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A B S T R A C T   

It has been proposed that eye movements could be related to glaucoma development. This 
research aimed to compare the impact of intraocular pressure (IOP) versus horizontal duction on 
optic nerve head (ONH) strains. Thus, a tridimensional finite element model of the eye including 
the three tunics of the eye, all of the meninges, and the subarachnoid space (SAS) was developed 
using a series of medical tests and anatomical data. The ONH was divided into 22 subregions, and 
the model was subjected to 21 different eye pressures, as well as 24 different degrees of adduction 
and abduction ranging from 0.5◦ to 12◦. Mean deformations were documented along anatomical 
axes and in principal directions. Additionally, the impact of tissue stiffness was assessed. The 
results show no statistically significant differences between the lamina cribrosa (LC) strains due to 
eye rotation and IOP variation. However, when assessing LC regions some experienced a 
reduction in principal strains following a 12◦ duction, while after the IOP reached 12 mmHg, all 
LC subzones showed an increase in strains. From an anatomical perspective, the effect on the 
ONH following 12◦ duction was opposite to that observed after a rise in IOP. Moreover, high 
strain dispersion inside the ONH subregions was obtained with lateral eye movements, which was 
not observed with increased IOP and variation. Finally, SAS and orbital fat stiffness strongly 
influenced ONH strains during eye movements, while SAS stiffness was also influential under 
ocular hypertension. Even if horizontal eye movements cause large ONH deformations, their 
biomechanical effect would be markedly distinct from that induced by IOP. It could be predicted 
that, at least in physiological conditions, their potential to cause axonal injury would not be so 
relevant. Thus, a causative role in glaucoma does not appear likely. By contrast, an important role 
of SAS would be expectable.   

1. Introduction 

Currently, glaucoma is the leading cause of irreversible blindness worldwide [1]. It constitutes a group of optic neuropathies 
characterized by progressive degeneration of retinal ganglion cells (RGC). These cells are neurons that have their cell bodies inside the 
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retina and their axons in the optic nerve. The classic physiopathology theory of glaucoma poses that an increase in intraocular pressure 
(IOP) would lead to compression of the axons at the lamina cribrosa (LC) with consequent ischemia and axoplasmic flow blockage, and 
hence the death of RGC [2]. However, although high IOP is recognized as the most important risk factor for glaucoma [3], this is not 
the only mechanical load experienced by the optic nerve, as it is also influenced by cerebrospinal fluid pressure [4,5], IOP fluctuations 
[6], vascular pulsatility [7], and eye movements [8–20], among other factors. 

Regarding the latter, Wang et al. [8], through finite element (FE) analysis, compared the ONH strains (engineering definition of 
deformation) induced by 13◦ lateral eye movements to those resulting from an increase in IOP from 15 to 50 mmHg, finding that mean 
and peak strains due to ocular movements were significantly higher than those due to increased IOP. Likewise, Shin et al. [9] studied 
ONH stresses and strains during 6◦ adduction vs multiple levels of IOP in an FE model, concluding that adduction produces far greater 
mechanical stress and strain than does IOP elevation. A recent FE study performed by Jafari et al. [10], in which a 6◦ ocular rotation 
was generated, has also confirmed these findings. Thus, as a result, it has been hypothesized that eye movements could also contribute 
to the development of glaucomatous optic neuropathy [8,9,11,12]. 

Despite this, while experimentally in vivo important levels of deformation in the ONH have been observed following horizontal eye 
rotation [13–17], no significant differences have been documented with strains associated with an increase in IOP [18–20]. In this 
respect, Wang et al. [19] studied 16 eyes from 8 healthy subjects, in which LC strains were induced by horizontal duction and an acute 
IOP elevation; average LC strains were 6.41% with a mean IOP elevation of 21.13 mmHg, 5.83% for 20◦ adduction, and 3.93% for 20◦

abduction. Chuangsuwanich et al. [20] assessed ONH strains in 74 healthy, primary open-angle glaucoma, normal tension glaucoma, 
and highly myopic subjects, finding that in all groups, adduction produced ONH strains of the same order of magnitude (3.4%) as those 
induced by an IOP of 40 mmHg (3.8%), whereas abduction generated significantly lower strains (2.8%). Finally, Hoang et al. [18] 
reported that in myopic eyes ONH strains are equally influenced by IOP elevation and adduction. 

Besides that, to the best of our knowledge, eye movements have not been recognized as a glaucoma risk factor in clinical settings 
[21,22], and even when eye movement alterations have been reported in glaucoma patients [23–25], this could primarily be the result 
of visual pathway and cortex damage observed in this disease [26–30], rather than a direct mechanical injury. In this sense, glaucoma 
could not be mechanically caused by ocular movements. 

On the other hand, eye anatomy has typically been reconstructed variably in FE studies. As a result, different eye regions and tissues 
have been included and excluded in posterior ocular models [8–12,31–37]. Biologically the eye is comprised of three tunics, namely: 
fibrous (cornea and sclera), vascular (iris, ciliary body, and choroid), and nervous (retina), and it is located within the orbit and 
surrounded by fat [38]. In addition, the optic nerve emerges from its posterior pole and is enveloped by a series of layers called the 
meninges: pia mater, arachnoid, and dura mater; in between the pia mater and arachnoid, there is a space called the subarachnoid 
space (SAS) [39]. 

Nevertheless, some ocular models have not included the choroid [8–10,12,31,32,34,36,37], and some others neither the nervous 
tunic [9,10,12,33]. Besides that, the retina has usually been regarded as an extension of the prelaminar tissue [40] and adipose tissue 
has not been commonly incorporated. Regarding the optic nerve, typically, the complete meningeal layers have not been included, and 
in some cases, only the pia mater has been added [31,33,36]. In this respect, in a prior FE study we found that ONH strains decreased 
considerably when meninges were progressively integrated [35], which suggests that anatomical variability and oversimplification 
may result in inaccuracy [41]. 

Furthermore, the optic nerve’s SAS has been commonly modeled as empty, with the cerebrospinal fluid pressure (CSFP) applied 
inside it [8,9,11,12,31–34,37]. However, the SAS is not an empty space; rather, it is a complex structure that includes very dense layers 
of trabeculae, collagen-based structures that act as supportive pillars between the arachnoid and the pia mater [39,42–44], and allow 
the flow of cerebrospinal fluid among its spaces. This creates a complex solid–fluid interaction and helps damp and protect the delicate 
nervous tissue from mechanical damage [44,45], whereby it can modify the stresses and strains experienced by the ONH nervous tissue 
during eye rotations and ocular hypertension. Consequently, including the SAS could be of special relevance. 

Previously, the present authors reported that under conditions of ocular hypertension, the Young’s modulus of the SAS strongly 
influences ONH and peripapillary region strains [35]; nevertheless, regarding eye movements, the role of the SAS has not yet been 

Fig. 1. The vectors that characterize (A) the maximum principal directions, and (B) the minimum principal directions inside the lamina cribrosa and 
prelaminar tissue after an IOP increase of 12 mmHg can be appreciated. Note the diverse directions in which they are oriented. 
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previously explored. 
Moreover, the use of mechanical properties from different anatomical regions and species has also been common. Since tissue 

behavior varies among species and the different anatomical locations from which it is extracted [46,47], a major error factor could be 
introduced. 

Lastly, computational studies have primarily focused on the analysis of strains and stresses in the maximum and minimum principal 
directions [8–12,31,32,34,36,37], which represent the largest stretching and shortening experienced by the tissues [8], respectively. 
By contrast, clinical and experimental research has studied ONH deformations and displacements mainly in the anteroposterior and 

Fig. 2. A. Finite element model boundary superimposed on the MR scan in the primary gaze position and the reconstructed geometry. B. Finite 
element mesh of the ocular model, orbit and optic nerve. C. Reconstructed anatomy and mesh of the optic nerve head and peripapillary region. Note 
the subregions in which the optic nerve head was segmented: N (nasal region), T (temporal region), PPR (peripapillary retina), PPC (peripapillary 
choroid), PPS (peripapillary sclera), PRE (prelaminar tissue), LC (lamina cribosa), A-POST (anterior-postlaminar tissue), P-POST (posterior-post-
laminar tissue), PM (piamater), SAS (subarachnoid space), ARAC (arachnoids), DM (duramater). 
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radial directions [48–52]. Even though strains in the maximum and minimum principal directions represent extreme deformations, the 
direction of the vector that characterizes them varies at each calculated point inside the tissues (Fig. 1A–B), whereby their patho-
physiological effect could vary. Thus, determining the stresses and strains in anatomical axes is also necessary to accomplish a 
complete physiopathological analysis. 

The purpose of this study was to establish the acute effects of IOP variations versus (vs) abduction and adduction on ONH strains 
along the principal directions and anatomical axes: temporal–nasal (T-N), anterior–posterior (A-P) and superior–inferior (S–I), 
particularly in the LC. As part of this research, the impact of including the SAS in optic nerve deformations during ocular rotation is also 
explored. To achieve this, a tridimensional (3D) finite model of the orbit and eye was built including the three tunics of the eye, 
peripapillary region, optic nerve neural tissue, and all of the meninges. 

2. Methods 

2.1. 3D geometrical reconstruction 

Representing eye anatomy accurately is challenging due to the complexity of this organ. To overcome this, a 30-year-old woman 
without any medical or ophthalmological antecedent underwent a complete ophthalmological examination by a glaucoma specialist 
and a battery of medical tests in the primary gaze position in both eyes, namely orbital magnetic resonance (MR); orbital computed 
axial tomography (CT); pachymetry; ONH, macular, and anterior segment high-resolution optical coherence tomography (OCT); and 
optical coherence tomography angiography, among others, all of which were conducted in accordance with ethical guidelines, pre-
vious approval from the Ethics Committee of the Faculty of Medicine of the National University of Colombia, and prior informed 
consent. The above, on one hand, ensured the patient’s normal condition, and on the other, enabled better anatomical reconstruction. 

In this way, outlines of the cornea and sclera of the right eye were manually delineated from the MR in the transverse plane, and 
then their width was adjusted based on data from the patient’s test and earlier research [53]. Accordingly, based on OCT data, the 
central corneal thickness was 535 μm, and the lateral was adjusted using pachymetry. The scleral thickness varied from 390 μm at the 
peripapillary flange to 940 μm at the posterior pole and 420 μm at the equator [53]. At the limbus, scleral width was fixed from the 
lateral corneal thickness and gradually decreased to the equator as informed by Vurgese et al. [53]. 

Subsequently, the peripapillary retina and choroid were included, with thicknesses of 116 μm (OCT data) and 155 μm [54,55], 
respectively, and were then extended along the scleral shell. Since MR examination of the corneoscleral shape revealed approximate 
symmetry between the right and left sides of the right eye, the left side of the right eye was revolutionized to obtain an initial 3D eye 
shell model (Fig. 2A). 

Furthermore, the optic nerve anatomy included the prelaminar neural tissue, LC, postlaminar neural tissue, SAS, and all of the 
meninges (pia mater, dura mater, and arachnoid). The prelaminar tissue contained ONH excavation, and the cup/disk ratio was 
adjusted to 0.46 (the patient-reported OCT value). The LC had a central thickness of 0.37 mm [56] and a lateral thickness of 0.30 mm 
[31]. The pia mater and arachnoid had a constant width of 0.06 and 0.03 mm [35], respectively, while the dura mater thickness was 
0.4 mm and became thicker close to the sclera [8]. The SAS was thicker in the anterior part and then became progressively thinner 
[57]. Later, the optic nerve was embedded into the ocular globe shell, its length was adjusted using MR measurements, and CT and MR 
scans were used to build orbital fat and bone, thus generating a complete orbital 3D reconstruction (Fig. 2B). Note that to lessen the 
computational time, only half the model was built. 

As a final step, to obtain a more detailed analysis of the ONH, postlaminar tissue was segmented into anterior (1 mm from the 
scleral canal) and posterior regions [32,35]; subsequently, the LC was subdivided into eight concentric zones from its center (four nasal 
and four temporal), which were then extended to the prelaminar and postlaminar regions, thus obtaining six subregions in the 
prelaminar tissue and eight in the postlaminar tissue, giving a total of 22 ONH subregions (Fig. 2C). 

2.2. Mechanical properties 

To achieve accurate predictions with the FE method, selection of the appropriate tissue properties is required. For the above, in this 
study special emphasis has been placed on selecting human data and physiological testing conditions, when available. In addition, data 
from locations other than the eyeball and orbit have been also avoided. Although this could result in the use of simpler material models 
in some anatomical regions, it could also lead to greater biological accuracy. 

Thus, the cornea, peripapillary sclera, posterior sclera, dura mater, and choroid were modeled as hyperelastic, homogeneous, 
isotropic, and incompressible, considering in this way their nonlinear behavior [8,10,46,58]. The retina was also modeled following 
this approach since Chen et al. [46] reported that it exhibits slightly nonlinear behavior. Hence, experimental data describing the 
stress–strain curve for each tissue were digitized and fitted to hyperelastic models. 

Additionally, because the ocular globe and optic nerve are made up of tiny structures that are difficult to access, even today, there is 
a lack of information on the mechanical properties of human optic nerve tissues [8,32]. For this reason, the pia mater, arachnoid, 
prelaminar tissue, LC, and postlaminar tissue were assumed to be isotropic, homogeneous, and linearly elastic [31,35]; as in earlier 
research, these tissues were considered almost incompressible. 

Thus, a Young’s modulus of 0.3 MPa was assigned to the pia mater [31]. Similarly, due to the absence of measurements of 
arachnoid mechanical properties in the optic nerve and other anatomical zones, a Young’s modulus of 0.3 MPa was assumed (same as 
pia mater) [35]. This was because both leptomeninges have similar histological composition [59]. 

Regarding human prelaminar tissue, postlaminar tissue, and LC, the available information is particularly sparse. Thus, although 
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ONH modeling is complex (especially the LC), these tissues were modeled from the estimations of Sigal et al. [31], which have been 
validated by recent in vivo research [40], as a result, biological precision would be ensured. This was also done because different studies 
have shown a good linear fit for LC and neural tissue at strains less than 13% [60–62], which was obtained in our preliminary sim-
ulations (a maximum strain of 9.6%, 13.2%, and 13.3%, for LC, prelaminar, and postlaminar tissue, respectively). 

Similarly, the orbital bone was also modeled with a linear elastic behavior because previous studies showed a good linear fit at low 
deformations [63,64], and because our preliminary analysis confirmed small strains during ocular rotations and IOP fluctuations. 
Finally, for simplicity, a linear elastic approach was also used to model orbital fat [65]. All the above allowed us to obtain an initial 
foundation to investigate the eye’s mechanical behavior (Table 1). 

2.3. Boundary conditions 

All tissues were tied together at their interface, except between the sclera and orbital fat, where a frictionless contact was employed 
(simulating the Tenon’s capsule space) [8]. A contact with a frictional coefficient of 0.5 was used between adipose tissue and bone [8]; 
in this way, the fatty tissue slid over the bone as previously informed by Wang et al. [8]. Furthermore, the optic nerve was fixed at the 
orbital canal level, simulating the fibrous bands in this anatomical region [57]. Symmetry boundary conditions were imposed, and the 
external surface of the orbital bone was fixed [8]. 

2.4. Loading conditions 

Different loading scenarios were considered to estimate ONH strains. In the first scenario, IOP was applied to the inner limiting 
membrane and then gradually increased in increments of 2.5 mmHg, from 2.5 to 50 mmHg, for a total of 20 IOP values, corresponding 
to normal (10–20 mmHg), hypotension (less than 10 mmHg), and hypertension spectrums (greater than 20 mmHg). No ocular rotation 
was imposed in this case, and a CSFP of 10 mmHg was applied (a normal value in the supine position). 

In a second scenario, a fixed IOP of 15 mmHg and a CSFP of 10 mmHg were imposed, and a rotation was applied directly to the 
external surface of the sclera, simulating in this way the effect of the extraocular muscles, and achieving a turn in the transverse plane 
with zero rotation in the other anatomical planes. Abduction and adduction were increased progressively in 0.5◦ increments, from 0.5◦

to 12◦, for a total of 48 rotations (24 in abduction and 24 in adduction), and strains for the different ONH anatomical regions and 
subregions were obtained. Finally, in a third scenario, an IOP increase of 12 mmHg (from 15 to 27 mmHg) with 0◦ of rotation and a 
CSFP of 10 mmHg was generated. 

2.5. Numerical details 

The model was created, meshed, and solved in Abaqus®, where the previously described properties, interactions, loads, and 
boundaries were established. Heterogeneous tetrahedral and hexahedral meshing elements were employed, using tetrahedra for all the 
anatomical regions except orbital bone (Fig. 2B). Furthermore, to provide numerical accuracy in the zones of interest without 

Table 1 
Mechanical properties assigned to the tissues.  

Tissue Specie Anatomical 
region 

Constitutive 
model 

Properties (MPa) Reference 

Cornea Human Ocular globe Reduced 
polynomial 2 

C10 = 0.1, C20 = 0.9, D1 = 0, D2 = 0 58 

Prelaminar tissue Estimated 
data 

Optic nerve Linear elastic Young’s Modulus (E) = 0.03, Poisson’s ratio (ν) = 0.49 31 

Postlaminar 
tissue 

Estimated 
data 

Optic nerve Linear elastic Young’s Modulus (E) = 0.03, Poisson’s ratio (ν) = 0.49 31 

Lamina cribosa Human Optic nerve Linear elastic Young’s Modulus (E) = 0.3, Poisson’s ratio (ν) = 0.49 31 
Retina Human Ocular globe Reduced 

polynomial 5 
C10 = 1.9, C20 = 0.4, C30 = − 77.9, C40 = 6346.0, C50 = 9559.7, D1 =

0, D2 = 0, D3 = 0, D4 = 0, D5 = 0 
46 

Choroid Human Ocular globe Reduced 
polynomial 5 

C10 = 9.3, C20 = 7.9, C30 = 0.8, C40 = − 4.6, C50 = 7.7, D1 = 0, D2 = 0, 
D3 = 0, D4 = 0, D5 = 0 

46 

Posterior sclera Human Ocular globe Reduced 
polynomial 6 

C10 = 3.2E-02, C20 = 1.4, C30 = − 6.8, C40 = 21.1, C50 = − 30.5, C60 

= 16.4, D1 = 0, D2 = 0, D3 = 0, D4 = 0, D5 = 0, D6 = 0 
46 

Peripapillary 
sclera 

Human Ocular globe Reduced 
polynomial 5 

C10 = 0.4, C20 = 8.4, C30 = 2.2, C40 = − 3.5, C50 = 1.5, D1 = 0, D2 = 0, 
D3 = 0, D4 = 0, D5 = 0 

10 

Pia mater Estimated 
data 

Optic nerve Linear elastic Young’s Modulus (E) = 3, Poisson’s ratio (ν) = 0.49 31 

Arachnoid Estimate 
data 

Optic nerve Linear elastic Young’s Modulus (E) = 3, Poisson’s ratio (ν) = 0.49 35 

Dura mater Porcine Optic nerve Ogden 3 μ1 = -91.0, μ2 = 61.8, μ3 = 29.6, α1 = 2.0, α2 = 4.0, α3 = − 2.0, D1 =

0, D2 = 0, D3 = 0 
8 

Peri orbitary fat 
tissue 

Human Orbital cavity Linear elastic Young’s Modulus (E) = 0.0083, Poisson’s ratio (ν) = 0.49 65 

Orbital bone Human Orbital cavity Linear elastic Young’s Modulus (E) = 15200, Poisson’s ratio (ν) = 0.3 63,64  
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generating an excessive computational cost, 10-node tetrahedral elements were used in the ONH and peripapillary regions, while in 
other regions 4-node tetrahedral elements were employed [66]. 

The element size in the ONH, peripapillary region, and adjacent meninges was approximately 100 μm [9]. In the other anatomical 
zones, it varied between 100 and 1000 μm, ensuring precision in the relevant areas, while minimizing the number of elements as 
previously described by Shin et al. [9], which was numerically validated through a convergence test. As a result, the model included 
approximately 809.729 elements and required approximately 6 h to complete each simulation (CPU time). 

2.6. Postprocessing analysis 

Numerical artifacts such as irregularly shaped elements can generate extreme values affecting the results [32]. Therefore, in this 
study, a 10% bounded mean was calculated for the strains in each region and subregion of the ONH, at each IOP, and each degree of 
horizontal duction. Peak strains were not included as part of this study, because the primary goal was to assess global ONH damage, 
which would negatively affect functional reserve, decreasing physiological activity and leading to disease development. 

Subsequently, using the bounded mean values, a linear regression was performed to obtain the slope that describes the strain 
change per 1 mmHg (Δ Strain (%)/Δ mmHg), as well as the strain change per 1◦ of abduction and adduction (Δ Strain (%)/Δ ◦). Some 
of the results are presented in the form of mean ± standard deviation, range: minimum–maximum value. 

In addition, changes in ONH strains after an IOP increase of 12 mmHg from baseline (IOP of 15 mmHg with 0◦ of rotation) were 
compared to those following a 12◦ horizontal duction from baseline. Note that for the results extracted from each simulation, the 
coordinate reference system was adjusted in such a way that it was always aligned with the LC and ONH center [15]. 

2.7. Model comparison 

To ensure adequate predictions, a series of the patient’s orbital MR scans at different degrees of horizontal duction were acquired, 
and the outline of the FE model for each case was superimposed and qualitatively compared, as reported by Wang et al. [8]. 
Furthermore, LC and prelaminar mean displacement results were compared quantitatively with data from the clinical study by Fazio 
et al. [67], in which a very acute elevation (1 min) of IOP in normal patients was carried out. 

2.8. SAS inclusion 

To assess the impact of SAS inclusion, as an initial approach, the empty space with the CSFP was replaced by the SAS. The SAS in 
cranial studies has been typically modeled as soft solid, fluid, or porous medium [44]. In this regard, Saboori et al. [44] conducted a 
comprehensive study to determine the appropriate modeling of SAS material, and their findings revealed that the three above-
mentioned models are equally adequate and reliable. They also determined that the optimum elastic modulus of the SAS is approx-
imately 1150 Pa and the Poisson ratio is 0.48 [68]. Therefore, for simplicity, the SAS was modeled as a linearly elastic soft solid with 
the values recommended by these authors. Strains from rotating the eye from 0.5◦ to 12◦, varying the IOP from 2.5 mmHg to 50 mmHg, 
and comparing a 12 mmHg IOP increase vs 12◦ of adduction and abduction were obtained as previously described. 

2.9. Variation of eye tissue stiffness 

Because the stiffness of eye tissues varies among individuals, a study of the influence of the eye tissue stiffness under 12◦ abduction, 
12◦ adduction, and 50 mmHg IOP was conducted. For simplicity, in this assay, all tissues were assumed to be isotropic, linear-elastic, 
and homogeneous, so stiffness could be described by a single quantity: Young’s modulus [69]. So, Young’s modulus was increased and 
decreased by 20% and 40% from the baseline value (Table 2) and then a linear regression was performed, obtaining the strain change 
per MPa for each tissue (Δ Strain (%)/Δ MPa). The IOP and CSFP were also varied, and the slopes obtained (Δ Strain (%)/Δ MPa) were 

Table 2 
Linear mechanical properties assigned to the tissues.  

Tissue Specie Anatomical region Constitutive model Properties Reference 

Cornea Human Ocular globe Linear elastic E = 1.3 MPa, ν = 0.42 58 
Prelaminar tissue Estimated data Optic nerve Linear elastic E = 0.03 MPa, ν = 0.49 31 
Postlaminar tissue Estimated data Optic nerve Linear elastic E = 0.03 MPa, ν = 0.49 31 
Lamina cribosa Estimated data Optic nerve Linear elastic E = 0.3 MPa, ν = 0.49 31 
Retina Human Ocular globe Linear elastic E = 0.015 MPa, ν = 0.49 46 
Choroid Human Ocular globe Linear elastic E = 0.375 MPa, ν = 0.49 46 
Posterior sclera Human Ocular globe Linear elastic E = 4.4 MPa, ν = 0.49 46 
Peripapillary sclera Monkey Ocular globe Linear elastic E = 4.1 MPa, ν = 0.49 69 
Pia mater Estimated data Optic nerve Linear elastic E = 3 MPa, ν = 0.49 31 
Arachnoid Estimated data Optic nerve Linear elastic E = 3 MPa, ν = 0.49 35 
SAS Estimated data Cranial cavity Linear elastic E = 0.00115 MPa, ν = 0.48 44,68 
Dura mater Porcine Optic nerve Linear elastic E = 5.2 MPa, ν = 0.49 8 
Peri orbitary fat tissue Human Orbital cavity Linear elastic E = 0.0083 MPa, ν = 0.49 65 
Orbital bone Human Orbital cavity Linear elastic E = 15200 MPa, ν = 0.3 63,64  
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compared; 320 simulations were run in total. 

3. Results 

3.1. Comparison with orbital magnetic resonance 

A good match between the FE model and MR in the primary and rotated positions was observed (Fig. 3A–C). Moreover, the absolute 
and relative error of mean prelaminar and laminar displacement compared to clinical data were, respectively, 2.40 μm and 68.68% for 
the model excluding SAS, and 2.40 μm and 68.52% for the model with SAS (Table 3). 

3.2. IOP increase of 12 mmHg vs 12◦ eye rotation 

3.2.1. ONH strains: prelaminar, laminar, and postlaminar regions 
Elevation of the IOP by 12 mmHg and rotation of the eye by 12◦ had different biomechanical effects on the ONH. In this way, from 

the perspective of the principal direction, elevating the IOP resulted in an increase in strains throughout the ONH, with the highest 
values in the LC, and comparatively lower values in the prelaminar and postlaminar tissue. 

In contrast, after 12◦ abduction and adduction, the prelaminar and postlaminar regions experienced a significant increase in strains, 
with far lower values than in the LC. Besides that, far higher strains were obtained in prelaminar and postlaminar regions when 
compared to IOP elevation. This means that extreme values of compression and stretching would be increased so much more in the LC 
after IOP elevation than following horizontal ocular movements. Despite these differences between ocular duction and IOP elevation, 
they were not statistically significant (p = 0.51, Friedman test). 

From the anatomical perspective, after a 12 mmHg IOP elevation, the ONH experienced compression in the A–P direction, with the 
greatest values of increase in the LC; and stretching along the S–I. In terms of the T–N axis, LC and postlaminar tissues stretched, while 
prelaminar tissue compressed. After horizontal duction, the ONH primarily suffered elongation in the A–P direction and compression 
in the S–I axis, with variable results for the T–N direction (p = 0.64, Friedman test). As a result, the biomechanical effect of elevating 
the IOP vs rotating the eye on the ONH was not equivalent (Fig. 4). 

3.2.2. ONH strains by subzones 
When considering the subregions, it became evident that horizontal eye movements impacted the ONH markedly differently than 

increased IOP. For instance, there was a reduction of strains in the minimum and maximum principal directions resulting from 12◦

Fig. 3. Finite element model boundary superimposed on the MR scan after a 3◦ adduction (A), in the primary gaze position (B), and after a 12◦

abduction (C). 
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horizontal ocular movements in the central laminar regions, while strains increased in the lateral ones. After a 12 mmHg IOP elevation, 
conversely, strains raised throughout all of the LC subregions in a more homogeneous distribution pattern (Supplementary Material 1). 

Thus, in general terms, a 12 mmHg IOP elevation led to a strain pattern of effect inside the ONH, much more uniformly than 12◦

horizontal ocular duction (less data dispersion induced by increased IOP in all examined directions). This was true for each of the ONH 
regions (prelaminar tissue, LC, and postlaminar tissue), was statically significant (Table 4), and confirmed for all of the different levels 

Table 3 
Model results compared with data from clinical study.   

Specie Time 
(minutes) 

Reported 
absolute 
Δ μm/Δ 
mmHg 

Δ μm/Δ 
mmHg Model 
with SAS 

Δ μm/Δ mmHg 
Model without 
SAS 

Absolute error 
Model with 
SAS 

Relative error 
Model with 
SAS 

Absolute error 
Model without 
SAS 

Relative error 
Model without 
SAS 

PRE Human 1 3.40 1.23 1.24 2.17 63.85% 2.16 63.44% 
PRE Human 1 3.27 1.23 1.24 2.04 62.41% 2.03 61.98% 
LC Human 1 3.34 0.94 0.91 2.40 71.82% 2.43 72.63% 
LC Human 1 3.92 0.94 0.91 2.98 75.99% 3.01 76.68%  

Fig. 4. Computed strains in the maximum principal direction (MAX), minimum principal direction (MIN), and anatomical axes (T-N, A-P, and S–I) 
for each biological region following an IOP increase of 12 mmHg, a 12◦ adduction, and a 12◦ adduction. A positive value in the maximum principal 
direction indicates an increase in strains, while a negative value indicates a decrease. A negative value in the minimum principal direction indicates 
an increase in strains, while a positive value indicates a decrease. A positive value in the anatomical directions indicates an elongation, while a 
negative value indicates a shortening. 

D.M. Muñoz Sarmiento et al.                                                                                                                                                                                        



Heliyon 9 (2023) e13634

9

of IOP and ocular rotation generated in the present study. 
Furthermore, abduction and adduction influenced the ONH differently. For example, A–P laminar stretching was increased in 

adduction towards the nasal subregions, and in abduction towards the temporal subregions; the prelaminar and postlaminar regions, in 
general terms, were accompanied by a temporal elongation and nasal compression along the A–P axis following adduction, which was 
reversed in abduction. In contrast, after IOP elevation, the central nasal and temporal regions experienced the greatest values of strain, 
with a tendency to decline toward lateral ones for all the evaluated directions. Complete results for subzones can be viewed in Sup-
plementary Material 1. 

3.3. Influence of ocular rotations and IOP variations on LC strains 

Fig. 5 shows each of the results obtained for the LC, and Table 5 presents each of the computed slopes for the LC. A good linear 
correlation was obtained in all directions (R2 = 0.97 ± 0.03, range: 0.92–1.00; p = 0.00 ± 0.00, range: 0.00–0.00). This shows that, in 
the maximum and minimum principal directions, the LC experienced a decrease in strain with the beginning of ocular rotation, fol-
lowed by an increase in strain as the degrees of rotation augmented. As regards the anatomical axes, important changes in de-
formations were also observed with the start of eye rotation. There were no statistically significant differences in the calculated LC 
slopes among IOP fluctuation, adduction, and abduction (p = 0.57, Friedman test). 

3.4. Influence of ocular rotations and IOP variations on prelaminar and postlaminar strains 

3.4.1. Model with SAS 
For the model including the SAS, after 12◦ ocular rotation and a 12 mmHg increase in IOP, the SAS was the anatomical structure 

experiencing the highest strain levels within the optic nerve, in both principal and anatomical directions, with far greater strains 
comparatively with other anatomical regions. This was particularly true following lateral eye movements, during which the levels of 
strains were at a maximum and would reflect its damping role in the course of ocular movements and IOP fluctuations (Fig. 6). 

There were no statistically significant differences between ONH strain values and those of the model without the SAS, following 12◦

ocular adduction (p = 0.98, Mann–Whitney U test), 12◦ abduction (p = 0.93, Mann–Whitney U test), or 12 mmHg IOP elevation (p =
0.97, Mann–Whitney U test), although the same patterns were not observed (Supplementary Material 2). 

Moreover, there was a trend toward ONH compression along the A–P axis and stretching along the S–I axis induced by an increase 
in IOP, unlike horizontal duction, which induced mainly elongation in the A–P direction and compression along the S–I axis; the above 
is in agreement with the findings for the model excluding the SAS. Additionally, as previously obtained, the differences in the ONH 
strains between ocular duction and IOP elevation were not statistically significant (p = 0.86, Friedman test). 

Upon examination of the ONH subzones, the differences in comparison with the model without the SAS were not significant after 
12◦ ocular adduction (p = 0.71, Mann–Whitney U test), 12◦ abduction (p = 0.67, Mann–Whitney U test), and 12 mmHg IOP elevation 
(p = 0.99, Mann–Whitney U test), although the same patterns were not obtained. 

As in the model without the SAS, there was an important increase of laminar strains in all subzones after a 12 mmHg rise in IOP in 
the principal directions, and a reduction in central laminar strains in maximum and minimum principal directions following lateral 
ocular movements. In addition, as previously documented, ONH strain dispersion among subzones was far greater after 12◦ horizontal 
duction than after a 12 mmHg increase in IOP (p = 0.00, Friedman test). 

Finally, regarding LC slopes, no statistically significant differences were found in adduction (p = 0.94, Mann–Whitney U test), 

Table 4 
Computed standard deviations of strains among the subzones of the prelaminar tissue, lamina cribosa, and anterior-postlaminar tissue in the 
maximum principal direction (MAX), minimum principal direction (MIN), and anatomical axes (T-N, A-P, and S–I). Higher values of dispersion for the 
12◦ horizontal duction than the 12 mmHg IOP increase can be observed.  

Prelaminar tissue  
MAX MIN T-N A-P S–I 

12 mmHg IOP increase 0.08 0.05 0.07 0.19 0.11 
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 cribosa  
MAX MIN T-N A-P S–I 

12 mmHg IOP increase 0.08 0.19 0.12 0.24 0.12 
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 mmHg IOP increase 0.15 0.13 0.09 0.30 0.20 
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 (Friedman test) 0.00      
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abduction (p = 0.92, Mann–Whitney U test), or IOP variation (p = 1.0, Mann–Whitney U test) between the models with and without the 
SAS. Complete results for the model including the SAS can be found in Supplementary Material 2. 

3.4.2. Variation of eye tissue stiffness 
A good linear correlation was obtained in all directions (R2 = 0.97 ± 0.06, range: 0.35–1.00; p = 0.01 ± 0.04, range: 0.41–0.00). 

Variations in IOP, CSFP, orbital fat tissue, and SAS stiffness had the strongest influence on strains during ocular rotations, while under 
ocular hypertension IOP and CSFP had the greatest impact. SAS stiffness was also influential during hypertensive ocular conditions 
(Supplementary Material 3). 

Fig. 5. Strains obtained for lamina cribosa when varying the IOP and rotating the eyeball horizontally in the maximum principal direction (MAX), 
minimum principal direction (MIN), and anatomical axes (T-N, A-P, and S–I). 

Table 5 
Calculated slopes in the maximum principal direction (MAX), minimum principal direction (MIN), and anatomical directions (T-N, A-P, and S–I) for 
the lamina cribosa. The structures with only MAX, MIN, T-N, A-P, and S–I indicate a single behavior; structures including the subindex 2 indicate a 
mixed behavior depending on the considered range.                      

MAX MIN T-N T-N2 A-P S–I 
Δ strain (%)/Δ mmHg 0.06 − 0.07 0.01 – − 0.06 0.05 
Δ strain (%)/Δ ◦(adduction) 0.12 − 0.15 − 0.03 0.03 − 0.05 0.07 
Δ strain (%)/Δ ◦(abduction) 0.11 − 0.16 0.03 – − 0.12 0.09 
p (Friedman test) 0.57       
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4. Discussion 

The FE method is a well-established tool for biomechanical research. It provides detailed information on strains and stresses that is 
too difficult to obtain experimentally [70]. As a result, different authors have investigated the mechanical impact of horizontal ocular 
movements on ONH biomechanics using FE analysis, finding far greater strains and stresses than those caused by increased IOP [8,9, 
11], thereby supporting the theory that repetitive strain during eye movements may injure the ONH. 

In this research, however, while large strains were found after horizontal duction, even exceeding several times those caused by IOP 
(particularly in prelaminar and postlaminar regions), no statistically significant differences due to IOP elevation and ocular rotation 
could be demonstrated, principally for the LC. Thus, the LC experienced larger deformations on average after a 12 mmHg IOP increase 
than after 12◦ duction, which is consistent with the report of Wang et al. [19]. For their part, prelaminar and postlaminar tissues 
deformed significantly more under 12◦ ocular rotation, with far higher values than under IOP elevation. In this way, IOP primarily 
affects the LC, while abduction and adduction affect the prelaminar and postlaminar regions. Furthermore, there were also significant 
differences when taking into account anatomical directions as well as ONH strain distributions across subzones. 

This discrepancy with previous FE studies could be attributed to the preference for human data over that from other species in this 
research, as well as the avoidance of data from anatomical locations other than the eye and orbit. Similarly, in this study, we attempted 
to reconstruct the ocular anatomy as completely as possible, particularly in the posterior region of the eye and optic nerve. Despite the 
CPU time being longer than reported by previously published models (1.7 h with 4-noded tetrahedral 363,384 elements and 1.9 h 
when using 10-noded tetrahedral 371,992 elements) [66,71], this could result in a more realistic representation of the eye’s behavior 
[41], as well as assessment of the impact of multiple tissues that interact in vivo. 

In addition, a high degree of ONH segmentation was carried out and special emphasis was placed on anatomical directions, which 
helped to highlight the marked discrepancies between the impact of ocular duction and IOP elevation on ONH strains. Thus, when 
exploring the biomechanical effect of IOP vs horizontal duction from an anatomical perspective, the opposite effect was observed, 
especially for A–P and S–I axes. IOP elevation mostly produced an ONH compression in the A–P direction with stretching along the S–I 
axis; horizontal ocular duction principally produced ONH stretching in the A–P direction with compression along the S–I axis. 

Regarding the latter, Wang et al. [19] reported a temporal pulling and nasal compression of the ONH in the transverse plane (A–P 
direction) following adduction, and compression of the prelaminar tissues following acute IOP elevation. Lee et al. [14] performed, in 
52 healthy subjects, a 3D analysis of the ONH changes induced by lateral eye movements in the nasal and temporal regions, finding 
that overall, ONH was elevated in abduction, and in adduction, there was an elevation of the nasal side and depression of the temporal 
side. Suh et al. [15] studied the effect of a graded range of horizontal duction in 50 eyes of 25 normal subjects, finding that the optic 
nerve cup shifted anteriorly in abduction and showed little change in adduction. Demer et al. [16], employing MR imaging, reported 
that the optic nerve becomes more redundant and sinusoidal during abduction. For their part, Chuangsuwanich et al. [20] reported a 
prelaminar posterior displacement under IOP elevation. The results presented here are consistent with most of the above-reported 
experimental findings. 

Because the ONH blood supply is primarily supplied by centripetal branches [57], the capillary network would preferentially run in 
the transverse plane. Since the A–P axis is orthogonal to this plane, compression in this direction would be expected to result in 
maximum shear stresses on the capillary walls and thus maximum blood flow blockage [72]. As a result, compression along the A–P 
axis could be likely to cause a greater ischemic effect than along the other anatomical axes. Hence, it could be hypothesized that an 
increase in IOP would have a much greater ischemic effect than lateral eye movements. 

Additionally, ONH deformations induced by IOP are expected to have a more homogeneous distribution than those caused by 
horizontal ocular duction. In this respect, Beotra et al. [73] found no significant variations across LC sectors in healthy subjects in a 
quantitative in vivo analysis that assessed regional differences in IOP-induced LC strain. Thus, in physiopathological terms, this would 
imply that IOP elevation affects a greater number of axons simultaneously than lateral eye movements. 

Furthermore, horizontal duction could cause a reduction in maximum and minimum principal strains in some LC regions, thus 
protecting the delicate axons passing through it during eye movements. This, added to the fact that ocular movements are charac-
terized by a short duration [74,75], would lead to the suggestion that at least under physiological conditions, their potential to cause 
axonal insult would be far lower than that caused by IOP increase and oscillations, and therefore their role for the development of 
glaucoma could be not so relevant as previously proposed. Nevertheless, this could not hold true if the properties of the ocular tissues 

Fig. 6. Strains in the minimum principal direction for various loading scenarios. A negative value indicates a shortening experienced by the tissues. 
Note the high deformation values in the SAS. 
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were altered, leading to a different biomechanical behavior; unfortunately, at present, tissue stiffness data from glaucoma patients are 
still scarce in the literature, and further clarification by future research will be required. 

By contrast, an important pathological role for horizontal ocular movements could be predicted in diseases accompanied by an 
incremented A–P elongation as well as an incremented S–I compression, such as intracranial hypertension [35]. This in fact has been 
previously reported: Sibony et al. [17] examined through spectral-domain OCT the effects of horizontal eye movements on the per-
ipapillary basement membrane layer in 45 patients with acute intracranial hypertension and papilledema, 15 with anterior ischemic 
optic neuropathy, and 20 normal subjects, reporting that the changes in papilledema patients were much greater than the small 
changes seen in the other groups. 

On the other hand, to the best of our knowledge, the SAS has received little attention in the field of computational ophthalmology. 
Since it would constitute the primary damping anatomical structure in the optic nerve [44,76], it could also play a crucial role in ONH 
biomechanics. In this regard, we previously hypothesized that the SAS could have a strong role in glaucoma [35]; interestingly, there is 
growing clinical evidence demonstrating optic nerve SAS morphological alterations in glaucoma patients (particularly normal tension 
glaucoma). 

Thus, Cennamo et al. [77] reported that patients with primary open-angle glaucoma present a significantly smaller SAS in their 
optic nerve (3.54 mm) than do normal controls (3.87 mm). Liu et al. [78] measured the area of the optic nerve SAS in glaucoma 
patients and controls, finding smaller values in normal tension glaucoma (5.15 mm2) compared to normal controls (6.40 mm2). For 
their part, Wang et al. [79] found that the SAS is narrower in normal tension glaucoma patients than in high-pressure or control groups. 
In addition, a narrower SAS has also been reported in myopia [80], a well-known glaucoma risk factor. 

A reduced SAS could imply less damping capacity, making the ONH more vulnerable to mechanical loads and potentially increasing 
strains during IOP fluctuations and ocular movements. In this regard, Chuangsuwanich et al. [20] reported that normal tension 
glaucoma and highly myopic subjects exhibited larger strains in vivo during adduction than did controls. Hoang et al. [18] documented 
abnormally high strains in pathologically myopic eyes (6.6%) when compared to highly myopic eyes (3.4%) and slightly myopic eyes 
(2.6%) under an IOP elevation; they also found a similar tendency regarding eye movements. This will need to be clarified by further 
research. 

Furthermore, the results of this study indicate that SAS stiffness, which represents SAS trabecular stiffness, would significantly 
modify ONH strains during IOP increase and eye movements. In this regard, the possibility of the SAS being linked to glaucoma 
pathogenesis seems highly probable. This will be addressed in future studies by the current authors. 

Moreover, adipose orbital tissue stiffness would also have a significant influence on ONH strains in the course of eye movements 
because the rotation of the eye is partly explained by the sliding of Tenon’s capsule and partly by the deformation of the orbital fat 
[81]. In this way, orbital fat would determine rotational stiffness [81], but also would modify strains in the ONH. 

Finally, while no statistically significant differences were demonstrated between the model with and without the SAS, the 
deformation patterns for these two models were not exactly the same, which could lead to erroneous pathophysiological in-
terpretations. Consequently, the development of a multiphysical model that allows for the integration of both the CSFP and the SAS 
damping effect would be of crucial importance to accurately simulate this complex organ. Meanwhile, to ensure correct predictions, 
any results from FE ocular models should be carefully checked through a comparison with available clinical and experimental research. 

In summary, it could be predicted that horizontal eye movements would cause large strains in prelaminar and postlaminar regions, 
with lower strains comparatively in the LC, and even reduction in some LC subzones. Additionally, their anatomical effect would be the 
inverse of that induced by an increase in IOP, the IOP generating a greater effect on the LC, a homogeneous strain dispersion pattern 
inside the ONH, and compression along the A–P axis, with a likely sustained secondary ischemic effect, not expected during lateral eye 
movements. Consequently, this work does not support the idea that eye movements are a cause of optic nerve mechanical injury, and 
thus a cause of glaucoma; the SAS, on the other hand, could be thought to play an important mechanical role. 

We would like to emphasize the importance of including anatomical axes as part of FE studies, since this allows for a more extensive 
physiopathological analysis, as well as a more complete comparison with prior published literature. As far as we know, this is the first 
FE study to pay special attention to anatomical directions and also to include the SAS. 

5. Conclusion 

Even if horizontal eye movements cause significant ONH deformation, their biomechanical effect would be markedly different from 
that of IOP. Thus, at least in physiological conditions, horizontal movements would not be expected to play an important role in 
glaucoma development. In contrast, the importance of the SAS could be hypothesized. 

6. Limitations 

This work has several limitations that merit further additional discussion. First, tissues were considered homogeneous and isotropic 
materials. Some tissues were assumed to be linearly elastic and others hyperelastic; nevertheless, biological tissues are neither ho-
mogeneous nor isotropic, and they display viscoelastic behavior. Particularly, the valuable anisotropic model of Girard et al. [82] could 
not be included as part of this research since at present it is not currently available in Abaqus®. Despite this, while the materials 
included do not reflect the exact mechanical behavior of tissues, they do represent an initial approximation. 

Second, although a series of medical tests were carried out to achieve a more anatomical accurate model, some structures remain 
inaccessible to medical images; in consequence, generic data derived from human histological studies and anatomical descriptions had 
to be used for eye model reconstruction. 

D.M. Muñoz Sarmiento et al.                                                                                                                                                                                        



Heliyon 9 (2023) e13634

13

Third, although a 3D model was built, it does not reflect the exact anatomy and all the complexity of the human eye. In addition, 
even when a more complete anatomical model was achieved, some important anatomical structures, such as the vascular bed, Tenon’s 
capsule, extraocular muscles, and LC microstructure, among others, are still missing in the model presented here. As regards the latter, 
some recent studies [36,83] have shown that at a microscale level, LC first principal strain can even exceed 20% in some regions. As a 
result, the impact of including a more detailed LC model in the results presented here is unknown. 

Fourth, the ocular and orbit anatomy were reconstructed from a single eye, and the geometric model is not entirely patient-specific. 
Because eye anatomy differs among individuals, this could have a considerable influence on the ONH strains obtained in this study. 
Additionally, the morphology of glaucoma eyes could differ significantly. 

Fifth, arachnoid stiffness was assumed to be equal to that of the pia mater. Even when both constitute leptomeninges [59,84], the 
arachnoid properties of the optic nerve could not be the same, and consequently, further clarification is necessary. 

Sixth, in this work, only lateral eye movements were considered; a study of the effect of other types of duction on ONH biome-
chanics would also be of special value. 

Seventh, SAS data properties were extracted from the cranial region, and similarly, dura mater properties did not come from 
humans, which introduces an additional bias. Additionally, the SAS damping function and CSFP were modeled separately; the outcome 
of integrating these two effects, and their impact on the results here described, is unknown. 

Finally, the ONH strain values reported here are estimates based on FE analysis, not direct in vivo measurements. Since most of these 
measurements are not yet completely feasible, recent FE studies have compared model outlines with the shape of the eye in MR to 
ensure accurate predictions [8,10]. In this work, to guarantee predictability, a comparison with different studies in the literature has 
also been done (and is presented throughout the text), finding a high coincidence with prior in vivo human experimental and clinical 
research. Thus, interestingly, some of our FE predictions had already been previously documented by in vivo investigations. 
Furthermore, a comparison with mean ONH displacements reported in humans after a 1-min IOP increase was performed, obtaining a 
good quantitative match. However, in the future, further validation will be required. 
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[35] D.M. Muñoz-Sarmiento, Ó.L. Rodríguez-Montaño, J.D. Alarcón-Castiblanco, M.A. Gamboa-Márquez, J.P. Corredor-Gómez, C.J. Cortés-Rodríguez, A finite 
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