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ABSTRACT

Optic nerve head (ONH) biomechanics are associated with glaucoma progression and have received
considerable attention. Central retinal vessels (CRVs) oriented asymmetrically in the ONH are the single
blood supply source to the retina and are believed to act as mechanically stable elements in the ONH in
response to intraocular pressure (IOP). However, these mechanical effects are considered negligible in ONH
biomechanical studies and received less attention. This study investigated the effects of CRVs on ONH
biomechanics taking into consideration three-dimensional asymmetric CRV geometries. A CRV geometry
was constructed based on CRV centerlines extracted from optical coherence tomography ONH images in
eight healthy subjects and superimposed in the idealized ONH geometry established in previous studies.
Mechanical analyses of the ONH in response to the IOP were conducted in the cases with and without CRVs
for comparison. Obtained results demonstrated that the CRVs induced anisotropic ONH deformation,
particularly in the lamina cribrosa and the associated upper neural tissues (prelamina) with wide ranges of
spatial strain distributions. These results indicated that the CRVs result in anisotropic deformation with local
strain concentration, rather than function to mechanically support in response to the IOP as in the

conventional thinking in ophthalmology.
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1. Introduction

The optic nerve head (ONH) located on the posterior side of the eyeball is the region where retinal
nerve fibers and blood vessels enter/exit the eyeball through the lamina cribrosa (LC), which is a disc-shaped
porous tissue. Fine retinal nerve axons pass through pores of the LC, whereas a pair of a single retinal artery
and vein pass through the LC and is composed of four main branches in each artery and vein (central retinal
vessels: CRVs). Pathological alteration of the ONH tissues is associated with glaucoma, which is the second
leading cause of vision loss [1]. Although comprehensive mechanisms of glaucoma progression remain
unclear, ONH biomechanics is considered to be one of the essential associated factors [2—-4].

In clinical practice, CRV morphological characteristics have received much attention as a biomarker
of glaucoma progression [5,6]. The CRVs under healthy conditions pass through the LC slightly to the nasal
side from the center of the LC and bifurcate to four main branches in the prelaminar domain. Because the
CRVs may be relatively stiffer than neural fibers in the prelamina, they are believed to act as mechanically
stable elements against mechanical deformation under normal conditions [7,8]. Whereas, positional shifts
of the CRVs to the nasal side are commonly known from fundus photographs in glaucoma patients [6,9,10]
and recent three-dimensional (3D) optical coherence tomography (OCT) imaging [11,12]. Although causal
mechanisms of this nasal shift in glaucoma progression are still under debate, mechanical balances between
the CRVs and ONH tissues damaged in glaucoma is a leading hypothesis [5,7,13]. Therefore, the mechanical
implications of the effects of the CRVs on ONH biomechanics have attracted attention in ophthalmology.

However, the effects of the CRVs on ONH biomechanics have been considered to be negligible and
received less attention in more recent biomechanical studies. Biomechanical studies considering ONH
complex geometries originated with the pioneering study of [14] using an idealized axisymmetric ONH
model, and this ONH model has become one of the generic models capable of representing complex
multiple tissues constituting the ONH (e.g., applied for whole eyeball modeling [15]). Here, the CRVs were
modeled as a single straight tube assigned on the central axis of the axisymmetric ONH model, and they
concluded that the effects of the CRV on ONH biomechanics were weak except for some local stress
concentrations [14]. Subsequent studies followed this proposal and investigated ONH biomechanics while

overlooking CRV effects, for example, [15-18]. Nevertheless, the CRVs have 3D asymmetric geometries, and
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the above simplification may underestimate their mechanical effects. Sigal et al., (2004) also noted this
concern and suggested further considerations regarding 3D CRV morphologies. As a first step to reveal the
mechanical effects of the CRVs on ONH biomechanics, the mechanical model of the ONH with CRVs should
be reconsidered, taking into consideration these 3D asymmetric geometries.

This study aimed to investigate potential CRV effects on ONH biomechanics taking into
consideration the asymmetric 3D CRV geometry. Consequently, we developed an asymmetric CRV
geometry based on CRV centerlines extracted from OCT imaging of the ONH in healthy normal subjects and
superimposed this geometry on an idealized axisymmetric ONH model. Computational mechanical
simulations of the ONH against intraocular pressure (IOP) were conducted and the CRV effects on the

resultant deformed states of the ONH were evaluated.

2. Methods
2.1. CRV geometry acquisition

A CRV geometry taking into consideration anatomical morphologies was constructed based on the
OCT images of the ONH of eight participants. The participants were retrospectively enrolled from healthy
control subjects who underwent ophthalmologic examinations at the Osaka University Health and
Counseling Center as a regular health check-up. Patients with intraocular diseases except for cataracts, best-
corrected visual acuity worse than 0.5, the use of IOP-lowering medication, poor quality OCT images, or a
history of elevated IOP were excluded. A commercially available SS-OCT device (DRI-OCT, Topcon, Tokyo,
Japan) was used to acquire 6 x 6-mm? volume scans of the peripapillary area. Eyes were imaged using the
3D scan mode, for which the A-scan density was 512 lines (horizontal) x 256 lines (vertical), within a scan
time of 1.3 seconds. We applied a method we previously developed for deep learning-based noise reduction
of volumetric OCT scans [19]. The OCT images were reconstructed in a series of sagittal plane images in an
8-bit format. The in-plane pixel dimensions were 11.7 x 2.57 um? and the slice thickness was 23.4 um. The
study was approved by the Institutional Review Board of Osaka University (No. 18357). Volunteers gave

their oral and written informed consent.
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The overall workflow of the CRV geometry acquisition is presented in Fig. 1. The CRV regions in the
OCT images (Fig. 1(a)) were clarified using the 3D line enhancement filter [20] implemented in the Insight
toolkit library [21] (Fig. 1(b)), and segmented based on image intensities with manual correction using
Mimics 24.0 (Materialise, Inc., Yokohama, Japan) referring to fundus photographs of each subject (Fig. 1(c)).
The CRV centerlines were extracted using a vascular modeling toolkit (VMTK 1.4.0, http://www.vmtk.org/),
and locations of the first and second branches and roots on the LC were obtained from the CRV centerlines.
To remove the subject-specific size differences, these positions were normalized using local coordinates, in
which the center of the LC top was set as the origin and the LC diameter was set to 1. An approximate shape

of the asymmetric CRV geometries was obtained from the averages (Fig. 1(d)).

2.2. Modeling of the ONH with CRVs

An idealized ONH geometry consisting of the LC, prelamina (anterior neural tissues on the LC), sclera,
and retina (Fig. 2(a)) was constructed using Rhinoceros 7.0 (Robert McNeel & Associates. Inc, Seattle, WA)
following design parameters shown in [22], except for the curvature of the eyeball. Here, we modeled the
computational domain as flat as in [23,24] to reduce the computational cost, and the sclera around the
ONH was cut as a square shape with an edge length of 4xLC diameter. The CRV centerlines constructed in
section 2.1 were also superimposed into the ONH [25], and the CRVs were modeled as closed cylinders for
simplicity. The diameter of the central retinal artery and vein were set to 0.154 mm and 0.179 mm,
respectively [26] and vessels after the second branch on the sclera and LC bottom was created by adding

straight tubes with the same respective diameters.

2.3. Computational simulations

Computational simulations using the ONH model with and without CRVs were conducted and these
deformation states were compared to evaluate the effects of the CRVs. The ONH shapes were discretized
as a set of tetrahedral meshes with a base mesh size of 0.15 mm using HyperMesh (Altair Engineering Inc.,
Troy, MI). We adopted the edge-based gradient smoothing technique in the smoothed finite element

method framework [27-29] to improve the computational accuracies (for more details of smoothed finite
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element method, please see supplementary material 1), and solved the mechanical equilibrium equation
with respect to displacement vectors u in a finite element manner. Computational simulations were
conducted using an in-house smoothed finite element method solver and the linear algebraic equation was
solved using PARDISO implemented in the Intel oneAPI Math Kernel Library.

ONH tissues were modeled as isotropic nearly incompressible materials with linear elastic properties
and these material parameters were taken from [30], as summarized in Table 1. Boundary conditions were
illustrated in Fig. 3. An IOP of 20 mmHg [30] was loaded on the top surface of the ONH region, as a normal
range (<21 mmHg) [31]. We assumed that the eyeball deformation under IOP is isotropic and the resulting
in-plane deformation of the sclera around the ONH is also symmetric. To express this symmetric
deformation efficiently in computation, the sliding boundary condition was set on a pair of cross-sectional
planes (temporal and inferior planes, Qx- and Qy- in Fig. 3), and a circumferential (hoop) stress estimated
as 20 x |OP following [23] was loaded on another pair of cross-sectional planes (nasal and superior planes,
Qx+ and Qy+ in Fig. 3). To express the symmetric deformation against the hoop stress avoiding effects of
artificially set boundaries, each surface normal displacement on the Qx and Qy+ planes was constrained as
being uniform by the Lagrange multiplier method. Here, these geometric constraint conditions are given by

un=U_,onQ ,un=U,onQ,, (1)

Xt

where n is the unit surface normal, and U+ and Uy+ are the uniform surface normal displacement on Qx+
and Q.+, respectively. In addition, superior-inferior displacement was fixed on the bottom edges of the
cross-sectional planes.

As preliminary analyses, mesh size sensitivities were tested using ONH geometry with CRVs with
three different mesh sizes (fine: 0.075 mm, medium: 0.15 mm, and coarse: 0.3 mm) and conducted
computational simulation as the above conditions. Displacements along the central axis of the ONH were
compared among three cases and we confirmed that differences among the three cases were within 3%.

Therefore, we concluded that a medium size was appropriate for this study.

2.4. Evaluation indices
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The ONH deformation in response to the IOP was evaluated by the first principal strain and
associated principal direction. Furthermore, the extent of deformation anisotropy was evaluated by
following two evaluation indices proposed by [32] using principal stretches A; (i=1,2,3). Amelon et al., (2011)

proposed the anisotropic deformation index (ADI), given by

ADI:[(’%/L%I{%%%IT (2)

ADI ranges from 0 to infinity and 0 means perfectly isotropic deformation (ﬂ1 = /12 = /13 ). Furthermore, to

distinguish the one-direction dominant (rod-like) and two-direction dominant (slab-like) deformations, the

slab-rod index (SRI) was defined as

tan” (4 (4 =4)/4 (4 - 4))
72

SRI = , (3)

SRl ranges from 0 to 1, and 0 and 1 mean perfectly slab-like and rod-like deformations, respectively. Fig. 4

shows a schematic illustration of the meanings of the ADI and SRI.

3. Results

First, we compared the global deformation characteristics of the entire computational domain
with and without CRVs to evaluate the effects of artificially set boundaries and CRVs as a preliminary
confirmation. Both the surface normal displacements Uy and Uy were 4x1072 mm symmetrically and
differences resulting from the CRVs were <1x103 mm, and thus we concluded that the computation
satisfactorily expressed the symmetric deformation of the entire computational domain against the 10P
regardless of the CRVs. Following this confirmation, we evaluated each deformation state of the ONH
components (sclera, LC, and prelamina) with and without CRVs, as follows.

Fig. 5 (a) shows the first principal strain on the cross-sectional plane of the sclera in the case of
CRVs. The strain was axisymmetrically distributed regardless of the CRVs and concentrated along the LC
boundaries, in which the principal stretches were oriented along circumferential directions. Fig. 5 (b), (c),

and (d) show the volume fractions of the first principal strain, ADI, and SR, respectively. Each value showed



175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201

excellent agreement between the cases with and without CRVs. The strain was almost <0.02 and the ADI
ranged from 0.01 to 0.02. The volume fraction of the SRl had a maximum at an SRI of 0.01 and gradually
decreased with increasing SRI.

Fig. 6 (top and middle) shows the spatial distribution of the first principal strain, ADI, and SRI on
the central cross-sectional plane of the superior-inferior direction in the LC without and with CRVs. The
strain values distributed axisymmetrically in the case without CRVs, while local strain concentration
appeared around the CRVs in the case with CRVs. The extents of the anisotropic deformations were also
locally different in the ADI and SRI. With respect to the volume fractions of these values (Fig. 6 bottom),
these values were in good agreement between the case with and without CRVs while the volume fractions
of relatively higher values of both the ADI and SRl in the case with CRVs were larger than those in the case
without CRVs. To consider the LC global deformation, we visualized the first principal strain orientations in
the cross-sectional planes of the anterior-posterior direction in the LC (Fig. 7). Although circumferential
stretch was found on the upper plane in both cases with and without CRVs, the principal stretch orientations
displayed a different profile in the middle plane. The stretch orientation was axisymmetric in the case
without CRV, whereas strain oriented starting from the CRVs and displayed spatially asymmetric profiles.
The values of the strain were locally higher around the CRVs and these strain concentrations were more
prominent in the bottom regions.

Lastly, the spatial distribution of the first principal strain, ADI, and SRI on the cross-sectional plane
in the prelamina without and with CRVs were visualized (Fig. 8 top and middle). The strain was uniformly
distributed from 0.01 to 0.02 in the prelamina except for the top surface in the case without CRVs. By
contrast, the strain was locally higher and lower around the CRVs in the case with CRVs and ranged from 0
to 0.05. The ADI was locally lower around the CRVs, whereas the SRI was locally higher. Regarding the
volume fractions of these values (Fig. 8 bottom), the case with CRVs had much higher strain regions
compared with the case without CRVs. Clear differences between the cases with and without CRVs were
also found in the ADI and SRI. In particular, the SRl was nearly zero in almost all regions in the case without

CRVs, whereas in the case with CRVs, was relatively widely distributed.
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4. Discussion

The clinical importance of CRV geometry in the ONH and its mechanical implications associated
with glaucoma progression remain actively discussed in recent ophthalmic research [5,7,12,33], while CRV
mechanical effects have been considered to be negligible in biomechanical studies of the ONH in the last
two decades. To address this difference in opinion, the present study reconsidered the CRV mechanical
effects on ONH biomechanics by computational analyses, taking into consideration the CRV geometries.
The obtained results demonstrated that scleral deformation was in excellent agreement between the cases
with and without CRVs, whereas the local deformation characteristics in the ONH, particularly in the LC and
prelamina, displayed clear differences with the CRVs. These results may provide new important insights
into the CRV effects on ONH biomechanics, as follows.

In the prelamina, the CRVs caused anisotropic deformations and the strain ranged widely, with
high strain concentration compared to the case without CRVs (Fig. 8). In the case without CRVs, deformed
axisymmetric and slab-like stretching (SRI=0) was found, whereas anisotropic deformation with relatively
rod-like stretching was found in the case with CRVs. These results indicated that the CRV leads to regionally
different deformation with high strain concentration, rather than relieving the mechanical deformation by
the IOP as in the conventional understanding in ophthalmology [7]. This finding may be interpreted by the
following two reasons from mechanical viewpoints. One is that the CRV effects on the scleral deformation
were negligible (Fig. 5), and the total extent of the resultant in-plane deformation of the prelamina was
similarly not influenced by the CRVs. Because the in-plane deformation by the hoop stress originating from
the IOP is dominant in ONH deformation [23], the CRV may not provide sufficient mechanical resistance to
ONH deformations. Another reason is that the CRVs are located within soft tissues of the ONH, the ONH
itself not being attached to any other stiffer tissues other than the CRVs for fixation, and thus the CRVs may
not act as reinforcement components of the ONH, instead disturbing the axisymmetric, uniform
distributions of the prelamina. These new insights potentially update the conventional understanding of
the mechanical implication of the CRVs in ophthalmology.

Not only the prelamina, but also the LC deformation states were influenced by the CRVs (Figs. 6

and 7). Although the strain ranges and extents of anisotropic deformations were secondary compared to
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the prelamina (Fig. 6), the principal strain direction was not axisymmetric in the case with the CRVs and the
strain oriented starting from the CRVs due to the relatively stiffer material properties of the CRVs. It is well
established that the CRVs are located nasally in the human ONH [7], and thus the asymmetric deformation
of the LC due to the presence of CRVs, as observed from the obtained results, is anatomically reasonable.
Furthermore, mechanical damage of the LC in glaucoma patients is widely known and the extent of this
damage displays regional differences [34,35]. Although the CRV effects on the extent of the degree of strain
are secondary in this study assuming healthy subjects, these effects on ONH mechanics might become
greater in glaucoma patients with regionally deteriorated mechanical properties in the LC.

This study has three main limitations. First, mechanical analyses of the subject-specific ONH with
actual CRV geometries were still challenging due to the limits of the spatial resolution of the in vivo OCT
imaging. In particular, quantitative evaluations of cross-sectional shapes of the CRVs, particularly
intersecting regions between the artery and vein [36], are difficult to extract from OCT images, and thus we
assumed these shapes as closed cylinders. Although the mechanical simulation using anatomically
consistent CRV asymmetric geometries can provide important insights into fundamental characteristics of
ONH biomechanics, further systematic studies of the effects of CRV orientations in possible ranges,
including normal and pathologic states, would be valuable to reveal the anisotropic properties of ONH
biomechanics. Second, the mechanical properties of the ONH components were simplified as a linear elastic
material due to limited experimental knowledge. These issues make quantitative evaluation of the
mechanical response challenging, and then this study limited qualitative discussion about ONH deformation
characteristics against a representative value of mechanical parameters and IOP within normal ranges [30].
Following the possible range of material parameters [30], vascular tissue is sufficiently stiffer than neural
tissues, and characteristic deformation due to CRVs particularly in the prelamina was constantly found
within this range in preliminary analyses. Nevertheless, further systematic studies of the effects of material
parameters based on further experimental knowledge would be useful to clarify the ONH deformation
states quantitatively and damage risk estimations. In addition, the IOP change does not affect relative ONH
deformation states due to its linear elastic assumption, while the CRVs potentially cause nonlinear

mechanical responses in the ONH deformation against IOP change, particularly in soft issues such as the
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prelamina. Related to this issue, in vivo mechanical estimations of the subject-specific LC and prelamina
from these deformation states have been attempted without considering the CRV [16,37]. However, the
results obtained in the present study suggested that the mechanical effects of the CRV might be
nonnegligible in this mechanical estimation. To obtain general conclusions about the CRV effects on ONH
biomechanics, experimental tests of the material properties of the CRV are required. Third, this is the first
study to consider the CRV effects on ONH biomechanics and was limited to cases of healthy subjects. The
extent of the CRV effects would be exacerbated in glaucoma patients with mechanically damaged ONH, and
thus reasonable modeling of mechanically induced ONH tissue damage in glaucoma progression would give
new insight into the mechanical implication of the nasal shift of the CRVs, as observed in glaucoma patients
[5].

In conclusion, this study investigated the effects of 3D asymmetric CRVs on ONH deformation
states. The CRV branching morphologies in the ONH were constructed based on the OCT images of eight
healthy subjects and superimposed to the axisymmetric idealized ONH geometry. Computational
mechanical simulation of the ONH deformation against the IOP exhibited that the CRVs induced anisotropic
deformation with a relatively higher strain distribution, particularly in the prelamina, which is relatively soft
neural tissue. Although the CRVs in having a relatively stiffer structure were believed to display mechanical
support functions against IOP in ophthalmology, the current findings suggested that they induce complex
anisotropic deformation with local strain concentrations. These concluding remarks provide new important
insights into regional differences of the ONH biomechanical states associated with regional damage of the
ONH tissues observed in glaucoma, and thus we hope this study motivates further investigations about CRV

mechanical properties and functions in glaucoma patients.

Supplementary material

Supplementary material 1: Overview of smoothed finite element method and code verification
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381 Table 1 Material parameters of each component of ONH, taken from [30].

Young's Poisson’s ratio
modulus [MPa]
Sclera 9 0.49
Central retinal vessels (CRVs) 5 0.49
Lamina cribrosa (LC) 0.9 0.49
Prelamina 0.09 0.49
Retina 0.09 0.49
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Fig. 1. Overall workflow to obtain three-dimensional morphologies of the central retinal vessels. Optical
coherent tomography images of the optical nerve head (a) were filtered to clarify the blood vessel regions
(b), and a single pair of a retinal artery and vein was segmented (c). Central retinal vessels centerlines were
extracted, and each root and first and second branch locations were obtained and normalized by the

diameter of the lamina cribrosa to avoid subject-specific size differences (d).
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391 Fig. 2. Central cross-sectional planes of an idealized axisymmetric optic nerve head (ONH) geometry
392 consisting of the sclera, LC, and prelamina based on [22] (a) and that with embedded central retinal vessels

393  (CRVs) (b), and the top view of the ONH with the CRVs (c).
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Fig. 3. Schematics of the boundary conditions. Intraocular pressure (IOP) was assigned on the top surface
of the optic nerve head and associated circumferential (hoop) stress was loaded on the cross-sectional
boundary planes. Sliding conditions were set on a pair of cross-sectional boundary planes (temporal and
inferior planes, Q- and Q,-) to constrain the optic nerve head deformation with satisfactory globally

symmetric deformation.
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