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A B S T R A C T   

Collagen fibers organized circumferentially around the canal in the peripapillary sclera are thought to provide 
biomechanical support to the sensitive tissues within the optic nerve head (ONH). Recent studies have 
demonstrated the existence of a family of fibers in the innermost sclera organized radially from the scleral canal. 
Our goal was to determine the role of these radial fibers in the sensitivity of scleral canal biomechanics to acute 
increases in intraocular pressure (IOP). Following the same general approach of previous parametric sensitivity 
studies, we created nonlinear generic finite element models of a posterior pole with various combinations of 
radial and circumferential fibers at an IOP of 0 mmHg. We then simulated the effects of normal and elevated IOP 
levels (15 and 30 mmHg). We monitored four IOP-induced geometric changes: peripapillary sclera stretch, scleral 
canal displacement, lamina cribrosa displacement, and scleral canal expansion. In addition, we examined the 
radial (maximum tension) and through-thickness (maximum compression) strains within the ONH tissues. Our 
models predicted that: 1) radial fibers reduced the posterior displacement of the lamina, especially at elevated 
IOP; 2) radial fibers reduced IOP-induced radial strain within the peripapillary sclera and retinal tissue; and 3) a 
combination of radial and circumferential fibers maintained strains within the ONH at a level similar to those 
conferred by circumferential fibers alone. In conclusion, radial fibers provide support for the posterior globe, 
additional to that provided by circumferential fibers. Most importantly, a combination of both fiber families can 
better protect ONH tissues from excessive IOP-induced deformation than either alone.   

1. Introduction 

The scleral canal in the posterior pole is often described as a “weak 
spot” in the globe (Fig. 1a). (Campbell et al., 2014; Sigal and Ethier, 
2009) It is often further presumed that this weakness leads to concen
trations of strain and stress that contribute to neural tissue damage and 
potentially to vision loss (Feola et al., 2016; Hua et al., 2018; Roberts 
et al., 2010b; Sigal and Ethier, 2009; Sigal et al., 2004, 2014b; Voorhees 
et al., 2017c). This could be the case if the posterior sclera was me
chanically simple, such as constituted of linear, isotropic and 

homogeneous materials. However, this is not the case. Studies have 
shown that the posterior sclera has complex architecture and mechani
cal properties (Boote et al., 2020; Coudrillier et al., 2012; Ethier et al., 
2004; Jan et al., 2015, 2017). One of the most prominent features of 
posterior sclera architecture is a circumferential ring of collagen fibers 
surrounding the scleral canal. This ring has been reported in eyes of 
human (Brown et al., 2012; Coudrillier et al., 2012, 2013, 2015; Gogola 
et al., 2018; Markov et al., 2018; Pijanka et al., 2012, 2013; Zhang et al., 
2015; Zhou et al., 2019b), monkey (Girard et al., 2009a, 2009c; Gogola 
et al., 2018), pig (Gogola et al., 2018), cow (Gogola et al., 2018), goat 
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(Gogola et al., 2018), sheep (Gogola et al., 2018; Jan et al., 2017), and 
rat (Baumann et al., 2014; Girard et al., 2011). Computational models 
suggest that a posterior sclera with circumferential fibers is much more 
effective than one with randomly oriented fibers in providing mechan
ical support to the scleral canal. Specifically, the ring of fibers is thought 
to reduce the scleral canal expansion induced by elevated intraocular 
pressure (IOP), and with this the mechanical insult to the neural tissues 
within the canal (Campbell et al., 2015; Coudrillier et al., 2013; Girard 
et al., 2009b; Voorhees et al., 2018; Zhang et al., 2015). 

We recently used polarized light microscopy to map the architecture 
of the peripapillary sclera at micron-scale resolution (Gogola et al., 
2018; Jan et al., 2017). We found three distinct collagen organizations: 
the expected circumferential fibers proximal to the canal, unaligned 
“random” fibers, also previous described (Yang et al., 2018), and in the 
innermost peripapillary sclera (closest to the choroid) a family of 
collagen fibers aligned radially from the scleral canal (Fig. 1b). These 
radial fibers form a layer spanning 10–20% of the thickness of the per
ipapillary sclera, overlap with circumferential fibers in the region 
immediately adjacent to the canal, and extend at least 3 mm from the 
canal. We have observed these radial fibers in every eye we have stud
ied, from sheep, monkey, pig, cow, goat, and human (Gogola et al., 
2018; Jan et al., 2017). Others have also observed radial fibers in human 
eyes, both normal and with glaucoma, using wide-angle x-ray scattering 
(Pijanka et al., 2015). The prevalence of radial fibers and their proximity 
and organization tied to the scleral canal suggest that they may play a 
role in scleral canal and overall optic nerve head (ONH) biomechanics. 

While a great deal of attention has been devoted to understanding 
the role of circumferential fibers on scleral canal biomechanics (Camp
bell et al., 2015; Coudrillier et al., 2013; Girard et al., 2009b; Voorhees 
et al., 2018; Zhang et al., 2015), the role of radial fibers has not been 
studied in nearly as much detail (Girard et al., 2009b; Grytz et al., 2020; 
Voorhees et al., 2018). Our goal was to determine the role of these radial 
fibers in the sensitivity of scleral canal biomechanics to acute increases 
in IOP. We hypothesized that radial fibers provide support for the pos
terior pole, additional to that provided by circumferential fibers, 
dampening the IOP-related biomechanical insult to the tissues of the 

ONH and reducing the risk of damage. 

2. Methods 

We followed the same general approach as other studies of the role of 
sclera properties on the ONH (Feola et al., 2016; Girard et al., 2009b; 
Hua et al., 2018; Sigal et al., 2004, 2005a; Voorhees et al., 2016). Briefly, 
we created seven finite element models of the posterior pole of the eye 
with various combinations of radial and circumferential fibers. For each 
model, we simulated the biomechanical effects of normal (15 mmHg) or 
elevated (30 mmHg) IOP. Analyzing the set of models, we determined 
the role that each family of fibers – circumferential, radial, and combi
nations of them, have on IOP-induced deformation of the posterior 
sclera and ONH. The rationale for these key assumptions and implica
tions are addressed later in the Discussion. 

2.1. Model geometry 

Based on the anatomy of the monkey eye (Roberts et al., 2010a), the 
posterior pole of the eye was modeled as a hemisphere with an inner 
radius of 10 mm and a constant thickness of 0.5 mm (Fig. 2a). The model 
was partitioned to represent various tissues (Fig. 2b). The region closest 
to the axis of symmetry with a radius of 0.8 mm represented the scleral 
canal, containing the lamina cribrosa (LC, 0.2 mm thick) and the pre- 
and post-laminar neural tissues (0.1 mm and 0.2 mm thick, respec
tively). The region adjacent to the canal had five layers, each 0.1 mm 
thick. The four outer layers were modeled as sclera and the innermost 
one as tissue that in this work we refer to as “retina”. Although we use 
the term “retina” for simplicity, similar to other studies (Hua et al., 
2018; Sigal et al., 2004), it is important to consider that it represents 
both the retina and other neural tissues, as well as the choroid. The ring 
surrounding the canal with a width of 0.8 mm was defined as the peri
papillary region, including the peripapillary sclera and retinal tissue. 

Fig. 1. (a) Anatomy of the eye in sagittal cross-section. Adapted from a diagram by the National Eye Institute. (b) Coronal (top) and sagittal (bottom) views of a 
human peripapillary sclera visualized on the submicrometer scale using polarized light microscopy (Jan et al., 2015). Following a process previously described 
(Gogola et al., 2018), a posterior pole was serially sectioned coronally. All the sections through the ONH were imaged, and a representative one selected to show. The 
sections were assembled into a stack and a virtual sagittal section created. In each image, colors indicate local fiber orientation in polar coordinates (C – Circum
ferential, R – Radial) in the section plane, whereas pixel intensity is proportional to collagen fiber density. Circumferential fibers can be identified by their red colors 
(green solid rectangles) and are adjacent to the scleral canal, in the more exterior sclera. Radial fibers can be identified by the blue and cyan colors (yellow dashed 
rectangles). Radial fibers form a layer spanning 10–20% of the thickness of the peripapillary sclera, overhang the circumferential fibers in the most anterior region 
immediately adjacent to the canal, and extend from the canal to the edge of the section. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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2.2. Tissue mechanical properties 

Tissues were modeled as hyperelastic, fiber-reinforced composites of 
the form utilized previously (Voorhees et al., 2017c). Briefly, 

W ​ = ​ WFiber + WGround (1)  

where W was the total strain energy density, WFiber was the strain energy 
density of the anisotropic components such as fibers (collagen fibers for 
the sclera and LC beams or cytoskeletal filaments for the neural tissues), 
and WGround was the isotropic strain energy density of the ground sub
stance. The strain energy density of a fiber was modeled using an 
exponential power law with the form 

wFiber =
ξ

2α

(
exp

[
α
(
λ2

n − 1
)2
]
− 1

)
(2)  

where ξ was a linear material constant defining the linear stiffness of 
fibers, α was a non-linear material constant that governed how the 
stiffness of the fibers changed with the stretch of the fiber, and λn was the 
fiber stretch. The strain energy density for all fibers was then calculated 
as the sum of the strain energy density for individual fibers using the 
equation 

WFiber =

∫ π

− π
H(λn − 1) ⋅ p(θn) ⋅ wFiber⋅dθn (3)  

where H was a Heaviside function used to ensure that fibers were un
stressed in compression, p was the probability density function used to 
describe the relative number of fibers with a given orientation, and θn 
was the orientation of an individual fiber. The strain energy density 
equation for the ground material was modeled as a Mooney-Rivlin solid 
which has the form 

WGround =C1(I1 − 3)+C2(I2 − 3) +
1
2

K(ln J)2 (4)  

where C1 and C2 were material constants defining the stiffness of the 
material, I1 and I2 were the first and second invariants of the right 
Cauchy-Green deformation tensor (non-directional measures of material 
deformation), K was the bulk modulus which defined the compress
ibility of the material, and J was the Jacobian of the deformation 
gradient, which was a measure of the volume change of the material. For 
the collagenous tissues (sclera and LC), the parameter C2 was set to zero, 
which is analogous to a neo-Hookean formulation. 

Similar to previous finite element models (Feola et al., 2016; Girard 
et al., 2009b; Hua et al., 2017; Sigal et al., 2004, 2005a; Voorhees et al., 

Fig. 2. (a) Generic model geometry of the posterior pole. Arrows indicate the circumferential, radial, and through-thickness directions, respectively. (b) Close-up of 
the optic nerve head region illustrating the tissues modeled. Shown is a cross section of an axially symmetric model. (c) Schematic illustration of the seven models 
with various scleral collagen fiber orientations. Regions of radial fibers are shaded in yellow with a “-” symbol, circumferential fibers in green with a “•” symbol, and 
randomly oriented fibers in light blue with a “#” symbol. Models CR0, CR50, CR90 and CR100 vary in the notch or the overlap between radial and circumferential 
fibers. (d) The notch ratio (range 0–100%) was calculated as the ratio of the overlap length of radial fibers in the peripapillary sclera region to the width of the 
circumferential ring. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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2017b, 2017c), the collagenous tissues (sclera and LC) were modeled 
using a nearly incompressible constitutive formulation, and therefore 
the bulk modulus does not directly correspond to the compressibility of 
the tissue. Instead, it acts as a penalty factor that helps define how strict 
the incompressibility constraint is enforced. The values selected pro
vided reliable model convergence while keeping volume changes low. 
The neural tissues (retina, pre- and post-laminar neural tissues) were 
modeled as compressible, which allowed for changes in axoplasmic and 
blood volumes. The bulk modulus for the neural tissues was the one that 
Galle and colleagues obtained by fitting experimental data (Galle et al., 
2010). 

The hyperelastic parameters for the sclera were determined by fitting 
experimental data obtained from human sclera via inflation testing 
(Coudrillier et al., 2013), and those for the neural tissues were based on 
guinea pig white matter (Galle et al., 2010). Equivalent 
experimentally-measured LC properties are not available. Thus, we 
assigned the LC properties based on the reported average laminar con
nective tissue volume fraction (Roberts et al., 2010a). Specifically, this 
meant that the LC hyperelastic parameters were such that the LC strain 
energy density was one-fourth that of the sclera. For simplicity, we used 
a single set of parameters for the whole LC. A summary of tissue me
chanical properties is listed in Table 1. 

The collagen fibers were modeled using a 3D π-periodic von Mises 
distribution with a concentration parameter k. High values of k repre
sented highly aligned fibers, whereas k = 0 represented a perfectly 
uniform distribution of fibers, i.e., unaligned “random” fibers. For the 
neural tissues in the retina, we assumed that the axons are well aligned, 
and therefore assigned the same degree of alignment parameter as the 
radial fibers in the sclera (k = 2). For the pre- and post-laminar neural 
tissues, we assumed that fibers were aligned anteriorly-posteriorly. The 
collagenous tissues, sclera and LC, were initially assigned random fibers 

(k = 0). For the parametric analysis the orientation and degree of 
alignment of various regions of the sclera were varied as detailed below. 

2.3. Parametric studies 

We created seven models with scleral collagen fibers organized in the 
following ways (Fig. 2c):  

• Model I (from Isotropic): the simplest case, with the sclera assumed 
to be isotropic with no preferential orientation (k = 0). This is closest 
to the isotropic sclera in several previous studies (Bellezza et al., 
2000; Hua et al., 2017, 2018; Norman et al., 2011; Sigal et al., 2004; 
Voorhees et al., 2016).  

• Model C (from Circumferential): a model with a ring of fibers around 
the canal, with the peripapillary sclera assumed to be anisotropic in 
the circumferential direction (k = 2) (Coudrillier et al., 2013; Feola 
et al., 2016; Grytz et al., 2014, 2020; Voorhees et al., 2018; Zhang 
et al., 2015; Zhou et al., 2019a).  

• Model R (from Radial): a model incorporating only radial fibers in 
the innermost sclera. Specifically, we assumed the innermost layer of 
the sclera to be anisotropic in the radial direction (k = 2) (Girard 
et al., 2009b; Grytz et al., 2020; Voorhees et al., 2018).  

• Models CR0, CR50, CR90 and CR100 (from Circumferential and 
Radial): To account for all three tissue regions observed experimen
tally (Gogola et al., 2018). Models vary in the details of the “notch” 
region of overlap between radial and circumferential fibers. Specif
ically, the number refers to the percent of overlap length of radial 
fibers in the peripapillary sclera region to the width of the circum
ferential ring (Fig. 2d). In the extreme cases the radial fibers insert 
directly into the LC (CR100) or there is a full-width ring between 
radial fibers and canal (CR0). CR90 is likely the closest to our ob
servations from histology (Gogola et al., 2018), although the anat
omy varies substantially between eyes and species. 

2.4. Boundary conditions 

The models, as constructed, represented the posterior pole without 
IOP. Our goal was to understand the impact of radial fibers on the ONH 
biomechanical environment. It seems plausible that these fibers could 
play a role at all levels of IOP, or, alternatively, only at normal or only at 
elevated IOPs. Thus, we simulated the effects of increasing IOP from 0 to 
a normal 15 mmHg, and from 15 mmHg to an elevated 30 mmHg. The 

Table 1 
Mechanical properties specified for the sclera, lamina cribrosa and neural tissues 
(including the retina, and pre- and post-laminar neural tissues).  

Parameters Sclera Lamina  
cribrosa 

Neural  
tissues 

ξ – Fiber stiffness (kPa) 1600 400 69.4 
α – Fiber non-linearity 120 120 1 
C1 – 1st Mooney-Rivlin constant (kPa) 150 37.5 0.876 
C2 – 2nd Mooney-Rivlin constant (kPa) 0 0 0.614 
K – Bulk modulus (kPa) 5000 1250 41.2  

Fig. 3. Schematics of the optic nerve head 
region in the undeformed and deformed 
configurations to explain how the four geo
metric changes were calculated. The four 
geometric changes considered were the per
ipapillary sclera stretch, scleral canal 
displacement, lamina cribrosa displacement, 
and scleral canal expansion. We also quan
tified IOP-induced radial (maximum ten
sion) and through-thickness (maximum 
compression) strains within the optic nerve 
head tissues. We refer readers to Fig. 2a for 
the direction conventions.   
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nodes on the equator were constrained to deform so that they remained 
on the equatorial plane, as done previously (Hua et al., 2018; Sigal et al., 
2004). 

2.5. Solutions 

All models were solved using FEBio v2.9.1 with eight-node hexahe
dral elements (Maas et al., 2012). Convergence tests were performed 
and adequate accuracy (relative strain differences under 1%) was 

achieved with an averaged element length in the ONH and peripapillary 
sclera of 0.1 mm. 

2.6. Outcome measures 

We selected a set of outcome measures based on those that we (Hua 
et al., 2018; Sigal et al., 2004, 2011a, 2011b, 2007), and others (Cou
drillier et al., 2012, 2013; Girard et al., 2009b; Ling et al., 2019; Ma 
et al., 2019, 2020; Midgett et al., 2020; Murienne et al., 2015; Pavlatos 

Fig. 4. Effects of collagen fiber orientations on the four geometric measures at normal (15 mmHg) and elevated (30 mmHg) IOPs. Note that there are no intermediate 
values between models and lines are added for visualization purposes only to help discern trends. Among all the models considered, Model C had the smallest scleral 
canal expansion and the largest lamina cribrosa displacement at both IOPs, whereas the opposite was observed with Model R. A good balance of IOP-induced 
geometric changes was reached by the models with a combination of both fiber families (Models CR0, CR50, CR90 and CR100). The notch ratio of radial fibers 
determined the combined effects of radial and circumferential fibers. A larger ratio made the combined effects closer to those of radial fibers (Model R), whereas a 
smaller one closer to those of circumferential fibers (Model C). For Model R, the lamina cribrosa displacement increased only by 9% as IOP doubled. This suggests 
that radial fibers are more efficient in reducing the lamina cribrosa displacement at elevated IOP. 

Fig. 5. An illustration of how the models displaced and deformed with the increases in IOP. Shown are computed deformations (exaggerated five times) for Models I, 
C, CR90 and R as IOP increased from 0 mmHg (dashed black lines show the model outline) to 15 mmHg (normal, light blue) and 30 mmHg (elevated, dark blue), 
respectively. Radial fibers (Models CR90 and R) are efficient in reducing IOP-induced posterior displacement of the scleral canal and lamina cribrosa. (For inter
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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et al., 2016, 2018), have postulated are biologically important or 
because they are clinically observable. We divided the outcome mea
sures into the following categories. 

Geometric changes  

• Peripapillary sclera stretch: measured as the extension of the curve 
length of the anterior surface of the peripapillary sclera (Fig. 3). Note 
the peripapillary sclera stretch is similar to strain measures in that it 
represents a change in length. However, instead of being a measure 

at a point, like strain is, the peripapillary sclera stretch represents the 
average stretch in the anterior surface of the peripapillary sclera.  

• Scleral canal displacement: measured as changes in the anterior- 
posterior position of the anterior scleral canal opening with respect 
to the centroid of the globe (Girard et al., 2009b; Hua et al., 2018; 
Sigal et al., 2004).  

• Lamina cribrosa displacement: measured as changes in the anterior- 
posterior position of the center of the posterior LC surface with 

Fig. 7. Box plots of radial and through-thickness strains within four regions of the ONH at normal IOP (15 mmHg). The four regions were the peripapillary retinal 
tissue, pre-laminar neural tissue, lamina cribrosa, and post-laminar neural tissue. Consistent with the observations in Fig. 6, Models CR0, CR50, CR90 and CR100 
maintained strains within the four regions of the ONH at a level similar to those in Model C. 

Fig. 6. Contour plots of radial and through-thickness strains at normal IOP (15 mmHg). To simplify comparisons, the strains are shown in the undeformed geometry. 
Dashed lines were added to help discern tissue boundaries, in black or white depending on the contour levels. There were three “hot spots” of strain: in the scleral 
canal at the LC and post-laminar tissues, in the peripheral pre-laminar tissues, and in the most anterior peripapillary region. In general, the strains in Model C were 
smaller than those in Model I. Models CR0, CR50, CR90 and CR100 maintained strains within the ONH at a level similar to those in Model C in the canal and slightly 
lower in the sclera. Overall, the through-thickness strain showed similar dependence on fiber orientations to radial strain. 
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respect to the posterior lamina insertion into the sclera (Girard et al., 
2009b; Hua et al., 2018; Sigal et al., 2004, 2011a, 2011b).  

• Scleral canal expansion: measured as changes in the canal diameter 
at the anterior scleral canal opening (Coudrillier et al., 2013; Girard 
et al., 2009b; Hua et al., 2018; Sigal et al., 2004, 2011a, 2011b). 

Strains  

• Radial strain: a measure of IOP-induced maximum tension of ONH 
tissues. See Fig. 2a for the direction conventions (Coudrillier et al., 
2012; Girard et al., 2009b; Ling et al., 2019; Ma et al., 2019, 2020; 
Midgett et al., 2020; Murienne et al., 2015; Pavlatos et al., 2016, 
2018; Sigal et al., 2007).  

• Through-thickness strain: a measure of IOP-induced maximum 
compression of ONH tissues (Ma et al., 2019, 2020; Pavlatos et al., 
2016, 2018; Sigal et al., 2007). 

We computed the distributions of each of the strains within four 
regions of the ONH, i.e., the peripapillary retinal tissue, pre-laminar 
neural tissue, lamina cribrosa, and post-laminar neural tissue. These 
distributions were characterized by the median and peak. The volume- 
weighted 95th and 5th percentiles were used as the definition of the 
peak value of radial and through-thickness strains, respectively, to 
reduce the influence of possible numerical artifacts (for example, from 
artificially sharp geometries or transitions in tissue mechanical proper
ties) or of regions too small to have a physiologic significance. Note also 
that terminology sometimes varies between studies. For example, the 
term “radial” is sometimes used to refer to the direction from the center 
of the globe, akin to what we call “through-thickness”. Herein we fol
lowed the terminology in our studies of ONH and sclera microstructure 
(Gogola et al., 2018; Jan et al., 2017). 

3. Results 

The effects of collagen fiber orientations on the four geometric 
measures are shown in Fig. 4. Overall, there were substantial effects of 
the fiber orientations on stretch, displacement, and expansion of tissues. 
An illustration of how the models displaced and deformed with increases 

in IOP is shown in Fig. 5. The images show that circumferential and 
radial fibers have distinct effects on the posterior pole and ONH response 
to IOP, and are neither independent nor opposite. 

The distributions of radial and through-thickness strains predicted at 
normal IOP are shown as contour plots in Fig. 6. Corresponding box plots 
are shown in Fig. 7. There were three “hot spots” of strain: in the scleral 
canal at the LC and post-laminar tissues, in the peripheral pre-laminar 
tissues, and in the most anterior peripapillary region. Models CR0, 
CR50, CR90 and CR100 maintained strains within the four regions of the 
ONH at a level similar to those in Model C in the canal and slightly lower 
in the sclera. Overall, the through-thickness strain showed similar 
dependence on fiber orientations to radial strain. 

Contour and box plots at elevated IOP are shown in Figs. 8 and 9, 
respectively. Distribution patterns of the strains were similar between 
normal and elevated IOPs. At elevated IOP, Model R had a lower peak 
radial strain within the pre-laminar neural tissue than Model C, whereas 
the opposite was observed at normal IOP. Not surprisingly, the magni
tudes of the strains at elevated IOP were higher than at normal IOP. Due 
to the nonlinear mechanical properties, IOP doubling produced less than 
double deformations. 

4. Discussion 

Recent studies have demonstrated the existence of a family of fibers 
in the innermost sclera organized radially from the scleral canal (Boote 
et al., 2020; Gogola et al., 2018; Jan et al., 2017; Pijanka et al., 2015). 
Our goal was to determine the role of these radial fibers in the sensitivity 
of scleral canal biomechanics to acute increases in IOP. We have shown 
that, despite being less than 20% of the thickness of the peripapillary 
sclera, this layer of radial fibers has substantial effects on scleral canal 
biomechanics. Specifically, our models predicted that: 1) radial fibers 
reduced the posterior displacement of the lamina, especially at elevated 
IOP; 2) radial fibers reduced IOP-induced radial strain within the peri
papillary sclera and retinal tissue; and 3) a combination of radial and 
circumferential fibers maintained strains within the ONH at a level 
similar to those conferred by circumferential fibers alone. Below we 
discuss each of these findings in detail. 

Our models predicted that radial fibers reduced the posterior 

Fig. 8. Contour plots of radial and through-thickness strains at elevated IOP (30 mmHg). To simplify comparisons, strains are shown in the undeformed geometry 
Dashed lines were added to help discern tissue boundaries, in black or white depending on the contour levels. Distribution patterns of the strains were similar 
between normal and elevated IOPs, although the strain magnitudes at elevated IOP were higher. Due to the nonlinear mechanical properties, IOP doubling produced 
less than double deformations. 
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displacement of the lamina, especially at elevated IOP. The implications 
of this can be better understood when considering a useful framework 
that has emerged in the past few years to describe lamina displacements 
resulting from increases in IOP. In this framework, overall lamina dis
placements are the result of the direct effects of IOP pushing the lamina 
posteriorly, and the indirect effects of IOP deforming the sclera, 
expanding the canal, which in turn pulls the lamina taut from the sides 
(Burgoyne and Downs, 2008; Girard et al., 2009b; Roberts et al., 2010a; 
Sigal and Ethier, 2009; Sigal et al., 2010b, 2011b; Yang et al., 2009). 
Within this framework, a simple reinforcement of the canal with 
circumferential fibers is efficient in reducing IOP-induced canal expan
sion (indirect effects of IOP). However, this is at the expense of inducing 
a large posterior displacement of the lamina (direct effects of IOP). This 
“disadvantage” of circumferential fibers can be counteracted by radial 
fibers, which allow the canal to expand substantially and pull the lamina 
taut from the sides, reducing its posterior displacement. Our results 
further suggest that a combination of both families of radial and 
circumferential fibers supports the posterior globe better than either 
alone. The notch ratio of radial fibers determined the combined effects 
of radial and circumferential fibers. A larger ratio made the combined 
effects closer to those of radial fibers, whereas a smaller one was closer 
to those of circumferential fibers. We analyzed histological sections of 
sheep posterior sclera and found that the physiological notch ratio of 
radial fibers was close to 90% (Model CR90) (Jan et al., 2017), indi
cating the combined effects were dominated by those of radial fibers. 

Radial fibers reduced IOP-induced radial strain within the peri
papillary sclera and retinal tissue. This strain is longitudinal to the 
axons, and potentially harmful. Our results demonstrate that radial fi
bers can protect the neural tissues of the retina surrounding the canal, 
complementing circumferential fibers that protect the neural tissues 
within the canal. Our results also show that, compared to a sclera with 
circumferential fibers alone, a sclera with radial fibers alone had a lower 
peak radial strain within the pre-laminar neural tissue at elevated IOP. 
This peak strain was located at the rim area of the pre-laminar neural 
tissue, adjacent to the peripapillary retinal tissue. Several studies have 
suggested that, in addition to the LC, the pre-laminar neural tissue rim 
may be another site of injury to the retinal ganglion cell axons in 

glaucoma (Chauhan et al., 2013; Chen, 2009; Danthurebandara et al., 
2015; Fortune et al., 2016; Gardiner et al., 2014; Lee et al., 2020). The 
level of strain likely increases the risk of axonal injury (Gennarelli et al., 
1989; Kurtoglu et al., 2017; Lee et al., 2017; Margulies and Thibault, 
1992). Hence, the advantage of radial fibers to reduce peak radial strain 
within the pre-laminar neural tissue rim at elevated IOP may play an 
important role in axonal protection. 

A combination of radial and circumferential fibers maintained 
strains within the ONH at a level similar to those conferred by circum
ferential fibers alone. This suggests that the existence of radial fibers 
does not weaken the biomechanical support to the ONH provided by 
circumferential fibers. Strains within the LC increased with the notch 
ratio of radial fibers. Since the LC is the primary site of axonal injury to 
retinal ganglion cells in glaucoma (Minckler et al., 1977; Quigley, 1999, 
2005), we hypothesize that this ratio may contribute to the predisposi
tion of glaucoma. However, additional studies, i.e., accurate measure
ments and comparison of the notch ratio of radial fibers between normal 
and glaucoma human eyes, are needed to test our hypothesis. 

Although several studies have identified radially aligned collagen 
fibers in the innermost layer of the sclera (Boote et al., 2020; Gogola 
et al., 2018; Jan et al., 2017; Pijanka et al., 2015), to the best of our 
knowledge, there have been no systematic analysis of how these fibers 
affect the biomechanical environment within the scleral canal. We have 
demonstrated that radial fibers provide support for the posterior globe 
additional to that provided by circumferential fibers, and most impor
tantly, that a combination of both fiber families can better protect ONH 
tissues from IOP-induced excessive deformation than either alone. Most 
numerical models of the posterior pole that consider scleral anisotropy, 
only incorporated circumferential fibers surrounding the canal (Camp
bell et al., 2015; Feola et al., 2016; Voorhees et al., 2017c, 2018; Wang 
et al., 2016; Zhang et al., 2015). To the best of our knowledge, the only 
numerical study incorporating both circumferential and radial fibers is 
that of Grytz and colleagues (Grytz et al., 2020). This study suggests that 
missing radial fibers could reduce the fidelity of the models for repre
senting posterior pole response to IOP. 

The numerical models presented in this work are a simplification of 
the ONH and posterior pole of the eye, in both anatomy and mechanical 

Fig. 9. Box plots of radial and through-thickness strains within four regions of the ONH at elevated IOP (30 mmHg). The formatting is the same as in Fig. 7. Again, 
distribution patterns of the strains were similar between normal and elevated IOPs. At elevated IOP, Model R had a lower peak radial strain within the pre-laminar 
neural tissue than Model C, whereas the opposite was observed at normal IOP. 
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properties. It follows the general idea of generic parametric models we 
have published previously (Sigal, 2009, 2011; Sigal et al., 2004, 2005a; 
Voorhees et al., 2016). Although the simplifications may not capture 
every aspect of the complex behavior of the ONH, they are well-suited to 
test the fundamental behavior of the parameters of interest, without the 
overlying complexity of inter-eye variability that the specimen-specific 
models imply (Sigal et al., 2005b, 2009a, b, 2010a; Sigal et al., 
2010c). In addition, these simplifications help provide fundamental new 
insight into the mechanical behavior of the posterior pole of the eye that 
would be otherwise unobtainable through experiment. A thorough dis
cussion of the limitations of this modeling approach can be found in our 
previous studies (Roberts et al., 2018; Sigal et al., 2004, 2005a, 2014a; 
Sigal and Ethier, 2009, 2007; Sigal and Grimm, 2012; Voorhees et al., 
2016), and was recently discussed in detail (Roberts et al., 2018). Below, 
we summarize the limitations and considerations most relevant to this 
work. 

First, our models only simulated the posterior pole of the eye, 
without including the anterior portion. It is possible that the deforma
tion of the posterior pole is influenced by that of the anterior portion. We 
recently used high-field MRI to measure IOP-induced whole globe 
deformation (Voorhees et al., 2017a). Anterior bulging of the cornea and 
posterior bowing of the sclera were clearly observed, but changes in the 
equatorial diameter were minimal. This suggests that the deformation of 
the anterior pole diminishes towards the equator, and its influence on 
the deformation of the posterior pole should be negligible. 

Second, although our models incorporated depth-dependent varia
tions in collagen fiber orientations, the degree of fiber alignment was 
simply assumed the same (k = 2). In future models, a physiological- 
based degree of fiber alignment, a feature that may contribute to the 
development and progression of glaucoma, should be taken into 
consideration (Danford et al., 2013; Pijanka et al., 2015; Yan et al., 
2011). 

Third, we assumed that radial fibers extended all the way to the 
equator. This assumption is based on our previous studies, where we 
reported that radial fibers extended out from near the canal to the edge 
of trephine sections (diameter: 8–14 mm) (Gogola et al., 2018; Jan et al., 
2017). It remains unknown if they extend to the equator. 

Fourth, we treated random fibers as an isotropic mixture. Using 
polarized light microscopy, we found that these fibers were actually 
interwoven and formed a basket-weave pattern (Jan et al., 2017; Yang 
et al., 2018). More complex models will be required to understand the 
implications of this interwoven architecture on scleral canal biome
chanics (Wang et al., 2020). 

Fifth, we derived neural tissue properties from guinea pig white 
matter and thus they are not exact for human eyes (Galle et al., 2010). 
The rationale for our choice has been illustrated previously (Voorhees 
et al., 2017b, 2017c). Experimental determination of neural tissue me
chanical properties would improve future models and provide valuable 
insight into the mechanics of the ONH. 

Sixth, our models account only for acute effects of IOP, and do not 
incorporate chronic effects, which could include remodeling (Grytz 
et al., 2012; Yang et al., 2017), compromised perfusion (Chuangsuwa
nich et al., 2016; Paula et al., 2017) and/or axoplasmic flow (Boote 
et al., 2020; Yang et al., 2017), or neural tissue loss. In addition, our 
models do not incorporate intracranial pressure changes (Feola et al., 
2016; Hua et al., 2017, 2018), eye movements (Wang et al., 2016), and 
choroidal swelling (Feola et al., 2018), in which radial fibers may play a 
distinct role in ONH biomechanics. The models also do not consider 
prestresses (Grytz and Downs, 2013) or residual stresses or strains 
(Wang et al., 2015). 

In conclusion, we have demonstrated that radial fibers provide 
support for the posterior globe additional to that provided by circum
ferential fibers. Most importantly, we show that a combination of both 
fiber families can better protect ONH tissues from excessive IOP-induced 
deformation than either alone. Several techniques for neuroprotection 
via manipulation of scleral mechanical properties are in development 

(Campbell et al., 2017; Quigley and Cone, 2013). An understanding of 
the complex characteristics of the sclera and their interactions on scleral 
canal biomechanics is essential to optimize these treatments. 
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