strain levels (4.4%) that were not significantly 

different from those induced by IOP elevation (4.5%) across all subjects.  

 

Wang et al. (139) studied 16 healthy eyes, measuring LC strains caused by 20° horizontal 

ocular rotation and an acute IOP increase, and found no significant differences. In the LC, 

the strains were 6.41% with an average IOP elevation of 21.13 mmHg, 5.83% for 20° 

adduction, and 3.93% for 20° abduction. Hoang et al. (163) reported that in myopic eyes, 

both IOP elevation and adduction have an equal influence on ONH strains. 

 

Furthermore, clinical studies have not found a link between eye movements and glaucoma 

(7,164), even when patients with glaucoma exhibit altered ocular movements patterns 

(165,166). These outcomes may be due to visual pathway and cortical damage (see 

chapter 2.1.2) rather than a direct mechanical injury. As a result, eye movements may not 

be a mechanical cause of glaucoma. The purpose of this chapter is to assess the impact of 

horizontal eye movements on the ONH strains by utilizing a three-dimensional 

computational model. 
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7.2 Methodology 

 

Using the previously developed three-dimensional model (see chapter 3), IOP and CSFP 

were set to 15 and 10 mmHg, respectively, and the eye model was spun from the sclera in 

the transverse plane, with no rotations in the other anatomical planes. So, the strains 

resulting from 12° adduction and abduction of the ONH were determined. In another 

scenario, adduction and abduction were varied from 0.5° to 12° in 0.5° steps, for a total of 

48 rotations (24 in abduction and 24 in adduction). Linear regression was performed using 

10% bounded means to determine the slope describing the change in deformation per 1° 

of abduction and adduction (ȹ Strain (%) / ȹÁ) in the principal maximum and minimum 

directions, as well as anatomical axes for the various ONH zones and subzones. 

 

7.2.1 Model validation 

 

The patient underwent a series of orbital MR scans at various degrees of adduction and 

abduction. Subsequently, the finite element model scheme was superimposed and 

qualitatively assessed for each case (Figure 7-1), as described by Wang et al. (16). 

 

7.2.2 Model with the subarachnoid space 

 

To examine the impact of SAS inclusion, an empty SAS with CSFP was replaced with a 

solid SAS, and the strains were evaluated by rotating the eye from 0.5° to 12° in abduction 

and adduction, with progressive 0.5° steps. Additionally, a 12 mmHg IOP increase versus 

12° adduction and abduction was compared by obtaining the 10% bounded means of 

strains and then calculating the slopes as described above.  
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Figure 7-1. The model boundary superimposed on the magnetic resonance scan after 3° adduction (A), 

primary gaze position (B), and 12° abduction (C). Taken from a published study (18). 

 

7.3 Results 

 

7.3.1 Comparison with in vivo orbital magnetic resonance scans 

 

In both the initial and rotated positions, the finite element model and MR scans showed 

excellent agreement (Figure 7-1). 
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7.3.2 Results of the model without the subarachnoid space 

 

As can be seen in Figure 7-2, after ocular rotation of 12° in the maximum and minimum 

principal directions, the ONH strains were increased. Based on the strains, the prelaminar 

and postlaminar tissues were more affected than the LC. Regarding the anatomical 

directions, all three tissues showed elongation in the A-P axis and compression in the S-I 

axis, but they showed mixed behavior in the T-N axis (Figure 7-2). 

 

Á Strains by subzones 

 

When considering the subzones, there was a high degree of strain dispersion within the 

ONH following both abduction and adduction (Table 7-1). Therefore, the impact of 

horizontal eye movements along the ONH were not homogeneous, unlike what was 

observed with respect to IOP and CSFP fluctuations (Figures 7-3ï7-6). In addition, some 

LC subzones experienced a decrease in strains in the maximum and minimum principal 

directions (Figures 7-3 and 7-5).  

Á Results of the slopes  

 

There were similar slopes for abduction and adduction. However, the prelaminar and 

postlaminar tissues presented steeper slopes than the LC (Table 7-2).  
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Figure 7-2. The calculated strains in the maximum principal direction (MAX), the minimum principal 

direction (MIN), and the anatomical axes (T-N, A-P, and SïI) for each optic nerve head zone following 

12° adduction and 12° adduction in the model without the subarachnoid space. In the maximum principal 

direction, a positive number indicates a strain increase, while a negative number indicates a decrease. In 

the minimum principal direction, a negative number indicates a strain increase, while a positive number 

indicates a decrease. In the anatomical directions, a positive number indicates elongation, and a negative 

number indicates compression. The data are taken from a published study (18). 
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Prelaminar tissue 

      

 MAX MIN T-N A-P S-I 

12° adduction 0.42 1.01 1.18 1.95 1.03 

12° abduction 0.36 0.68 1.14 1.93 1.00 

      

Lamina cribrosa 

      

 MAX MIN T-N A-P S-I 

12° adduction 0.76 0.77 0.73 0.73 0.24 

12° abduction 0.66 0.63 0.73 0.74 0.20 

      

Anterior-postlaminar tissue 

      

 MAX MIN T-N A-P S-I 

12° adduction 1.14 0.67 0.62 1.31 0.64 

12° abduction 1.21 0.66 0.66 1.37 0.66 

      

p = 0.178 (Kruskal Wallis test)      

      

 

Table 7-1. The standard deviations of the prelaminar tissue, the lamina cribrosa, and the anterior-

postlaminar tissue in the maximum principal direction (MAX), minimum principal direction (MIN), and 

anatomical directions (T-N, A-P, and SïI) in the model without the subarachnoid space. The data are 

taken from a published study (18). 
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Figure 7-3. The results of model without the subarachnoid space after 12° adduction in maximum and 

minimum principal directions. In the maximum principal direction, a positive number indicates a strain 

increase, while a negative number indicates a decrease. In the minimum principal direction, a negative 

number indicates a strain increase, while a positive number indicates a decrease. The data are taken 

from a published study (18). 
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Figure 7-4. The strains in the subzones in the anatomical directions after 12° adduction in the model 

without the subarachnoid space. Elongation is indicated by a positive number, while compression is 

indicated by a negative number. The data are taken from a published study (18). 
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Figure 7-5. The results of model without the subarachnoid space after 12° abduction in the maximum and 

minimum principal directions. In the maximum principal direction, a positive number indicates a strain 

increase, while a negative number indicates a decrease. In the minimum principal direction, a negative 

number indicates a strain increase, while a positive number indicates a decrease. The data are taken 

from a published study (18). 
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Figure 7-6. The strains in the subzones in the anatomical directions after 12° abduction in the model 

without the subarachnoid space. Elongation is indicated by a positive number, while compression is 

indicated by a negative number. The data are taken from a published study (18). 
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Prelaminar tissue 

       

 MAX MIN T-N T-N2 A-P S-I 

ȹ strain (%) /ȹ °(adduction) 0.37 -0.41 0.05 - -0.13 0.11 

ȹ strain (%) /ȹ °(abduction) 0.34 -0.40 -0.04 0.10 -0.17 0.12 

       

Lamina cribrosa 

       

 MAX MIN T-N T-N2 A-P S-I 

ȹ strain (%) /ȹ °(adduction) 0.12 -0.15 -0.03 0.03 -0.05 0.07 

ȹ strain (%) /ȹ °(abduction) 0.11 -0.16 0.03 - -0.12 0.09 

       

Anterior-postlaminar tissue 

       

 MAX MIN T-N T-N2 A-P S-I 

ȹ strain (%) /ȹ °(adduction) 0.21 -0.16 -0.05 - 0.09 -0.02 

ȹ strain (%) /ȹ °(abduction) 0.21 -0.17 -0.07 - 0.09 -0.004 

       

p = 0.876 (Kruskal Wallis test) 

 

 

Table 7-2. The calculated slopes in the maximum principal direction (MAX), the minimum principal 

direction (MIN), and the anatomical directions (T-N, A-P, and SïI) in the model without the subarachnoid 

space. Singular behavior is indicated in structures that only include MAX, MIN, T-N, A-P, and S-I; mixed 

behavior is indicated in structures containing the subscript 2. The data are taken from a published study 

(18). 
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7.3.3 Results of the model with the subarachnoid space 

 

After 12° abduction and adduction, the prelaminar and postlaminar tissues showed a 

greater increase in strains than the LC. Furthermore, in the A-P and S-I axes, the ONH 

showed elongation and compression, respectively, with mixed results in the T-N axis 

(Figure 7-7).  

 

Á Strains by subzones 

 

Regarding the subzones, as in the case of the model excluding the SAS, both abduction 

and adduction caused a high level of strain dispersion within the ONH (Table 7-3; Figures 

7-8ï7-11), and some LC subzones also experienced a strain decrease in the maximum and 

minimum principal directions (Figures 7-8 and 7-10). 

 

Á Results of the slopes  

 

Like the results of the model with the SAS, abduction and adduction produced slopes that 

were similar. In addition, the prelaminar and postlaminar tissues had steeper slopes than 

the LC (Table 7-4).  
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Figure 7-7. The calculated strains in the maximum principal direction (MAX), the minimum principal 

direction (MIN), and the anatomical axes (T-N, A-P, and SïI) for each optic nerve head region following 

12° adduction and 12° adduction in the model with the subarachnoid space. In the maximum principal 

direction, a positive number indicates a strain increase, while a negative number indicates a decrease. In 

the minimum principal direction, a negative number indicates a strain increase, while a positive number 

indicates a decrease. In the anatomical directions, a positive number indicates elongation, and a negative 

number indicates compression. The data are taken from a published study (18). 
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Prelaminar tissue 

      

 MAX MIN T-N A-P S-I 

12° adduction 0.23 0.97 1.51 2.45 1.18 

12°abduction 0.28 0.67 1.49 2.34 1.07 

      

Lamina cribrosa 

      

 MAX MIN T-N A-P S-I 

12° adduction 0.77 0.69 0.74 0.75 0.19 

12°abduction 0.65 0.60 0.65 0.69 0.21 

      

Anterior-postlaminar tissue 

      

 MAX MIN T-N A-P S-I 

12° adduction 1.11 0.52 0.66 1.38 0.60 

12°abduction 1.06 0.48 0.70 1.43 0.61 

      

p = 0.093 (Kruskal Wallis test)      

      

 

Table 7-3. The standard deviations of the prelaminar tissue, the lamina cribrosa, and the anterior-

postlaminar tissue in the maximum principal direction (MAX), the minimum principal direction (MIN), and 

the anatomical directions (T-N, A-P, and SïI) in the model with the subarachnoid space. The data are 

taken from a published study (18). 
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Figure 7-8. The results of model with the subarachnoid space after 12° adduction in the maximum and 

minimum principal directions. In the maximum principal direction, a positive number indicates a strain 

increase, while a negative number indicates a decrease. In the minimum principal direction, a negative 

number indicates a strain increase, while a positive number indicates a decrease. The data are taken 

from a published study (18). 
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Figure 7-9. The strains in the subzones in the anatomical directions after 12° adduction in the model with 

the subarachnoid space. Elongation is indicated by a positive number, while compression is indicated by 

a negative number. The data are taken from a published study (18). 
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Figure 7-10. The results of model with the subarachnoid space after 12° abduction in the maximum and 

minimum principal directions. In the maximum principal direction, a positive number indicates a strain 

increase, while a negative number indicates a decrease. In the minimum principal direction, a negative 

number indicates a strain increase, while a positive number indicates a decrease. The data are taken 

from a published study (18). 
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Figure 7-11. The strains in the subzones in the anatomical directions after 12° abduction in the model with 

the subarachnoid space. Elongation is indicated by a positive number, while compression is indicated by 

a negative number. The data are taken from a published study (18). 
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Prelaminar tissue 

       

 MAX MIN T-N T-N2 A-P S-I 

ȹ strain (%) /ȹ °(adduction) 0.36 -0.38 0.04 - -0.12 0.11 

ȹ strain (%) /ȹ °(abduction) 0.32 -0.39 0.09 - -0.21 0.15 

       

Lamina cribrosa 

       

 MAX MIN T-N T-N2 A-P S-I 

ȹ strain (%) /ȹ °(adduction) 0.10 -0.13 -0.01 0.02 -0.06 0.07 

ȹ strain (%) /ȹ °(abduction) 0.08 -0.15 0.01 - -0.12 0.11 

       

Anterior-postlaminar tissue 

       

 MAX MIN T-N T-N2 A-P S-I 

ȹ strain (%) /ȹ °(adduction) 0.15 -0.14 -0.13 - 0.11 0.02 

ȹ strain (%) /ȹ °(abduction) 0.15 -0.14 -0.14 - 0.09 0.06 

       

p = 0.730 (Kruskal Wallis test) 

 

 

Table 7-4. The slopes in the maximum principal direction (MAX), the minimum principal direction (MIN), 

and the anatomical directions (T-N, A-P, and SïI) in the model with the subarachnoid space. Singular 

behavior is indicated in structures that only include MAX, MIN, T-N, A-P, and S-I; mixed behavior is 

indicated in structures containing the subscript 2. The data are taken from a published study (18). 

7.4 Discussion 

 

Eye movements have been proposed as a potential mechanical cause of glaucomatous 

optic neuropathy, given that experimental evidence and finite element modeling support the 

notion that they can induce significant changes in the optic nerve. Although the present 

study revealed notable strains in the ONH during horizontal eye movements, there were 

not marked differences with respect to the effects caused by IOP and CSFP fluctuations. 

The strains induced by horizontal eye movements exhibited high dispersion, contrasting 

with the low dispersion associated with IOP and CSFP fluctuations. In pathophysiological 

terms, these results suggest that fewer axons are affected simultaneously during ocular 

movements. 
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The effects of horizontal eye movements from an anatomical perspective are the opposite 

to those generated by an IOP increase and a CSFP decrease. While those pressure 

changes would cause compression in the A-P axis, horizontal eye movements would lead 

to elongation, which is why they would not be expected to generate ischemia. As a result, 

this research does not support the notion that eye movements cause mechanical injury to 

the optic nerve, and thus glaucoma. 

 

Conversely, horizontal eye movements may contribute to the development of papilledema, 

which is characterized by A-P compression and T-N and S-I elongation (23). In this respect, 

Sibony et al. (167) investigated the impact of horizontal ocular duction on the structure of 

the peripapillary basement membrane in three groupsðpatients with papilledema, patients 

with anterior ischemic optic neuropathy, and people with normal eyesðby using spectral-

domain OCT. During ocular adduction at the level of the basement membrane opening, the 

patients with papilledema showed a posterior displacement of the temporal region as well 

as an anterior displacement toward the nasal region. These patterns were reversed during 

abduction. Moreover, there were similar changes in individuals with normal eyes and those 

with ischemic neuropathy, albeit less pronounced than in patients with papilledema. 

 

Finally, as for the case of the IOP influence, there were no significant differences between 

the models with and without the SAS. Nevertheless, the results for each ONH zone and 

subzone were not the same, indicating the need to incorporate the various SAS mechanical 

characteristics in computational modeling.  

 

7.5 Conclusions 

 

¶ Glaucoma is unlikely to be mechanically caused by horizontal eye movements. 
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While horizontal eye movements cause important ONH strains, they present a high 

dispersion inside the ONH, and consequently fewer axons would be simultaneously 

affected. Furthermore, horizontal eye movements could lead to important strains in the 

prelaminar and postlaminar tissues, while the LC strains would be lower, and even reduced 

in some of its subzones. Finally, lateral eye movements would cause A-P extension, 

mitigating the likelihood of sustained secondary ischemic effects. 

 

¶ Horizontal ocular movements may contribute to the establishment of papilledema.  

 

A-P extension caused by horizontal eye movements, coupled with S-I compression, would 

facilitate the establishment of papilledema, consistent with what Sibony et al. (167) 

reported. 



 

 
 

8.  The effects of the constitutive properties of 
tissues 

 

8.1 State of the art 

 

Identifying the ocular tissues with the greatest impact on the ONH strains is crucial to 

discover new therapeutic targets for these strains and, consequently, to slow the 

progression of glaucoma. In this regard, Sigal et al. (28) used several finite element models 

of the eyeball and optic nerve to investigate how variations in tissue mechanical properties 

affect the LC strains. They carried out a fractional variation in Youngôs modulus in each 

tissue on the following basis: sclera/cornea/pia mater, 3 MPa; LC, 0.3 MPa; and pre- and 

postlaminar neural tissue, 0.03 MPa. (28). The study revealed that the LC strains were 

predominantly affected by changes in Young's modulus of the sclera.  

 

Building upon these findings, Sigal et al. (26) conducted an additional study employing finite 

element modeling. They investigated a total of 21 input factors, including biomechanical 

properties of ocular tissues, IOP, and 14 geometric factors. The authors evaluated the 

biomechanical response of the ONH through 29 measures, encompassing stresses and 

strains. The factors that exerted the greatest influence on ONH biomechanics, in order of 

importance, were the stiffness of the sclera, the radius of the eye, the stiffness of the LC, 

IOP, and the thickness of the sclera.  
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Subsequently, Hua et al. (27) conducted a study employing finite element modeling to 

investigate that factors that affect the ONH, based on one of the models previously reported 

by Sigal et al. (28). The authors examined 24 factors, including three pressures to which 

the ONH is subjected (IOP, CSFP, and central retinal artery pressure), mechanical 

properties of tissues, and optic nerve restrictions. The six most influential factors, in order 

of significance, were IOP, optic nerve restrictions, Youngôs modulus of the sclera, LC, and 

dura mater, along with CSFP. 

 

Feola et al. (116) used a finite element ocular model and found that the most influential 

factors on ONH biomechanics were IOP, CSFP, and ONH tissue stiffness, while the 

properties of the sclera had only minor influence. Similarly, Wang et al. (16) investigated 

the impact of the mechanical properties of the dura mater, pia mater, sclera, and the LC 

using the FEM during 13° horizontal eye movement. Their findings indicated that the sclera 

was the most influential tissue: An increase in its stiffness resulted in decreased strains in 

the LC and the prelaminar tissue during eye movements. 

 

Of note, most previous studies have estimated the impact of each factor by increasing or 

decreasing tissue stiffness as a percentage relative to the baseline stiffness, and then 

calculating the strain changes. It should be noted, however, that when calculating the 

influence based on the percentage of variation, each factorôs stiffness changes in a different 

amount, potentially introducing significant bias. Furthermore, the use of population ranges 

has been common, which may bias the results given that physiologically critical variables 

typically exhibit narrow population distributions, potentially underestimating their impact. 

Conversely, variables with broad population distributions may be overestimated. 

Additionally, as mentioned in chapter 4, there are notable anatomical variations in finite 

element reconstructions that could potentially impact the study outcomes.  

 

The goal of this chapter is to identify the most important tissues that influence the ONH 

strains. Furthermore, the study encompasses the examination of IOP and CSFP to offer a 

more thorough understanding of the pathophysiological aspects involved. 
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8.2 Methodology 

 

A local sensitivity analysis was performed by using the previously reconstructed three-

dimensional model (see chapter 3) under 12° abduction, 12° adduction, and 50 mmHg IOP, 

assigning linear elastic properties for all tissues (Table 8-1). Young's modulus of each 

tissue, IOP, and CSFP were increased and decreased by 20% and 40% from baseline. 

Subsequently, linear regression was performed to obtain the change in the percentage of 

strain per unit change (ȹ strain (%)/ ȹ MPa). Then, the relative importance of each factor 

in each examined direction was represented by 100% stacked bars, with colored bar 

segments representing the contribution of each component to the total bar. 

 

8.3 Results 

 

A good linear correlation was obtained (Ὑ  = 0.97 ± 0.03, range: 0.92ï1.00). For the 

prelaminar tissue and the LC, the factors with the greatest impact were CSFP and IOP both 

under the conditions of ocular hypertension, abduction, and adduction. During ocular 

hypertension, the prelaminar tissue was also influenced by the stiffness of the ONH, the 

retina, and the SAS, whereas the LC was influenced by the stiffness of the ONH and the 

SAS. During abduction and adduction, the SAS was very important for the prelaminar tissue 

and the LC, and ADT also played an important role (Figures 8-1 and 8-2). 

 

For the postlaminar tissue, the most influential factors were the SAS, IOP, and CSFP. The 

SAS played a significant role in this region, particularly during abduction and adduction. 

ADT also had a significant effect on the postlaminar strains during horizontal ocular 

movements (Figure 8-3). Finally, it is worth noting that the sclera had a minor impact on all 

of the ONH regions, regardless of whether the eye was hypertensive, abducted, or 

adducted. 
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Prelaminar tissue 

 

Figure 8-1. The relative influence of several factors on the prelaminar strains in the maximum (MAX) 

principal direction, the minimum (MIN) principal direction, and the anatomical directions. Note the strong 

influence of IOP, CSFP, the SAS, and ADT. The data are taken from a published study (18). 
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Lamina cribrosa 

 

Figure 8-2. The relative influence of several factors on the lamina cribrosa strains in the maximum (MAX) 

principal direction, minimum (MIN) principal direction, and anatomical directions. Note the strong influence 

of IOP, CSFP, the SAS, and ADT. The data are taken from a published study (18). 
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Postlaminar tissue 

 

Figure 8-3. The relative influence of several factors on the postlaminar strains in the maximum (MAX) 

principal direction, the minimum (MIN) principal direction, and the anatomical directions. Note the strong 

influence of IOP, CSFP, the SAS, and ADT. The data are taken from a published study (18). 

 

 

 

 

 

 

 




















































































