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ABSTRACT OF THE DISSERTATION

Empirical validation of optic nerve tethering by horizontal duction

by

Seongjin Lim
Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2023
Professor Joseph L. Demer, Co-Chair

Professor Vijay Gupta, Co-Chair

A hypothesis that the optic nerve and the optic nerve sheath pull the optic disc and its
peripapillary regions is proposed and named “optic nerve tethering.” Although the optic nerve
traction hypothesis seems reasonable, the empirical validation has not been conducted. Because
empirical validation of the hypothesis is an essential step to develop this research field, | designed
a set of four research projects for the purpose. Each project accounts for each different chapter in
this dissertation.

Chapter 1 introduces background to understand optic nerve traction and its empirical
validation. Because this dissertation requires multidisciplinary knowledge from ophthalmology,
image processing, and continuum mechanics, the reader is recommended to read through materials

in this introductory chapter.



In Chapter 2, a research project using scanning laser ophthalmoscopy was performed to
take images on the optic disc and its peripapillary regions, while the eyes were fixing in various
directions. By comparing images obtained in different eye positions, mechanical deformations
were analyzed by computing two-dimensional strains. By presenting the strain values caused by
eye rotation, the existence of mechanical deformations was demonstrated.

Chapter 3 explains a project using optical coherence tomography angiography for
visualizing retinal blood vessels in 3D space. From volume changes in retinal blood vessels, the
optic disc and its peripapillary regions were found to be pulled by the optic nerve, and the result
was consistent with the optic nerve tethering hypothesis.

Chapter 4 introduces a magnetic resonance imaging study to analyze strains in the optic
nerve resulting from eye rotation. In this project, the parameterization of optic nerve path obtained
by magnetic resonance imaging was used to measure local optic nerve strains, which had never
before been measured.

In Chapter 5, 3D digital image correlation and finite element method was employed to
study adduction eye rotation. Scleral deformations from adduction were analyzed in two different
ways, which validated and elaborated the optic nerve tethering hypothesis.

Chapter 6 concludes this dissertation and states open research questions for the optic

nerve tethering hypothesis.
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CHAPTER 1. INTRODUCTION

1.1. Prologue

During the past few decades, biomechanics in the ophthalmology field have progressively
developed and elucidated many scientific findings® 2. Because mechanical forces and deformations
can be related to pathophysiology for ophthalmic disorders?, researchers have investigated
biomechanical phenomena of cornea® 4, iris®, lamina cribrosa® 7, and sclera® °. However, even
researchers in ocular biomechanics have paid scant attention to biomechanical effects of eye
movement®®. The eye rotates within a range of up to 55°%, and saccades occur three times per a
second*?. Given the dynamic motility of the eye, reappraisal of relations between eye movement

and ocular biomechanics is necessary.

Magnetic resonance imaging demonstrated that horizontal rotation towards the midline
(adduction) renders the optic nerve and its sheath taut, stretching them'°. The adducted, taut optic
nerve and its sheath were presumed to transfer mechanical loads to the optic disc and peripapillary
region; this phenomenon regarding this hypothesis has been named ‘“optic nerve tethering.”
Researchers have used imaging®® '* * and finite element analysis> ¢ to investigate this
biomechanical phenomenon. Representative imaging techniques that have been used for this
purpose are scanning laser ophthalmoscopy*, optical coherence tomography®3, and magnetic

resonance imaging°.

Though imaging supported the hypothesis of optic nerve tethering, optic nerve tethering
has not been validated directly. Previous empirical studies also measured deformations of retinal
layers® 14 and the optic nervel” 18, but the disparate evidence had not been linked to explain the

optic nerve tethering in terms of continuum mechanics. Moreover, because numerical simulation



uses a computational model to simplify the biological environment, results from the numerical
simulation cannot definitively prove the hypothesis. As a result, the hypothesis for optic nerve
tethering has been controversial among researchers. To address the problem, a set of research

experiments was designed and conducted.

The principal question in this dissertation is whether optic nerve tethering can be verified
and quantified via image processing. To answer the main question, | decomposed the research
question into several pieces. Thus, the first task was to investigate if mechanical deformations due
to eye rotation exist. The second task was to study whether the deformations are due to traction
force, and the next question was about the source of the traction force. The last question in this
project was about whether the traction force can be significantly transferred to the eyeball. By

resolving each question, | tried to find an answer to the main question for the dissertation.

1.2.  Preliminaries

Before exploring this question, a few preliminaries are to be introduced. Since this
multidisciplinary research topic lies in the intersection of ophthalmology, continuum mechanics,
and image processing, | explain the three domains briefly in this introductory chapter. First, |
define the anatomical terminology used in this dissertation. Then, | will present continuum
mechanics and image processing sequentially. Lastly, I will introduce statistical methods used in

this dissertation.



1.2.1. Posterior segment of the eye

The optic nerve is a primary region of interest in the optic nerve traction hypothesis.
Because the optic nerve inserts on the posterior eye, resultant effects of the optic nerve traction
would influence on the posterior segment. Therefore, | introduce anatomical features in the

posterior segment that are important to designing the research.

The optic nerve is a cranial nerve that transmits the visual signal from the retina to the
brain. Considering the fact that axons of the optic nerve account for 38% of axons in the central
nervous system®®, the optic nerve is an important sensory system in the human body. The optic
nerve can be considered as having four anatomical sections: the intraocular, the intraorbital, the
intracanalicular, and intracranial segments®®. Throughout this dissertation, optic nerve usually
refers to the intraocular and intraorbital segments. The very short intraocular segment is situated
in the globe, and the intraorbital segment runs from the posterior region of the globe to the orbital
apex. At the end of the intraorbital segment, the dura of the optic nerve is fixed to the bone!® and

surrounded by Annulus of Zinn, which is tendinous origin of extraocular rectus muscles®.

The optic disc, also known as optic nerve head, is a spot on the retina where the axons of
the retinal ganglion cells converge and the retinal vessels originate?t. The optic disc includes the
lamina cribrosa that is a mesh-like structure to supply structural support to the retinal ganglion
cell axons?> 23, Damage to the lamina cribrosa is postulated to initiate ophthalmic disorders®*, and
the lamina cribrosa is known to be sensitive to mechanical stimuli?®. Therefore, mechanical
deformations of the optic disc may have a potential to induce pathological changes in the eye.
Since intraocular pressure changes have been primarily postulated as the mechanism of the
mechanical stimuli for the lamina cribrosa®® 27, the possibility of deformations due to eye rotation

also needs to be investigated (Chapter 2).



The sclera is the outer layer of the eyeball, and it plays an important structural role in
protecting internal layers of the eye®. Because the sclera is exposed to continuous mechanical
stimuli due to eye movement and fluctuating intraocular pressure®, its resilience and resistance are

critical to all functions of the eye.

1.2.2. Continuum mechanics

Strain represents how much an object deforms locally?®, and Green-Lagrangian strain
tensor is used to quantify strain in this dissertation. Because strain is a second-rank tensor, von
Mises strain®® is also used to represent deformation as a scalar. Stress is a second-rank tensor to
describe how large force acts in a local region of an object?. Stress is a criterion for changes in
mechanical behavior or fracture in a solid®® 3!, including biological tissues®? *3. Moreover, strain

and stress are closely related, and hence strain is an important quantity throughout this dissertation.

Finite element method is a numerical technique designed for solving discretized partial
differential equations®*. Since the governing equations in solid mechanics are partial differential
equations?, finite element method is also used in ocular biomechanics®. In this approach, a
complex domain is subdivided into small parts called finite elements, and physical fields are
approximated on these discretized finite elements. Physical equations are formulated for each finite
element, and the resulting equations are assembled across the entire domain using nodal
connectivity. Following the assembly, a global equation is formed, and boundary conditions are
imposed. Subsequently, a numerical solution for the global equation is obtained3®. This
computational approach was utilized to simulate deformations of eyes under loadings in Chapter

5.



1.2.3. Image processing

There are many modalities for clinical imaging of the eye®”8, In this dissertation, confocal
scanning laser ophthalmoscopy (Chapter 2), optical coherence tomography, optical coherence
tomography angiography (Chapter 3), and magnetic resonance imaging (Chapter 4) were used
for in vivo imaging. In addition, digital single-lens reflex cameras were used to take optical images
during the ex vivo study (Chapter 5). In order to quantitatively measure mechanical deformations,
image processing algorithms were applied to the images. For the understanding, I will describe

terms in image science tersely.

Image registration refers to a transformation that maps one image to one another. The
reference and referred image can come from different times, different devices, and different
angles®®. For the measurement of mechanical deformations, the images need to have a same

coordinate system. Therefore, image registration is important in many applications.

Image segmentation is the process of identifying a set of pixels to represent a certain type
of an object. The image segmentation is an essential technique for computer vision, and it is used
for a variety of applications such as medical image analysis and video surveillance®°. Although
numerous rule-based algorithms have been developed, the latest studies converge to deep learning
based image segmentation®. The deep learning network extracts features from large scale data by
imitating the learning process of a human being®'. There are several types of deep learning
networks, and the convolutional neural network is the most representative structure. In a

convolutional neural network, filters representing receptors are convolved across the input data,



and the filters are driven by activation functions to simulate neurotransmission*2. In this

dissertation, a convolutional neural network was trained for image segmentation.

Optical flow is an algorithm to estimate motion of an object by comparing sequential
images. Though conventional optical flow algorithms usually used partial derivatives of the image
intensity, current studies on optical flow converge to deep learning based algorithms*:. This shift

by the deep learning age results in accuracy improvements as well as reduced computation time**

44

Digital image correlation is an image-based technique for measuring full-field
deformation®. Speckle patterns are deposited on the surface of an object, and changes in the
patterns are used to track deformation of the object. By computing cross correlations among image
subsets from sequential images, deformations can be measured accurately. This algorithm is
continuously evolving towards the fully automated and faster computation*. The seed points and
window sizes are manually determined for the conventional digital image correlation algorithm?®.
Due to the considerable computational time required by the algorithm, the use of a convolutional
neural network for digital image correlation has also been suggested®®. In this dissertation, scleral
deformation was measured by a conventional 3D digital image correlation algorithm*’ (Chapter

).

1.2.4. Statistical methods

The t-test is a parametric statistical method used to compare means between two distinct
groups, determining whether their means differ significantly*®. As the experimental subjects in this

dissertation were not divided into two separate groups, a paired t-test was employed. This test



assumes normal distributions with equal variance and independence. In cases where the samples

do not satisfy the normality assumption, the Wilcoxon test was used.

The analysis of variance (ANOVA) is a parametric technique to test if means of three or
more groups differ significantly. Depending on the number of factors influencing a dependent
variable, either one-way ANOVA or two-way ANOVA were employed. ANOVA assumes normal
distributions with equal variance and independence. Additionally, it assumes that the impact of
different factors on the dependent variable is a linear combination of the individual effect of each

factor. In cases where these assumptions are violated, the Friedman test was used.

The generalized estimating equation method is employed to estimate parameters for
correlated observations, and the regression parameters are estimated by the following estimating

equation*®.

N 1

Z%—?Vi‘l{ﬁ—ui(ﬁ)h 0 "
=1

where N, B, Y;, u;, and V; are the number of subjects, the regression parameters, the measurement

of the i-th subject, the expectation of Y;, and the estimated covariance matrix of Y;. Generalized

estimating equations captures the relationships between predictor variables and the response

variable. This method can adjust the level of significance for possible correlation between, for

example, the two eyes of the same subject, and has type 1 error characteristics superior to t-testing™.



Chapter 2. Scanning Laser Ophthalmoscopy Demonstrates Disc and

Peripapillary Strain During Horizontal Duction

Publications included in this chapter:

Park J, Moon S, Lim S, Demer JL. Scanning laser ophthalmoscopy demonstrates disc and
peripapillary strain during horizontal eye rotation in adults. American Journal of Ophthalmology
2023;254;114-117.

As the introduction explains, previous studies postulated that the optic nerve tethering
indeed occurs in large angle adduction® 51, Although straightening of the optic nerve path was
clearly seen by magnetic resonance imaging'’, the straight optic nerve path does not confirm the
hypothesis that the optic disc and peripapillary regions are deformed by eye rotation. In fact, if the
optic nerve and its dura are much softer than the sclera, traction on the optic nerve might not affect
the sclera. Therefore, scanning laser ophthalmoscopy was used to observe deformations of the
optic disc'*. The optic disc was supposed the likely region where the force by eye rotation is
concentrated (Fig. 1). Because a force on any imperfect object is concentrated on a cavity or an
imperfection, this idea is plausible from the perspective of mechanics. Moreover, the optic disc is
an anatomically important region for axons of the retinal ganglion cells to transverse the sclera.
As a result, the scanning laser ophthalmoscopy was used to observe the optic disc, while an eye

was fixated at an eccentric position (Fig. 2).

Although two-dimensional images from scanning laser ophthalmoscopy were used to

measure displacements of the blood vessels in previous studies, there was no fixed marker as a



position reference in repeated scanning laser ophthalmoscopy images, so obtained displacement
values are local rather than global displacements. As a result, displacement data are highly
dependent on the registration process. Because image registration and tracking of the retinal

vessels were performed manually in a prior study, analysis might not have been fully reliable.

In addition, displacements cannot provide the information on deformations because the eye
rotates. As a result, this project was planned to ascertain how the optic disc and peripapillary region

deform after eye rotation.
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Figure 1. Scanning laser ophthalmoscopy images for an optic disc and retinal vessels.
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Figure 2. A diagram to illustrate an experiment protocol. The eye and imager are rotated by the

same angle.

This project followed a protocol approved by the Institutional Review Board of the
University of California Los Angeles that conforms to tenets of the Declaration of Helsinki.
Healthy adults (mean + SD, 26 £ 5 years; 10 men and 12 women) were recruited for subjects, and
they gave the written informed consent before the participation. Scanning laser ophthalmoscopy
images were taken by using a commercial imager (Spectralis, Heidelberg Engineering, Heidelberg,
Germany). The images covered an area of 8.9 x 8.9 mm?, and image resolution was about 11.6
pum. The eye positions were fixed at the central gaze, 35° adduction, and 35° abduction, while the
head was fixed. The imager was rotated by referring to a goniometer, and imaging was performed

for each eye position.

To automate the analysis process, raw images typically having imbalanced brightness were
preprocessed for illumination correction. A background image was generated by using a

morphological opening with a 59x59 circular shaped kernel. The logarithmic value of the

10



background image was subtracted from the logarithmic value of the raw image. To avoid the
singularity from the logarithmic function, one was added to the image values. Then the brightness
was adjusted by normalizing the scale to the minima and maxima of resultant images. Torsion of
the retina was corrected by rotating the image by an amount of the offset. Then image registration
between different eye positions was conducted by speed-up robust features®?, and a deep neural
network®® was used for identifying the blood vessels. Displacements of the blood vessels were
computed by deep learning based optical flow*?, and the displacements were converted to strains.
Because strains were used instead of displacements, the deformation quantities were decoupled
from a coordinate system, and independent of optical magnification. The overall process is

depicted in Figure 3.

,\ : \
Iliminatiod™ A '\.\
/Correction ¢ Tofsion Correctioh=

' “' )\ .,*" * ",' -. ,
S¥rain Optical Flow - RAFT [l 'egi :

Figure 3. Workflow to analyze scanning laser ophthalmoscopy images for the measurements of

strains on retinal vessels after eye rotation.
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Since only retinal blood vessels are regions of interest, precise and automatic identification
of retinal vessels was essential. To use a convolutional neural network®® for image segmentation,
100 scanning laser ophthalmoscopy images and corresponding manual masks of the vessels were
prepared (Fig. 4). The dataset was augmented by using a variety of methods because the data
augmentation improves the performance of a deep neural network®. In this study, the dataset was
augmented by using the elastic deformation®, and then online augmentation was applied for each
training batch by using the image rotation, flipping, noise addition, and gamma correction (Fig. 5).
The parameters for the noise addition and gamma correction were randomly chosen. The quality

of the image segmentation for a scanning laser ophthalmoscopy image is illustrated in Figure 6

The tested image was not included in the training dataset.

Figure 4. An example of a manually generated mask and its binarized output for retinal blood

vessels. The binarized masks were used to train the convolutional neural network.

12



Figure 5. Data augmentation for improving the performance of the deep neural network. (A) The

original image. (B) Elastically distorted image. (C) Rotated image. (D) Vertically flipped image.

(E) The image with addition of Gaussian white noise. (F) The image with gamma correction.
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Figure 6. The segmentation result from the trained deep neural network. The tested image was not

included in the training dataset.

For the analysis of the strains on retinal vessels, domains were segmented into 8 regions

depending on relative positions with respect to the center of the optic disc.

Figure 7. The divided regions depending on relative positions with respect to the optic disc. Region

size is equal to disc radius.

14



The repeatability of the imaging and analysis was confirmed by comparing supplicate pairs

of images obtained the same eye positions for eye 20 eyes of 10 normal adults.
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Figure 8. Repeatability test horizontal and vertical strains. Imaging was performed twice in the

same eyes in a single imaging session. The error bars represent standard errors.
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After confirming that the experimental process is repeatable, strains from eye rotation were

analyzed. Significant horizontal strains were observed within, and to a lesser extend in regions

adjacent to the optic disc, more in adduction than abduction (Region 1 in Fig. 7). The strains were

concentrated at the optic disc and decreased with the distance from the optic disc. Moreover, nasal

regions exhibited significantly larger strains than temporal regions in adduction. On the other hand,

vertical strains were much smaller than horizontal strains in both cases.
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Figure 9. Horizontal and vertical strains for 35° adduction and abduction. The error bars represent

standard errors, and the sample size was 44 eyes of 22 normal adults.
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This research supported the statement that the optic disc and its peripapillary regions
deform by eye rotation. Strain analysis provided the geometric information on whether the tissue
was under the expansion or the compression. Thus, the retinal blood vessels were found to be
expanded or compressed depending on regions. Although many research questions remain, the
existence of mechanical deformations of retinal tissues induced by the eye rotation was confirmed.
In the past, eye rotation was thought to be associated only with phenomena only involving
extraocular muscles and extraocular tissues. Because this project linked the eye movement to
internal ocular biomechanics, this study has opened an avenue to interpretation of ocular

biomechanics related to eye movement.
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CHAPTER 3. Optical Coherence Tomography Angiography
Demonstrates Strain and Volume Effects on Optic Disc and

Peripapillary Vasculature Caused by Horizontal Duction

Publications included in this chapter:

Lim S, Tran A, Garcia SS, Demer JL. Optical coherence tomography angiography demonstrates
strain and volume effects on optic disk and peripapillary vasculature caused by horizontal
duction. Current Eye Research 2023;48;518-527.

The scanning laser ophthalmoscopy study in the previous chapter demonstrated that
horizontal duction induces mechanical deformation in the optic disc and retina. However, whether
such deformation arises from traction by the optic nerve was not demonstrated with certainty from
such data. For example, he optic disc and its peripapillary regions could be pulled or alternatively
pushed by the optic nerve. Even were the optic nerve to push against the optic disc, resulting
mechanical deformations on the optic disc and its peripapillary regions could be observed by
scanning laser ophthalmoscopy. To determine the direction of the driving force, | investigated 3D

strains and volume changes of blood vessels during horizontal duction.

Optical coherence tomography angiography performs repeated volumetric imaging at high
speed in the same retinal area, and the decorrelation between sequential images generates motion
contrast®®. Because signal decorrelation from flowing erythrocytes in retinal blood vessels are
detected, the 3D microvasculature is visualized. In this study, ten normal adults (mean + standard
deviation, 37 £ 15 years; five men and five women) were imaged by using a commercial optical

coherent tomography scanner with angiographic function (Spectralis, Heidelberg Engineering,
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Heidelberg, Germany). The subjects consented to a protocol approved by the University of
California, Los Angeles Institutional Review Board conforming to the tenets of the Declaration of
Helsinki. Eye position was fixed at the central gaze, 30° adduction, and 30° abduction. Structural
optical coherence tomography images were also obtained over a region of 9 x 7.5 mm? centered
on the optic disc, and the optical coherence tomography angiography images spanned a 3 x 3 mm?

centered on the optic disc.

Due to its working principle of local decorrelation as the vascular indicator, numerous
repeated scans are necessary for optical coherence tomography angiography. Thus, for optical
coherence tomography angiography, a narrow field of view was used to reduce imaging time. To
compensate for limitation in anatomical orientation landmarks due to the narrow field of view, a
combination of optical coherence tomography angiography and structural optical coherence
tomography was used. Also, although digital volume correlation®” is a conventional method for
measuring strains by comparing single pairs of images, the algorithm was not appropriate for this
project. Because | used optical coherence tomography angiography and optical coherence
tomography for two different eye positions, 1 used two pairs of two modes of images. Therefore, |
developed a method based on 3D scale-invariant feature transform®. The 3D scale-invariant
feature transform extracted feature points that were common between different images, and | used

point-set registration®® for the extracted feature points in order to register the images.

Then the registration process generated mathematical relations between two arbitrary
images. For feature points F1 and F, from a pair of images, the relationship of one feature point to
another one can be approximated by a matrix expression: Fo=sRF1+T where R represents a rotation
matrix, s is a scale factor, and T indicates translation. Three mathematical relations for the pairwise

registration were obtained from a pair of angiogram and structural tomogram images obtained in
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primary gaze, a pair of structural tomograms obtained in primary gaze and ab- or adduction, and a
pair of angiogram and structural tomogram images obtained in horizontal duction. Sequential uses
of the mathematical expressions for the primary gaze optical coherence tomography angiography
images enabled me to register them to optical coherence tomography angiography images in ab-
or adduction. Since retinal vessels were identified by a convolutional neural network®3, and the

vessels were embedded in the structure, the displacements of the retinal vessels could be computed.

From the displacement, strains could be calculated by following the formula. E = %((Vu)T +

(V) + (Vu)T - (Vu)) where Vu and Vu” represent the displacement gradients and their
transposes. Green-Lagrange strain E is related to the right Cauchy tensor C=2E+I where 1 is the
identity matrix. The square root of the determinant of C represents the relative volume after the

deformation.

Because ocular torsion is individually variable and also changes with gaze direction
according to Listing’s Law®®, | standardized image orientation in a coordinate system based on
anatomical landmarks identified in wide field imaging. The Bruch’s membrane opening centroid
was used as the origin of the coordinate system. Using the stack of wide field B-scan optical
coherence tomography images to obtain a volumetric reconstruction, a plane was fitted to the
Bruch’s membrane opening using random sample consensus®, which is a robust method
minimally affected by outliers. The normal vector of the Bruch’s membrane opening plane defined
the Z-axis, with the anterior direction positive. Next, the fovea was located in the volumetric
optical coherence tomography by applying a derivative test for the identified retinal surface to find
a local minimum that corresponds to the bottom of the foveal pit. Then the X-axis was defined by
the line from the Bruch’s membrane opening center to the fovea, with temporal direction positive.

The Y-axis was defined by the cross-product of the Z- and X-axes, and thus is perpendicular to
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both. A standard 3-dimensional Cartesian coordinate system was thus defined for each eye that

could then be applied to high resolution optical coherence tomography angiography (Fig. 10B).
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Figure 10. Analysis workflow to analyze effects of the eye rotation. (A) Optical coherence
tomography angiography images in multiple gaze positions were obtained by rotating the scanner
along in coordination with the eye. (B) A local coordinate system was defined in relation to the
Bruch’s membrane opening and fovea. (C) Pairs of images are registered by 3D scale-invariant
feature transform and point-set registration, and three matrix expressions for the registration are
computed.
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| investigated repeatability of imaging and analysis of von Mises strains and relative
vascular volumes. Ideally, for pairs of images obtained in the same eye positions, von Mises strain
should be zero, and relative volume should be unity. Observed von Mises strains for repeated
central gaze, adduction, and abduction were 0.0026 + 0.0019 (mean + standard deviation), 0.0021
+0.0014, and 0.0017 £ 0.0012, respectively. On the other hand, von Mises strain relative to central
gaze was 0.028 £ 0.010 both in adduction and 0.029 + 0.024 for abduction (P < 0.02 for each). Eta
correlation analysis demonstrates that eye rotation induces significant strains, compared to the

same gaze positions (correlation coefficient = 0.766, strong association).
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Figure 11. Repeatability and effect of horizontal duction in 9 eyes of 5 adults. Each symbol
represents one eye. (A) von Mises strain. (B) Relative vascular volume. Left three columns depict
changes on repeated imaging in identical eye positions in each individual, and right two columns
show effects of horizontal duction. Note strains due to duction (A) far exceed repeatability, as does
the significant volume increase in adduction but not abduction. For statistical analysis, the

Friedman test (A) and one-way ANOVA (B) were used. Error bars are standard deviations.
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| also examined the effect of duction on relative vascular volume (Fig. 11B). Without any change,
the relative volume should remain unity. Indeed, when repeatability testing was performed in the
same eye positions in the same eyes for central gaze, adduction, and abduction, relative values
were 0.998 + 0.010, 0.995 + 0.009, and 1.000 = 0.005, respectively, all statistically
indistinguishable from unity (P > 0.128, 2-tailed t-test). This finding confirms that vascular volume
measurement is repeatable, which was also the case for abduction in which relative volume at
1.016 £ 0.059 was also statistically indistinguishable from unity (P = 0.468). However, in
adduction vascular volume increased significantly by over 5% to a relative volume of 1.052 +

0.041 (P = 0.007).
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Figure 12. Shear strains induced by horizontal duction, in coordinate system defined in Fig. 10.
Each symbol represents one of the 19 individual eyes. The Friedman test was used, and the asterisk

represents data that is significantly different from zero. Error bars are standard deviations.
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| also measured shear strains associated with horizontal duction that are defined in the three
orthogonal planes that include a pair of coordinate axes defined in Fig. 10. In adduction, positive
and negative shear strains Exy and Evz were symmetrically distributed so that their averages did
not differ significantly from zero (P > 0.605); however, Ezx in adduction averaged 0.0113 + 0.009
that was significantly greater than zero (P < 0.0001, Fig. 12). Strain Ezx can be considered to

represent nasotemporal tilting of the tissues by 1.3°.
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Figure 13. Gaze-evoked von Mises strains computed for homogeneous (H) and honhomogeneous
(NH) deformation. Add — adduction. Abd - abduction. Each symbol represents one of the 19
individual eyes. The Friedman test was used, and the asterisk represents data that is significantly

different from zero. Error bars are standard deviations.
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For homogeneous deformation analysis, all tissues are assumed similar, so that vessels and
all other tissues behave similarly, on average. For nonhomogeneous analysis, deformations may
differ in vessels versus other tissues. | compared average von Mises strains assuming
homogeneous versus nonhomogeneous deformations (Fig. 13). For homogeneous deformation,
adduction and abduction induced strains were similar at 0.030 £ 0.016 and 0.026 + 0.018,
respectively (P > 0.999). The strain level is consistent with the previous empirical data and finite
element analysis for the optic disc®> ®2. On the other hand, allowing for nonhomogeneous
deformation, adduction and abduction caused greater strains of 0.081 + 0.013 and 0.082 + 0.017,
respectively, that remained statistically similar to one another (P > 0.999). This indicates that the

vasculature undergoes greater deformation that than other disc tissues during horizontal duction.

Also considering nonhomogeneous analysis, | also compared strains in the nasal versus
temporal hemidiscs (Fig. 14). For adduction, normal strain Exx in nasal hemidiscs was
significantly greater than in temporal hemidiscs, although no other hemidisc differences was
significant for adduction strains in other directions, nor for any direction in abduction. Absence of
significant differences in these directions suggests that compression is acting to cancel tensile
strain in temporal hemidisc when an eye is adducted, so the resultant strain is close to zero. Thus,
| divided the strains into compressive and tensile strains. The compressive strain in temporal
hemidisc was -0.033 £ 0.011, significantly larger than strain in the nasal hemidisc at -0.027 £ 0.013

(Fig. 15A). However, tensile strains did not differ significantly between hemidiscs (Fig. 15B).
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Figure 14. Normal strains in temporal and nasal hemidiscs for (A) adduction and (B) abduction.
Each symbol represents one of the 19 individual eyes. The paired t-test was used, and asterisk
represents data that is significantly different from zero (P<0.005 for each). Error bars are standard

deviations.

In adduction, the x-directional (horizontal) normal strains in the temporal hemidiscs
differed significantly from those in nasal regions. Bruch’s membrane opening is a strong, elastic
membrane that separates the retina from the underlying choroid, but has an opening at the optic

disc through which ganglion cell axons pass to enter the optic nerve. the x-directional strain

26



difference his may be due to compression of vessels and other tissue within the Bruch’s membrane
opening, which as a region lacking Bruch’s membrane support, offers less resistance to
compression, and consequently concentrates stresses at its border. To ascertain if strain findings
are related to Bruch’s membrane opening compression, | computed the change in Bruch’s
membrane opening diameter caused by horizontal duction based on its cross sectional area,
assuming circularity (Fig. 16). Bruch’s membrane opening diameter after adduction was 0.989 +
0.015 relative to its central gaze diameter, whereas the ratio was 1.004 + 0.016 for abduction. Thus
Bruch’s membrane opening diameter is significantly decreased in adduction (P=0.009) but not in

abduction (P=0.253).
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Figure 15. Compressive (A) and tensile (B) strains (Exx) in temporal and nasal hemidiscs during
adduction. Each symbol represents one of the 19 individual eyes. The Wilcoxon test and paired t-
test were used for compressive and tensile strains, respectively. The asterisk represents data that is

significantly different from zero (P<0.0001 for each). Error bars are standard deviations.
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Figure 16. Change from central gaze in Bruch’s membrane opening diameter due to horizontal
duction in 19 eyes of 10 subjects represented by an individual. Asterisk represents data

significantly different from unity by paired t-testing. Error bars are standard deviations.

From the results of this study, | conclude that traction force exists by measuring the
increases of the blood vessels during horizontal duction. Since the driving force is now shown to
work toward the posterior eye, the next questions were whether the source of the force is indeed

the optic nerve.
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CHAPTER 4. Validation and Quantification of Optic Nerve Strain

Due to Horizontal Duction

Publications included in this chapter:

Lim S, Demer JL. Empirical Quantification of Optic Nerve Strain Due to Horizontal Duction.

Bioengineering 2023;10;931.

To answer the question on whether the source of the driving force inducing mechanical
deformation of the eye during adduction is the optic nerve, | employed magnetic resonance
imaging because it offers a wide field of view and is not limited by optical transparency. Except
for theoretical finite element analysis studies, however, local strains on the optic nerve have not
been reported because of limitations of imaging modalities. The penetration depth of optical
coherence tomography is a few hundred micrometers®, which is not sufficient to reach the
retrobulbar space. On the other hand, magnetic resonance imaging can visualize deep posterior
regions of an eye, but its resolution is not as high as optical coherence tomography. Although the
image resolution in theory may be improved as the magnetic field strength increases, the resolution
of magnetic resonance imaging is about 200 um even when the magnetic field strength is 7 T®.
However, the static magnetic field of magnetic resonance imaging systems at the clinic are usually
1.5 Tor 3T, and physiological concerns regarding ultra-high field magnetic field exist®*. Moreover,
magnetic resonance imaging at high magnetic fields is susceptible to motion artifacts,

compromising the image quality®®.
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| considered the limited resolution of magnetic resonance imaging a bottleneck for the
further research on eye movement, and hence parameterized a geometry of an optic nerve and
developed a way of measuring strains of an optic nerve by eye rotation in vivo. By applying the
method to ocular images from normal healthy people (mean + standard deviations, 59 * 16 years;
6 men and 6 women), | quantified the mechanical deformations of an optic nerve in a standardized
process. As a result, I could prove and develop the theoretical framework to explain mechanisms

for optic nerve traction and eye rotation.

The magnetic resonance imaging was conducted by using Signa 1.5 T scanner (GE
Healthcare, Chicago, IL, USA) with ocular surface coils (Medical Advances, Milwaukee, WI,
USA). The eye position was fixed at the central gaze or abduction, and the fellow eye was at
adduction during the abduction fixation. Imaging was performed in axial planes and quasi-coronal
planes. The resolution of axial plane and quasicoronal images were 390 um and 312 pm,

respectively.
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Figure 17. Representative quasicoronal (resolution 312 um) and axial (resolution 390 pm)
magnetic resonance imaging for a subject in large angle left gaze. R1, R2, and R3 images represent
anterior, medial, and posterior section of the right orbit, obtained in the planes indicated by the
dotted lines. Similarly, L1, L2, and L3 correspond to anterior, medial, and posterior section of the
left orbit. MR — medial rectus muscle. LR — lateral rectus muscle. ON — optic nerve. White arrows
indicate medial rectus muscles, and arrows with black edges represent lateral rectus muscles. Gray

arrows point to optic nerves.

I manually identified the globe, optic nerve, orbital wall, lateral rectus, and medial rectus
muscles in coronal and axial magnetic resonance images. Then video frame interpolation was
performed along the axis, which is perpendicular to the image plane®. The segmented pixels from
each image stack were converted to 3D point-sets. Rigid point-set registration®” was performed
between coronal and axial images. Because the coronal image set did not completely span the

anterior globe, I used point clouds that correspond to the completely-imaged optic nerve, lateral
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and medial rectus muscles for this registration. Point-sets from lateral and medial rectus muscles
were used to prevent ambiguity due to axisymmetric optic nerve geometry. Finally, | registered
point clouds between primary gaze and horizontal duction assuming that points for the bony orbital

wall are not displaced by eye rotation.

After finishing the point-set registration, | could combine the point clouds from axial and
coronal magnetic resonance imaging. Then I identified centroids of the optic nerve along its length.
Because a convex hull could be defined from the points for the globe, the intersection point
between the convex hull and a line through the most anterior two optic nerve centroids was
regarded as the optic nerve junction, and the normal vector for the hyperplane that includes the
optic nerve junction defined the gradient of the optic nerve trajectory at the optic nerve junction.
Because the orbital apex was not visible in magnetic resonance imaging data, | also estimated its
location. An adducted eye has a stretched optic nerve; therefore, its linear line would be directed
to the orbital apex. By extrapolating the orbital wall, I identified the point where the stretched optic
nerve meets the orbital wall, and considered this point as this orbital apex. The optic nerve centers,
the optic nerve junction, and the orbital apex became knot points for the parameterization, and a

curve to pass through the points was defined by parametric curve fitting®.

Because | could register axial with coronal magnetic resonance imaging, by reciprocity,
coronal could also be registered to axial magnetic resonance imaging. By the registration from
coronal images for the left and right eyes to axial images, the orbital walls were registered
bilaterally. Then | found the medial plane to minimize the Chamfer distance between the reflected
point-set from one eye and its fellow by using optimization. Chamfer distance is a metric to
compute the similarity between two different point clouds®®, so I could estimate the best-fitted

medial plane whose normal vector serves as the X-axis. Also, I identified the junction of the
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superior ethmoid air sinus and orbit as the anterior ethmoid recess’®. Then | rotated the line
connecting the junctions by 10° in the medial plane, and the rotated line defined the Z-axis. The
Y-axis was determined by the cross-product between the X- and Z-axes. By using the standardized

coordinate system based on eye socket structure, | could compare data among different globes.

Medial plane

Posterior

Figure 18. Definition of the coordinate system. (A) Quasicoronal MRI from aright eye. The arrows
represent the anterior ethmoid recess in two different image planes. (B) By reflecting the orbital
wall point-set, a medial plane is defined, and its normal defines the X-axis. Because coordinates
of the anterior ethmoid recess and the distance between image planes are known, the pitch angle
of the orbit can be calculated. The gray dashed arrow represents the vector between 3D coordinates
of the anterior ethmoid recess in separate quasicoronal image planes, and the vector’s direction is
used to define Z-axis after rotating 10° in the medial plane. The Y -axis is orthogonal to the X- and

Z-axes, and is positive to-wards the top of the head.

Because the optic nerve path was parameterized, its tangent vector could be determined.
Then a plane whose normal vector is a tangent vector of the optic nerve path and the origin is a
point in the curve could be determined. By the projection of the adjacent optic nerve points on the

plane, optic nerve cross-section in each plane was determined. For the projected points, | could
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obtain the convex hull for the points. Because the convex hull set the boundary of the cross-section,
| could parameterize the local polar coordinates on the plane. The volume of optic nerve was
measured by a summation of the products of a cross sectional area and a length of line segment in

the optic nerve path.

To compute displacements for points in the initial configuration, corresponding points on
the deformed configuration were identified by the parameterization. By subtracting the coordinates
between initial and deformed configurations, I could obtain displacements. Then gradients of the
displacements were necessary for computing strains. However, because point clouds are
unstructured data, the gradients along the X-, Y-, and Z-axes could not be obtained
straightforwardly. Instead, | found 6 nearest neighbors for each point and computed the directional
derivatives along each vector. Because the X-, Y-, and Z-axes could be represented by a linear
combination of 6 vectors, | obtained the gradient of the displacements by the linear combination
of the directional derivatives. For a unit vector that is parallel to each axis, the unit vector can be

represented by a linear combination of 6 unparalleled vectors e = k v, + kyv, + ksvs + kv, +
ksvs + kove. The equation can be rewritten in a matrix form as follows. e=VVK where e is a unit

vector for each axis, V is the matrix whose column vectors are normalized vectors between each
point and 6 nearest points, and K is a matrix whose elements are undetermined coefficients for the

linear combination, respectively. Then VTe=VTVK where VT is the transpose of matrix V. As a
result, the coefficients could be determined by using the pseudo inverse matrix. K=(VV)*VTe

where (VTV)* is the pseudo inverse matrix of VTV.
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Figure 19. Workflow to measure displacements and strains after eye rotation. (A) Globe, optic
nerve, and extraocular muscles are segmented from magnetic resonance imaging data, and the
pixels in the image stack are converted to 3D point-sets. (B) Point-set registration between axial
and coronal view images, and between images obtained in different eye positions. (C) Centroids
of optic nerve segments works as knot points for a curve to parameterize the optic nerve path, and
a local polar coordinate system on the plane tangent to the curve parameterizes optic nerve cross
section. (D) Displacements of the optic nerve are computed by comparing deformed and initial
configurations, and the data is grouped into 5 segments depending on location along optic nerve
length. The gradients of displacements are calculated by comparing 6 nearest neighbor points, and

the gradients determine strains.
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| measured the geometry related to horizontal duction. The angles of rotation and torsion
for an eye were measured, depending on the eye position. From the point-set representing the
surface of the eyeball, I identified the cornea apex and a point that is farthest from the apex. The
farthest point on the surface is the fovea, and the visual axis was defined to be a line spanning from
the cornea apex to the fovea. The angle between the visual axis and the Z-axis for the globe was
considered an angle of rotation. Moreover, | identified lateral and medial rectus muscle insertions
for a globe and measured the angle of torsion to register the insertions between globes under
different eye positions. Abduction angles for primary gaze, large adduction, large abduction,
moderate adduction, and moderate abduction were 9.8 £ 1.1° (mean + standard error), -28.1 + 1.0°,

30.4 £1.3° -23.8 £0.9°, and 24.2 £ 1.0°, respectively.

Tortuosity is defined to be the ratio of actual optic nerve path length to the straight line
(minimal) distance between the optic nerve junction and orbital apex. Tortuosity for primary gaze,
large adduction, large abduction, moderate adduction, and moderate abduction were 1.023 £+ 0.004
(mean * standard error), 1.017 + 0.002, 1.036 = 0.004, 1.016 + 0.002, and 1.029 * 0.003,
respectively. These results indicate that adduction straightens the optic nerve path, while abduction
does not. Also, the torsion angle changes for the large adduction, large abduction, moderate
adduction, and moderate abduction were 0.62 + 0.58° (mean + standard error), 0.08 £ 0.62°, 1.55
+ 0.57°, and 0.33 £ 0.44°, respectively. Because the measured torsion angle changes were much
smaller than the magnitudes of duction angle, | considered bending motion to be dominant

compared to the twisting of the optic nerve during duction.
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Figure 20. Changes due to horizontal duction. (A) Eye orientation relative to the medial plane of
the head. (B) Tortuosity, the ratio of actual optic nerve length to length of straight line from the
optic nerve junction to the orbital apex. (C) Ocular torsion did not change significantly with

duction. SE — standard error of the mean. Abd — abduction. Add — adduction.

The point on the globe farthest from the cornea was taken to approximate the fovea; this
approximation neglects the visual angle kappa, but results in a consistent representation that
accurately captures changes in eye orientation. Then | defined the optic nerve junction with the
globe as the origin of a local coordinate system, with the X-axis defined by the line between the
fovea and optic nerve junction. The Z-axis (posterior-anterior) was parallel to the normal vector
of the globe surface at the optic nerve junction, and the Y-axis was orthogonal to the X- and Z-
axes. This enabled standardization of data using a coordinate system based on biological
landmarks. In addition, I defined a local coordinate system at each center point of the cross section
along an optic nerve path. The local Z-axis is parallel to the tangent vector of the parameterized

curve, and the local X-axis is the projection on the plane whose normal vector is the local Z-axis.
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The local Y-axis is also perpendicular to both the local X- and Z-axes. Based on the local
coordinates system and the parameter for the curves, I could identify corresponding matched points

for the optic nerve between gaze directions.

By using the method above, | measured the translation of the center point for each globe
after duction. Data are plotted for horizontal translation in Fig. 21A. For large adduction, the globe
translated medially by 1.08 = 0.24 mm. For large abduction, the globe laterally translated 0.80 +
0.22 mm. For moderate adduction the globe translated nasally by 0.65 + 0.18 mm. For moderate
abduction, the globe translated temporally by 0.78 + 0.21 mm. Corresponding small superior (Y
axis) translations were -0.05 + 0.20 mm, 0.04 + 0.26 mm, 0.01 + 0.22 mm, and 0.00 = 0.18 mm,

respectively; none of these differed significantly from zero (Fig. 21B).

The globe translated posteriorly for both directions of horizontal duction (Fig. 21C). The
magnitudes of the displacement from large adduction, large abduction, moderate adduction, and
moderate abduction were -0.111 + 0.191 mm, -1.185 + 0.166 mm, -0.131 + 0.186 mm, and -0.711
+ 0.147 mm, respectively. The magnitude of the anteroposterior translation is larger in abduction

than in adduction (P<0.0001).

In addition, | measured the magnitude of combined 3D globe translation during ductions
(Fig. 21D). The 3D magnitudes for large adduction, large abduction, moderate adduction, and
moderate abduction were 1.98 + 0.13 mm, 2.10 + 0.20 mm, 1.62 + 0.14 mm, 1.65 = 0.17 mm,

respectively.
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Figure 21. Globe translation after horizontal duction. (A) Mediolateral. (B) Vertical (C)
Anteroposterior. (D) Magnitude of 3D translation. Abd — abduction. Add — adduction. SE —

standard error of the mean.

I measured local 3D displacements of the optic nerve due to duction in five regions of equal
length along its anteroposterior extent. Region G1 is closest to the globe- optic nerve junction, and

G5 is closest to the orbital apex. As seen in Fig., 22, displacements were greatest anteriorly and
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progressively decreased in posterior regions; this effect was significant for large and moderate ab-

and adduction (P < 0.001, ANOVA).
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Figure 22. Regional 3D displacements of the optic nerve for (A) large adduction, (B) large
abduction, (C) moderate adduction, and (D) moderate abduction. G1 through G5 are equal

intervals along the optic nerve length from anterior to posterior, respectively. SE — standard error

of the mean.

| computed the optic nerve strains by differentiating local optic nerve displacements for the
direction tangent to optic nerve path in the optic nerve regions into 5 regions as defined above (Fig.

23). Local strain behavior differed fundamentally between ad- and abduction. Strains were about
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5% for large and 4% for moderate adduction, but did not vary significantly by region for either
(P>0.5 for each, Friedman test), whereas strains varied depending on locations for large and
moderate abduction (P<0.05 for each). In contrast, for both moderate and large abduction, strain
was least at about 1% in region G1 that abutted the globe, and increased monotonically to about
4% in region G5 at the orbital apex. For abduction, strain did not depend significantly on duction
size, but did depend on region. As a result, the strains in G1, G2, G3, G4, and G5 were 0.055 +
0.017, 0.054 £+ 0.011, 0.058 + 0.011, 0.049 £ 0.009, and 0.057 + 0.014 in large adduction, while
large abduction led to strains of 0.011 + 0.013, 0.010 £ 0.013, 0.020 £ 0.013, 0.032 £ 0.011, and
0.037 + 0.010 in each region. Moderate adduction resulted in the optic nerve strain of 0.051 +
0.018, 0.043 + 0.010, 0.037 £ 0.007, 0.042 + 0.007, and 0.048 + 0.012 in each region. In the case
of moderate abduction, the strain values were 0.014 + 0.011, 0.007 + 0.014, 0.021 + 0.016, 0.033

+0.011, and 0.046 + 0.011 in each region.
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Figure 23. Local strains Ez; along the path of the optic nerve depending on the region for (A) large
adduction, (B) large abduction, (C) moderate adduction, and (D) moderate abduction. Strain did
not vary significantly along the length of the optic nerve in adduction, but increased progressively
towards the orbital apex for both large and moderate abduction. G1 through G5 are equal intervals

along the ON length from anterior to posterior, respectively. SE — standard error of the mean.

The ratios of inner and outer diameters of the optic nerve sheath to optic nerve diameter
were invariant after adduction (Fig. 24; P>0.688 for each, generalized estimating equation). The
ratio for the inner diameter was approximately 1.5, whereas the ratio for the outer diameter was

approximately 1.9. Assuming the volume conservation of the optic nerve and its sheath during
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uniform StretChing’ LcentralAcentral,ONS = LaddAadd,ONS and LcentralAcentral,ON = LaddAadd,ON
are derived where L, and A, g are length and cross-sectional area of tissue B in the eye position a.

L A A . . . d d
ThUS, add — central, ONS — central,ON ) The Second equallty Implles central, ONS — central, ON

Lcentral Aadd,ONS Aadd,ON dadd,ONS dadd,ON

d d : . . . .
followed by —SeRtralONs — —addONS \yhere g, 5 is the diameter of the cross-section of tissue B in the
dcentral,ON dadd,oN ’

eye position a. This analysis can be valid for both inner and outer diameters. Therefore, the data
in Fig. 24 suggest that the optic nerve and its sheath stretch by similar amounts during adduction

tethering, supporting the optic nerve traction hypothesis.
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Figure 24. Ratios of optic nerve sheath diameters to the optic nerve diameter before and after
adduction. ID and OD stand for inner and outer diameters. Add — adduction. The error bar
represents the standard error of the mean. The method of generalized estimating equations was

used for statistical analysis.
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Through this research, the analysis of magnetic resonance imaging demonstrates that the
optic nerve behaves like a stretched truss in adduction, whereas the optic nerve deforms like a
cantilever beam in abduction. As a result, | could confirm that the traction force during horizontal
duction is generated by the optic nerve and its sheath. By sequential studies from Chapter 2 to
this current chapter, a fundamental part of the optic nerve traction hypothesis itself has been
validated. My next question is whether the traction force can be significantly transferred to the

eyeball, and this question is addressed in the following Chapter 5.

44



CHAPTER 5. 3D Digital Image Correlation Illustrates that Traction

Force from Adduction is Transmitted to the Eyeball.

The manuscript included in this chapter:

Lim S, Kim C, Jafari S, Park J, Garcia SS, Demer JL. Postmortem Digital Image Correlation and
Finite Element Modeling Demonstrate Posterior Scleral Deformations During Adduction

Tethering. submitted, 2023.

Looking back the history of the optic nerve tethering hypothesis, magnetic resonance
imaging showed that large angle ocular adduction stretches the optic nerve and its sheath®®. From
the observation, the stretched optic nerve and its sheath were supposed to induce traction force on
the optic disc and peripapillary region®. Although the connection between eye movement and the
optic disc had not been appraised, this speculation encouraged studies on deformations of posterior
regions due to eye movement. Sibony published a report on deformations of peripapillary
basement membrane layer by horizontal duction’®. Further optical coherence tomography studies
quantified strains, relative displacements, tilting, and local area changes of the optic nerve head
associated with horizontal eye rotation®" 62 7273 |n addition to anteroposterior deformations from
horizontal eye rotation, deformations within the plane of the retina were also measured by
computing displacements and strains of retinal blood vessels** ™ . As further research has
progressed, the optic nerve tethering theory has been developed. Biomechanical simulations of
optic nerve traction have been presented®® ’® 77 and active contraction of extraocular muscles has
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been included to the simulation model for the realistic prediction®®. Diverse experimental
approaches which used scanning laser ophthalmology** ', optical coherence tomography?3 62 75

78 and magnetic resonance imaging®® ’®€ also supported the optic nerve traction theory.

Even before my dissertation, the adducted optic nerve had been clearly visualized to
become straight and apparently taut by magnetic resonance imaging®®. Significant deformations of
the optic disc and peripapillary regions due to eye rotation were also observed in previous studies™
62,72, 73 However, because stresses and strains from adduction are highly dependent on relative
magnitudes of stiffness for different ocular regions’’, the linkage between the taut optic nerve and
deformations in the eyeball is not necessarily clear. For example, if the optic nerve and its sheath
were more compliant than sclera, the taut optic nerve may not transmit sufficient force to induce
significant deformations in the eyeball. The optic nerve sheath Is known to exhibit low elastic

modulus®?.

The previous optical coherence tomography analysis demonstrated that deformations from
eye rotation become large when the angle of rotation exceeds 26°, and the angle has been
considered the threshold angle to straighten the optic nerve path'®. However, the driving force from
incremental adduction beginning at 26° may not be sufficiently large to deform the eyeball and
optic disc. To clarify this uncertainty and strengthen the optic nerve tethering theory, I incorporated
the concept of strain stiffening®? into the optic nerve tethering theory. Elastic moduli of
biopolymers often increase with increasing strain, and this nonlinear behavior is called strain
stiffening®. Collagen exhibits strain stiffening®, and is a primary component of the optic nerve

sheath®4, so the optic nerve sheath exhibits nonlinear strain stiffening.

Although relationships between the optic nerve tethering and etiology requires further

studies, | attempted to validate optic nerve traction itself clearly throughout this study. Since the
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in vivo imaging of posterior sclera at high resolution is impossible at high resolution®, I designed
an ex vivo experiment to validate that adduction can induce deformations of human ocular tissues.
The ocular surface was analyzed by a 3D digital image correlation algorithm*’. Moreover, |
analyzed effects of strain stiffening on mechanical deformations in adduction by using finite
element analysis. Through experimental and numerical approaches, this study examined if the

driven force from the optic nerve tethering is large enough to deform the eyeball.

Methods

Overall workflow (Fig. 25). Human eyes with attached optic nerves averaging 17.9 £ 2.9
(standard deviation, SD) mm long were shipped to the laboratory by the Lions Gift of Sight Eye
Bank (Saint Paul, MN, USA) shortly after donors’ death. Each specimen was tested using 3D
digital image correlation under loading by adduction tethering from 26 — 32°, as well as by
intraocular pressure elevation. The globes and optic nerves were then divided into specimens that
were subjected to tensile testing. Stress-strain curves obtained by tensile testing were employed as
inputs to finite element models individualized to each eye whose behavior under intraocular

pressure elevation and adduction tethering was compared with 3D digital image correlation.
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Figure 25. Investigation workflow. After preparing the specimen, a 3D digital image correlation
experiment was performed to quantify the effect of adduction tethering and intraocular pressure
elevation. Then, uniaxial tensile testing was conducted to characterize material properties of each
specimen that were used for finite element analysis numerical simulation, and comparison with
3D digital image correlation analysis. The heat map for digital image correlation analysis shows
horizontal strains. PPS - peripapaillary sclera. LC - lamina cribrosa. ON - optic nerve. ONS - optic

nerve sheath.

Specimen preparation. Specimen donors had consented to use of their eyes for research.
Specimens wrapped in cotton gauze moistened with saline in insulated containers cooled with ice
packs were air shipped to the laboratory an average 39 + 12 hours following enucleation. Donors

were white, with average age 74.1 = 9.3 years. There were five males and two females.
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Table 1. Specimens tested

No. | Axial length | Transverse | Optic nerve Optic nerve Time from enucleation
(mm) diameter length sheath radius to delivery (hours)
(mm) (mm) (mm)
1 23.72 23.22 14.39 3.65 38
2 25.86 24.3 21.95 3.12 28
3 25.69 24.48 17.17 2.85 28
4 24.22 23.86 15.07 3.05 65
5 24.54 24.19 13.45 3.12 65
6 24.5 23.08 19.91 3.25 31
7 24.54 22.96 18.06 2.81 31
8 24.96 25.64 23.48 3.21 38
9 25.43 24.38 20.29 2.99 42
10 25.14 24.66 16.01 3.03 42
11 25.89 25.86 17.44 2.86 32
12 25.77 25.82 17.74 3.51 32

After removal of any overlying tissues, 6-0 coated Vicryl suture (Ethicon, Raritan, NJ,
USA) was used to attach the anterior sclera onto multiple suturing posts on a custom aluminum
fixation ring, passing partial thickness through the perilimbal sclera without perforation. The 45°
internally beveled ring had 20 mm outer diameter and 16.5 mm inner diameter. Right eyes were
sutured into the fixation ring with the superior region upward, whereas for left eyes, the orientation
was downward. A stab incision was then made in the anterior sclera over the pars plana 3.5 mm
from the limbus using a 23-gauge ophthalmic micro-vitreoretinal blade (Alcon, Geneva,
Switzerland), through which a 23-gauge cannula (Bausch + Lomb, Laval, Canada) was inserted to
maintain intraocular pressure by Ringer’s lactate fluid infusion (Fig. 26A). Then, cast iron dust of
mesh 150 (Chemical Store Inc., Clifton, NJ) was randomly scattered on the surface of the eyeball
by using a pneumatic applicator (Elaimei, Portsmouth, UK) (Fig. 26B) to create a pattern suitable

for imaging to compute deformations by 3D digital image correlation (Fig. 26C).
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Figure 26. Sample preparation. (A) Globe was sutured to fixation ring, and infusion cannula
inserted in anterior sclera. (B) Speckles of cast iron dust were randomly applied to the surface by

using a pneumatic applicator. (C) Speckle pattern on the sclera.

Apparatus for 3D digital image correlation. The infusion cannula was connected to a
fluid column containing Ringer’s lactate solution (B. Braun Medical Inc., Bethlehem, PA, USA)
via an infusion set (MedSource, Rancho Santa Margarita, CA, USA), allowing control of
intraocular pressure by changing the height of the infusion fluid column relative to the center of
the eye. The reference level of hydrostatic pressure was at 15 mmHg, and it could increase to 30
mmHg. During the experiments, warm mist at 30°C from an ultrasonic humidifier (Asakuki,
Rochester, NY, USA) was directed to the specimen to suppress tissue dehydration.

A laser cross alignment projector (OXLasers Co., Ltd., Shanghai, China) was mounted
above the system to align eye ocular center with the rotational center of a 300 mm radius curved
translational bearing (Misumi, Tokyo, Japan). The distal end of the optic nerve was coaxially
clamped by a custom gripper on a rod in mechanical series with a sensitive force sensor (FUTEK
Advanced Sensor Technology, Irvine, CA, USA) that traveled along the bearing arc. Position of

the terminal end of the rod was adjustable by vernier. The globe was positioned until its center
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corresponded to the projected laser crosshair center. Then, the initial rotational position of the eye
was set by a precision rotation mount (Thorlabs, Newton, NJ, USA). Initial optic nerve tension
was set by extending the position of its terminal support rod until the force sensor demonstrated
detectable tension. The length of the straight optic nerve and the transverse diameter of the globe
were used for determining the initial and deformed configurations of the optic nerve during
experiments, as described below.

Five Canon EOS Rebel T7 digital single-lens reflex cameras with 6000 by 4000 pixel
resolution (Canon, Tokyo, Japan) were used to take images from multiple locations by using
manual focus. Each camera was fitted with an EF-S 18-55 mm lens (Canon, Tokyo, Japan), with
focal length set to 55 mm at which pincushion distortion was 0.2%. Remote controllers RS60 E3
(Canon, Tokyo, Japan) were used to avoid camera vibration. Although the conventional digital
image correlation analysis may use as few as two cameras®, five cameras were employed because
of occlusions of some regions in some cameras due to the long optic nerve and its clamp. Thus,
pairs of cameras could each image the nasal, superior, and temporal regions of sclera relative to

the optic nerve attachment.
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Figure 27. 3D digital image correlation setup. (A) overall system, including the eye warmed and
humidified via the white humidified tube, cameras, and curve guide for the gripper holding the

distal optic nerve. (B) close-up of imaging system. (C) magnified image the eye in its holder.

Geometric consideration for the digital image correlation setup. Because the centroid
of the eye and the center of rotation of the curved translational bearing coincided, the coordinates
of the optic nerve junction with the globe, and coordinates of the terminal optic nerve gripper can
be represented by polar coordinates. Although physiologically the eye rotates in the head, in this
3D digital image correlation experiment, rotation of the eye relative to the camera array could have
introduced imaging distortions that might have compromised accuracy of the results. A
kinematically identical approach was taken that maintained a fixed location of the ocular center,
but altered the relative rotational location of the optic nerve support that constituted the virtual
orbital apex. According to nomenclature in Fig. 28, in the initial configuration of 26° adduction,
the coordinates at the optic nerve junction are (rcos ¢, —rsin ¢) where r and ¢ represent the

globe radius and the azimuth of the optic nerve junction. At the same time, the coordinates at the
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gripper are (Rcos(¢d + x), —Rsin(¢b + x)) where, R and x represent the distance from the globe
center to the gripper and the incremental angle to locate the gripper. In either rotating the eyeball
or the gripper, the length of optic nerve at in additional adduction to 32° can be computed. In the
initial configuration, optic nerve length becomes (r? + R? — 2rR cos(x))*/2. When the gripper is
rotated by s, optic nerve length is (r? + R — 2rRcos(x + y))*/2. Thus, 6 = { implies that the
optic nerve lengths at the two cases are equal, indicating that rotating the gripper is kinematically

equivalent to rotating the eye.

Figure 28. The detailed image for the eye holder and gripper. (A-B) schematic demonstrating
equivalence between rotation of eye versus shifting the gripper along the arc. In these two panels,
r represents the globe radius and ¢ the azimuth of the optic nerve junction. The location of the
gripper can be specified by the distance R and the incremental angle x, and 6 a indicate the angle
of rotation for the eyeball and and s for the gripper. The solid and dotted cyan lines correspond to
the ON path at the initial and deformed configuration. Gripper angle is exaggerated in panel B for

diagrammatic clarity.
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Even effort to remove a maximal optic nerve length at enucleation inevitably leaves behind
some optic nerve in the donor orbital apex (Fig. 29A). Without consideration of this anatomical
limitation, strains on the optic nerve and sclera might be exaggerated because the lost optic nerve
is replaced by a rigid metal rod. To account for this optic nerve truncation, a virtual orbital apex
was employed. Consistent with published anatomy’’, the distance between the globe center and
the orbital apex was set to be 41 mm, and the angle between a sagittal plane and a line from the
globe center and the orbital apex was 22°. From this the coordinates of the orbital apex were
computed to be x = —41sin22°, y = —41cos 22° with the globe center set as the origin.
Assuming a 17° angle between the fovea and the optic disc’’, the coordinate of the center of the
optic nerve junction were computed to be x = rsin(w — 17°), y = —r cos(w — 17°) where r
is the eye radius and w is the angle of rotation with respect to the sagittal plane (Fig. 29B). The
straight optic nerve length [ was measured with a digital caliper. Then, the initial position of the
gripper tip was adjusted by referring to the virtual orbital apex and the straight optic nerve distance.
The gripper tip was located over a line between the optic nerve junction and the orbital apex, while
the optic nerve length was maintained as [. At the deformed configuration, the distance between
the orbital apex and the optic nerve junction increases trigonometrically because of the 6°
adduction, and the extension proportion of the distance can be computed (Fig. 29C). Hence, |
stretched the remaining actual optic nerve by the same proportion. Because the optic nerve is
stretched straight under conditions of this experiment, the extension proportion would be
equivalent, while the gripper tip was on the line segment between the optic nerve junction and the

virtual orbital apex.
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Figure 29. Schematic diagram for geometric computation. (A) Globe in eye holder with
superimposed virtual orbital apex. Because of the offset between the globe center and the optic
nerve junction, alignment of the optic nerve and the clamp vary slightly from collinearity. (B)
Coordinates for the optic nerve junction during adduction. (C) Extension proportion of the optic
nerve length during incremental adduction. Adduction angle is exaggerated in panel C for

diagrammatic clarity.

3D digital image correlation analysis. The raw images were cropped into square images
of 4000 by 4000 pixels by removing redundant backgrounds. Then, calibration for estimating 3D
coordinates was conducted for each camera pair. By attaching a patterned paper on a cylinder of
25.4 mm diameter, | used the rod to refer to known 3D coordinates. After taking images for the
rod, the regions to be used for the calibration were manually selected, and the regions for a camera
pair had overlapped domains. Then image point coordinates and known 3D coordinates were

matched to obtain direct linear transformation parameters for each camera (equation 2):
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where L4, ..., L1, are calibration parameters. Also, x,, and y, are image point coordinates, and X,

Y, and Z are known 3D coordinates on the cylindrical rod.

Similarly, regions of interest for digital image correlation were manually selected by
paying attention to the overlapped regions. Because speckles were applied to the scleras, 2D digital
image correlation algorithm was used to identify corresponding regions between the reference and
deformed objects. By referring to the calibration parameters and 2D digital image correlation
results, 3D surfaces were reconstructed via using open source 3D digital image correlation*’. Then
3D displacements around the optic nerve junction were estimated. Since the reconstructed surfaces
was tessellated by triangular faces, the estimated displacements were used to compute the surface

area ratios of triangle meshes.

Tensile testing. After digital image correlation testing, each of the ocular tissues was
divided into anterior, equatorial, posterior, peripapillary sclera; optic nerve; and optic nerve sheath.
Except for the optic nerve, each region was dissected into rectangular strips that were used for
uniaxial tensile testing®”. The tensile load cell consisted of a linear motor (Ibex Engineering,
Newbury Park, CA, USA) and a sensitive force sensor with £0.1% error. A frictionless air bearing
was also used to support the load cell and minimize errors from frictional force. Cross-sectional
areas of tissues were measured by digital calipers (Mitutoyo Co., Kawasaki, Japan). Using closed
feedback control, tissues were elongated until the force sensor indicated 0.02 N as the preloading

condition. Then, 6 cyclic 5% preconditioning and tensile tests were performed until rupture
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occurred. The loading rate was 0.07 mm/sec, and the sampling rate was 5 Hz. During the
experiments, tissues were inside an environmental chamber so that the temperature was 37°C and
humidity approached 100%. As a result, stress-strain curves were obtained for each tissue region
after conclusion of the digital image correlation experiments. Tensile data were also used for
numerical simulation.

Analysis of tensile testing results. To compute tangent moduli of ocular tissues, stress-
strain curves were fitted by a polynomial curve fitting. The polynomial curve fitting was conducted
by using the built-in function in MATLAB 2017b (MathWorks, Natick, MA, USA). Thus, tangent
moduli were computed by differentiating the polynomial equations. For optic nerve sheath data,
the bilinear regression was conducted. Two lines to have least squared errors were found for optic
nerve sheath data after log transformation of stresses and strains. The intersection point between
two linear lines was assumed to be the transition point.

Numerical simulation by using finite element modeling. Each geometry model was
created for each specimen, consisting of the whole globe and attached optic nerve using
SolidWorks 2021 (Dassault Systemes, Vélizy-Villacoublay, France). For each eye tissue used in
the experiment, the axial length and transverse diameter of a globe and the optic nerve sheath
diameter at the optic nerve junction were measured, and the data were applied to the design models.
The detailed dimensions are tabulated in Table 1. Local tissue regions were parameterized
individually for tensile data collected for the anterior, equatorial, posterior, peripapillary scleras,
lamina cribrosa, optic nerve, and optic nerve sheath. Material properties from the uniaxial tensile
testing were converted to reduced polynomials models assuming isotropic and hyperelastic
material behavior. Then the individualized eye models were imported in the Abaqus 2023

(Dassault Systemes, Vélizy-Villacoublay, France) software package for finite element modeling,
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and the geometries were tessellated by using 10-node second order tetrahedral meshes. A total of
540,196 + 64,198 meshes were used because mesh convergence tests of the model have
demonstrated this to be sufficient® 7. The Poisson ratios of all tissues were set to be 0.495 because
the tissues were assumed to be incompressible as is typically assumed for soft tissues®. As
boundary conditions, the optic nerve and its sheath was fixed at the orbital apex, and the globe was
adducted by 6° so that surface area ratios could be computed. To simulate the pre-stretch, tensile
testing results of posterior regions were translated by 5% along the strain axis. Due to the pre-
stretch, tissues become stiff because stress-stress curves become steep. The stiffened models were
compared to models without the offset. Models with intraocular pressure elevation from 15 to 30
mmHg were also simulated for the comparison. Surface area ratios for all models were computed
by using our own code. Nodal coordinates of the sclera surface at the initial and deformed
configurations and connectivity of the nodes were exported by Abaqus 2023. By using the exported
information, | defined triangles on the sclera surface and computed surface areas of the triangles

before and after the deformation.

Statistical analysis. For the data analysis, paired t-testing, and one- and two-way ANOV A
were performed by using GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA).
Generalized estimating equations was computed for the multivariate analysis by using IBM SPSS

25 (Armonk, NY, USA).

Results
Tensile testing. | conducted uniaxial tensile tests of postmortem human ocular tissues and
plotted stress-strain curves (Fig. 30). From the individual curves, tangent moduli to represent

stiffness were computed. At 3% strains, tangent moduli of anterior, equatorial, posterior, and
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peripapillary scleras were 13.96 + 3.37 MPa, 11.73 £ 3.54 MPa, 7.01 + 2.90 MPa, and 2.34 + 1.19
MPa, respectively. The tangent moduli of optic nerves and optic nerve sheaths at 3% strains were
0.90 + 0.56 MPa and 1.28 + 0.50 MPa. When the strains reached 7%, tangent moduli of anterior,
equatorial, posterior, and peripapillary scleras were 22.6 + 6.6 MPa, 22.2 + 5.4 MPa, 10.2 £ 4.8
MPa, and 3.2 + 1.5 MPa, respectively. Also, the tangent moduli of optic nerves and optic nerve

sheaths were 1.39 + 0.61 MPa and 3.0 + 1.3 MPa at 7% strains.
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Figure 30. Tensile testing results for 12 human postmortem eyes. Individual (gray) and average
(black) engineering stress-strain curves for scleras, optic nerves, and optic nerve sheaths. Note that

the range of y-axis differs between the first and second rows.

The slope of the stress-strain curve varied with the increase of strains, and the curve had
no local extremum point. Thus, | thought that the relationship between stresses and strains can be

represented in a form of o~¢" where o, €, and y correspond to stresses, strains, and a variable
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exponent, respectively. Because the function form is highly influenced by the variable exponent vy,
| replotted the tensile test data by using a log-log plot. For a curve of o~¢”, the equation
log(o)=ylog(e) is followed by the logarithm transformation, so the slope of the log-log graph
represents y. When | plotted the log-log curves for different ocular regions, the curve from optic
nerve sheaths represented two different slopes. Thus, bilinear curve fitting was used to find the
transition point of the stress-strain curve for optic nerve sheaths. The goodness of fit was 0.953 in
low strain region, and the value was 0.991 in high strain region. I found that the transition occurs

around 3.4% strain from the uniaxial tensile testing of postmortem human optic nerve sheaths (Fig.
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Figure 31. Log-log plots of tensile testing results for 12 human postmortem eyes. Note the change

in slope of the ON sheath curve at around 3.4% strain.

Digital image correlation. By attaching a uniformly distributed pattern on the surface of

a cylinder of known size, | performed the calibration for computing 3D coordinates by combining
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two 2D images (Fig. 32A). Since the diameter of the cylinder was 25.4 mm, its dimension and
curvature were similar to those of human eyes. The errors of 3D coordinates from each camera
pair were about 10 pm.

A verification system with two pillars holding a sheet of randomly patterned paper was
(Fig. 32B) placed on a vernier stage separately controlling translation in normal and tangential
directions. Displacement magnitudes and surface area ratios were measured for the two translation
directions (Fig. 32C and 32D). Errors did not become significant until translation exceeds 2 mm
in both normal and tangential directions. Since all displacement magnitudes observed in these
experiments are smaller than 2 mm, measurements can be considered reliable. Except for the
reliability test, I also conducted the repeatability test by measurements of two repeated adduction
events for the same eye. For the same eye, two different heat maps to represent surface area ratios
were compared (Fig. 33). Average of the absolute difference between two heat map values across

the domain was 0.0059.
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Figure 32. The verification systems for the 3D digital image correlation analysis. (A) A cylindrical
rod to calibrate 3D coordinates across a cylindrical surface. (B) The mechanical system to translate
the patterned paper. (C) Measured displacement magnitudes and (D) surface area ratios as

functions of translation distances.
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After confirming the reliability and repeatability of the digital image correlation analysis, |
investigated whether localized scleral deformations along three directions occur for 12 postmortem
human eyes. For comparison with adduction, intraocular pressure elevation to 30 mmHg was also
applied. For analysis of horizontal and vertical directions, three strips of 0.1 mm width over the
sclera surface were defined along the nasal horizon, superior, and temporal horizon directions (Fig.
34A). Then surface area ratios were plotted along the strip after the intraocular pressure elevation

or adduction. Surface area ratios become less than one when the local regions are compressed, and
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the ratios are larger than one as the region expands. Because the region of interest was outside the

optic nerve sheath, the deformation was not large. In particular, the pressure elevation from 15 to

30 mmHg did not induce any detectable deformation on the sclera outside the optic nerve sheath.

For 6° incremental adduction, the sclera expanded slightly temporal to the optic nerve, whereas it

was compressed nasal to the optic nerve. All deformations occurred within 2 mm of the optic disc

(Fig. 34).
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Figure 34. Surface area ratios depending on regions and distances from optic nerve sheaths. (A)

The strips were defined in the sclera for analysis of changes in surface area. (B) Intraocular

pressure elevation from 15 to 30 mmHg did not change scleral surface area. (C) Adduction by 6°

produced changes in surface area within 1.2 mm of the nasal edge of the optic nerve sheath.
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Deformation was quantified by change in local surface areas of the sclera, represented as
ratios of loaded to unloaded areas in defined regions consisting of 3 fan-shaped sectors of 30°
central angle in the nasal, superior, and temporal regions as diagrammed in Fig. 35A. Because the
deformations were confined to within 2 mm from the optic nerve sheath (Fig. 34), each sector was
divided into 2 annular regions defined by radial distances of 1 and 2 mm from the optic nerve
sheath. Changes in surface area ratios were analyzed for each of the local areas defined in this way,
during elevation of intraocular pressure from 15 to 30 mmHg, without altering optic nerve position
(Fig. 35D).

None of the changes resulting from intraocular pressure elevation was statistically different
from unity (P=0.121, paired t-test). Changes in surface area ratios caused by 6° incremental
adduction were also computed (Fig. 35E). In the region 1 mm from the margin of the optic nerve
sheath, the surface area ratios in the nasal region and superior regions were 0.976 + 0.007 and
0.994 + 0.004, respectively, but stretched to 1.003 £+ 0.010 for the temporal region by adduction.
The nasal region was compressed significantly within 1 mm of the optic nerve sheath by adduction
(P=0.0077), but not at 2 mm. In the region 2 mm from the margin of the optic nerve sheath, the
corresponding values were not distinguishable from unity at 0.992 + 0.007, 0.996 + 0.003, and
1.000 + 0.006, respectively (P=0.338). To ascertain that extreme intraocular pressure elevation
ultimately affects the scleral surface, we examined the case of intraocular pressure elevation to 45
mmHg for two eyes (Fig. 35F). Modest increases of surface area ratios in all of nasal, superior,
and temporal regions showed that the 3D digital image correlation analysis can detect small scleral

deformations caused by extreme intraocular pressure elevation.
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ANOVA was used. The error bars represent the standard deviations.

Finite element modeling. In addition to modeling the properties of each ocular tissue region
as using linear stiffness, | also considered as a separate case the effect of strain stiffening in the

optic nerve sheath (Fig. 31) where the optic nerve and its sheath had 5% pre-stretch at the initial
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position of 26° adduction. The finite element modeling then simulated the effect of incremental
adduction from 26° to 32°, with or without this pre-stretch. Because optic nerve tensile behavior
of the ninth eye in Table 1 appeared to be confounded by artifact, | did not include perform an
individualized finite element model for this eye. A total of 11 eye models were simulated,
corresponding to each of the eyes tested by 3D digital image correlation.

For comparison of digital image correlation data with finite element modeling, the sclera
was divided into 6 regions (Fig. 35A). For the 11 finite element modeling cases without the 5%
pre-stretch for the optic nerve and its sheath, surface area ratios during adduction tethering in the
nasal, superior, and temporal regions were computed (Fig. 36A). In case of the 5% pre-stretch
models, surface area ratios were also obtained (Fig. 36B). In either case, temporal regions were
strained (P<0.0001, paired t-test with unity). However, nasal regions were compressed only in
models with the 5% pre-stretch (P<0.01), and they were not compressed in models without the
pre-stretch (P=0.872). The effect of the pre-stretch on deformations in the nasal regions was
reaffirmed by performing paired t-test (Fig. 36D, P=0.0023). Also, scleral deformations of nasal
regions in models with the 5% pre-stretch were localized in the 1 mm group, and they were
unnoticeable in the 2 mm group (P=0.148). For intraocular pressure elevation from 15 to 30 mmHg
without adduction tethering, finite element modeling predicted no changes from unity in surface
area ratios in any regions (Fig. 36C, P>0.188). For intuitive appreciation, absolute maximum
principal strains are demonstrated for a 5% pre-stretched adduction model of an eye from 82 years
old Caucasian man (Fig. 36E), and dimensions of the eye correspond to those of the first eye in
Table 1.

The correlation between surface area ratios and other variables was investigated by

generalized estimating equations. Donor age, axial length, transverse diameters, and tangent
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moduli of all scleras, optic nerve, and optic nerve sheath at 3% and 7% were uncorrelated with
surface area ratios (P>0.216). However, the optic nerve sheath radius was negatively correlated

with the surface area ratios (P=0.046).
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Figure 36. Surface area ratios from simulations. (A) The models without 5% pre-stretch. (B) The
models with 5% pre-stretch. (C) The models with intraocular pressure elevation from 15 to 30
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Visualization of absolute maximum principal strains for the adduction with 5% pre-stretch. The
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error bars represent the standard deviations. For the statistical analysis, and paired t-test and two-

way ANOVA were used.

The correlation between the surface area ratios from digital image correlation experiments
and the eye-specific simulation models was examined (Fig. 37). Pearson’s correlation coefficients
for the nasal, superior, and temporal regions were 0.575, 0.095, and 0.348. Linear regression of
simulated against experimental data yielded a slope of 0.295 in the nasal region, while the slope

was 1.212 in the temporal region.
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Figure 37. Correlation of observed and predicted changes in posterior scleral surface area caused
by incremental adduction from 26-32° in 11 eyes. The prediction was from models with the 5%

pre-stretch. Each point represents a superior, nasal, or temporal scleral region, which is far from
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the optic nerve sheath border by 1 mm for each eye. Dotted line represents linear regression for

the nasal sclera, while the solid line indicates linear regression for the temporal region.

Discussion

In this current study, | conducted experiments as well as numerical simulations to
replicated incremental adduction from 26-32° in magnetic resonance imaging studies for living
humans®’-8. In that situation, the optic nerve had become straightened at 26°, requiring optic nerve
elongation, globe translation, and/or scleral deformation to permit the additional adduction. The
current experiment in postmortem human eyes imaged by 3D digital image correlation from a
posterior perspective the sclera where it joins with the optic nerve and its sheath. Replicating the
in vivo experiment, adduction from 26° to 32° during optic nerve tethering compressed the sclera
adjacent to the nasal side of its junction with the optic nerve sheath, while stretching the adjacent
sclera on the temporal side. There was little effect on the superior sclera. The scleral deformations
were greatest adjacent to the optic nerve sheath but propagated at most to about 2 mm beyond it.
While adduction with the optic nerve tethered generated significant scleral deformations, none
were detectable during intraocular pressure elevation to 30 mmHg. The absence of observed effect
of moderate intraocular pressure elevation does not indicate insensitivity of the method, because
extreme intraocular pressure elevation to 45 mmHg did detectably stretch the sclera on the nasal,
temporal, and superior border of the optic nerve sheath. Individualized finite element models
assembled for each eye using tensile properties measured in the optic nerve, optic nerve sheath,
and local regions of sclera for that eye predicted change in regional scleral surface area ratio based
on these individualized finite element models during the adduction loading. These changes

correlated significantly with those observed by 3D digital image correlation, while also predicting
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the observed absence of effect of intraocular pressure elevation. However, performance of finite
element modeling was better when material parameterization of the optic nerve sheath included
the effect of pre-stretching.

Comparison between adduction tethering and intraocular pressure elevation requires a
nuanced approach. Adduction tethering generated larger deformations of the posterior scleral
surface than intraocular pressure elevation, but this perspective is unusual insofar as most other
studies of the effect of intraocular pressure elevation have reported on intraocular effects on the
disc and peripapillary tissues in normal and glaucomatous eyes®. Even so, since in this study the
main driver of intraocular peripapillary deformations was traction by the optic nerve and its sheath,
the current findings support previous simulations of adduction that concluded that deformations of
lamina cribrosa by adduction are at least at great as those due to intraocular pressure elevation'®
77.

In addition to being individually variable among donors of various ages, tensile properties
of ocular tissues may depend on experimental conditions such as strain rates®® and stress levels®,
| compared our results with previous reports® 879095 Although there are variations among human
sclera data®” %92 %4 tangent moduli at low and high stresses were usually ~10 MPa %% and
>20 MPa®”:90:92.94 In case of human peripapillary sclera, reported tangent moduli were less than
10 MPa®” %3 9% Mechanical properties of peripapillary sclera have often been estimated by the
inverse finite element method®® . Though direct comparisons with this different methodology
must necessarily be limited, the published values have the same order of magnitude as ours. The
uniaxial tensile data for the human peripapillary sclera reported 8.6 MPa for the tangent modulus
at 7% strain®’, which is higher than the modulus in this current study. The peripapillary sclera was

tested in a 7.5 mm in diameter annular region in the current study, limiting the specimen aspect
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ratio to about 2, although aspect ratio would preferably exceed 5 for uniaxial tensile®®. The lamina
cribrosa has been elsewhere estimated to have a modulus of 0.3 MPa®, and this value is
comparable to the tangent moduli of the optic nerve in this study. In case of the human optic nerve
sheath, a previously reported tangent modulus at 7% was 11.5 MPa®, and the preload of 0.05 N
was applied in the previous study. The preload in the current study was 0.02 N, so preload might
account for some difference in observed toe regions.

Based on optical coherence tomography analysis?, 26° adduction approximates a threshold
above which deformation of the disc and peripapillary tissues increases abruptly. This angle has
been interpreted as the threshold at which the formerly sinuous optic nerve exhausts its path
redundancy and becomes straight’”. However, tension in the optic nerve and its sheath produced
by further adduction past 26° would also depend upon its stress-strain curve after straightening.
The current tensile tests illustrate an important nonlinearity causing optic nerve sheath stiffness to
increase appreciably beyond 3.4% strain, a behavior that represents strain stiffening® 3. To
ascertain if the transition could occur in adduction, | calculated optic nerve strain due to 26°
adduction. The mean radius of human eyes is 12 mm%, and the distance between the globe center
and the orbital apex is 41 mm’’. Also, the angle between a sagittal plane and a line from the globe
center and the orbital apex is 22°. Then the coordinate of the orbital apex is
(—41sin 22°,—41 cos 22°) when the globe center is the origin. Assuming that the angle between
the fovea and the optic disc is 17°”7, the coordinate of the optic nerve junction was
(12sin(w — 17°),—12 cos(w — 17°)) where w is the angle of rotation with respect to the sagittal
plane. As a result, the optic nerve and its sheath are elongated by 7.5% at 26° adduction if globe
translation is negligible. Accounting for observed nasal and posterior globe translation of 0.2 mm

in normal subjects®, the optic nerve and its sheath are strained by 6.6% when the eye is adducted
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by 26°. On the other hand, the optic nerve path is actually sinuous in central gaze, and its path is
about 3% longer than the straight path from the orbital apex to the globe®” 8, Accounting for the
initial 3% average optic nerve path redundancy from magnetic resonance imaging, the redundancy
of the sinuous optic nerve path would be exhausted before adduction reaches 26°. Since
incremental adduction would induce strain in the optic nerve and its sheath after the optic nerve
path becomes straight, the optic nerve and its sheath would be stretched by 3.6% when adduction
reaches 26°, the starting point of the current 3D digital image correlation experiment. Intriguingly,
the strain value of the optic nerve and its sheath at 26° adduction was close to the transition point
of stress-strain curve of human optic nerve sheath. This calculation suggests that strain stiffening
of the optic nerve sheath can occur during adduction within the physiological range, and 26°
adduction angle might represent the beginning of strain stiffening of the optic nerve sheath, rather
than the threshold of optic nerve straightening. This consideration justifies the inclusion of pre-
stretch in the finite element modeling performed here. Of course, the foregoing analyses assume
average anatomical dimensions and average tissue properties. It has been noted elsewhere that
mechanical effects of adduction may be exaggerated when anatomical or tissue material property
combinations are unfavorable’”.

Through a similar computation, | attempted to predict the adduction angle where the optic
nerve path would become straight. The averaged coordinate of the orbital apex is
(—41sin22°,—41cos22°), and the averaged coordinate of the optic nerve junction is
(—12sin17°,—12cos 17°) in central gaze. Then the straight distance between the orbital apex
and the optic nerve junction is 29.06 mm. On the other hand, because magnetic resonance imaging
was conducted in supine position'” 8 the gravitational field might influence anteroposterior

locations of eyeballs during magnetic resonance imaging. Assuming that the globe was posteriorly
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translated by 0.1 mm during image acquisition, the shortest distance between the orbital apex and
the optic nerve junction would be 28.97 mm at that moment. Considering the initial 3% average
optic nerve path redundancy'” 8, the total length of the intraorbital optic nerve would be 29.84
mm. The distance between the orbital apex and the optic nerve junction at 14° adduction would be
29.83 mm when the posterior globe translation of normal subjects is 0.09 mm®. As a result, |
speculate that this 14° angle might be a threshold of optic nerve straightening. If so, optic nerve
tethering might be a more common phenomenon in daily life as it could be associated with smaller
adduction angles that are more commonly attained.

The results from this study imply potentially pathological significance of adduction
tethering for the optic disc and peripapillary region. Scleral deformations caused by optic nerve
and sheath traction in adduction are concentrated focally at the optic nerve junction and propagate
only 1-2 mm from the edge of the sheath on the exterior scleral surface. However, at the external
surface, the ON sheath diameter is much larger than the roughly 1.5 mm diameter of the optic disc
internal to the eye. In fact, deformations of the disc, peripapillary vessels, and choroid observed
intraocularly by confocal scanning laser ophthalmoscopy'* # and optical coherence tomography®*
62,71 during horizontal duction occur largely within the region covered on the exterior surface by
the optic nerve sheath, and so invisible to the current technique. This internal region, which
includes the lamina cribrosa, is the site of optic nerve damage in primary open angle glaucoma,
the world’s largest cause of untreatable blindness® %, Although intraocular pressure was
previously believed to be the cause of primary open angle glaucoma, elevated intraocular pressure
is no longer definitional of the disease. Many patients, especially Asians'®*1% do not have
abnormally elevated intraocular pressurel®, and experience optic nerve damage despite normal

intraocular pressure'®, as is the case in 30-39% of whites'?’1% 57% of Blacks!!®, 70% of
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Chinese'!!, and 92% of Japanese!®?. However, even treatment to reduce intraocular pressure does
not arrest progressive optic neuropathy'?, so about 20% of patients suffer more optic nerve
damage 5 years after 30% intraocular pressure reduction from normal®®, even when intraocular
pressure is reduced so much that its insufficiency causes visual loss by other mechanisms®®e,
Causes of glaucoma independent of intraocular pressure have been proposed to include the
gradient across the lamina cribrosa of intraocular pressure against intracranial pressure!**17 or
abnormal blood flow in the disc or optic nerve!!®, yet there remains no clear etiology of primary
open angle glaucoma®. Studies have found no relationship between translaminar pressure and
glaucomal’®, even varying gravitational posture!?, Eye-movement related deformation has been
proposed as another mechanical etiology for primary open angle glaucoma operating alternatively
or in addition to intraocular pressure!® 1% 76 While the healthy optic nerve stretches during
adduction tethering, in primary open angle glaucoma the optic nerve fails to stretch, abnormally
retracts the globe?®, and exaggerates strain on the disc’®. Deformations of the disc and Bruch’s
membrane produced by eye movements exceed intraocular pressure-related deformations
suggested as pathological to retina'?!, and many-fold those resulting from extreme intraocular
pressure elevation*??, Based on finite element modeling, Wang et al. predicted that 13° abduction
induces larger stains of optic nerve head than intraocular pressure of 50 mmHg does®. Consistent
with the current findings, the optical coherence tomography study of Chuangsuwanich et al.
reported that adduction induced larger optic nerve head strains for patients with normal tension
glaucoma than for glaucoma patients with elevated intraocular pressure’®. A population-based
study in Korea found that untreated large angle esotropia, which augments adduction, increases
the primary open angle glaucoma risk at least seven-fold more than elevated intraocular pressure,

while divergent strabismus does not*23, It has further been proposed that deformations of the scleral
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flange due to eye movement might lead to choroidal degeneration observed in glaucoma®?*. If eye
movements do drive optic nerve pathology in primary open angle glaucoma, therapeutic alternative

to medical and surgical intraocular pressure reduction might eventually be considered.

Limitations

In this current study, there were several limitations to require discussion. For the simulation
model, | assumed that all the ocular tissues are isotropic. However, the peripapillary sclera is
structurally anisotropic in a manner reflected in several prior finite element modeling studies'?®,
although no directionally selective or biaxial experimental tensile data are available to characterize
this small region. Because a significant portion of fibers in the peripapillary sclera are
circumferentially oriented® 26, the deformations in the peripapillary sclera during adduction
tethering may have been underestimated for adduction. Also, though I employed the characteristic
dimensions such as axial length and transverse diameter to define the geometries of eye models,
they may not fully describe the realistic geometry. Additionally, the reported thicknesses of the
nasal and temporal peripapillary scleras differed®®. Nevertheless, in the current study, the finite
element models assumed equal thickness for both the nasal and temporal peripapillary sclera. The
finite element models did not include internal structures such as choroid and retina; these structures
are much softer than sclera, so probably contribute little to externally visible scleral behavior.

The mechanical system for this current study does not reflect certain features of orbital
anatomy. Firstly, the mechanical system does not consider the globe translation during eye rotation.
However, translation effects might not be significant because anteroposterior and lateral globe
translation in normal subjects are close to zero for adduction from 26° to 32°%. Second, the optic

nerve length was unavoidably truncated when the eyes were enucleated. Thus, | considered the
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hypothetical orbital apex to compute eye rotation and to compensate for the lack of the optic nerve
length. Without such considerations, mechanical deformations on the eyeball might be exaggerated.
Third, the orbital fat was not involved in the eye rotation system. Although the orbital fat usually
slides like a fluid near the optic nerve, Tenon’s fascia, vessels, nerves and orbital fat posterior to
the eye are likely to impose mechanical loading on the ocular surface!?’, potentially dissipating the
energy not included in the model, so the mechanical deformations observed here might be
overestimated. However, since the shear modulus of orbital fat is low!?, the shearing effects on
posterior sclera might not be significant. Fourth, suturing of an eye to an aluminum eye holder
might induce force on sclera anteriorly. As a result, the sclera might have been stretched, but the
effects would decay in the posterior region. Since the region of interest was far from the anterior
sclera, the resulting effects might not be significant. Lastly, postmortem changes of the ocular

tissues may influence biomechanical behavior of the tissues.
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CHAPTER 6. CONCLUSIONS

6.1. Summary

According to the optic nerve traction hypothesis, large eye rotation results in a substantial
force on posterior ocular tissues, and the mechanical loads are supposed, upon numerous repetition,
to be capable of inducing damage to ocular tissues. | systematically and rigorously designed a set
of research studies to verify the hypothesis by empirical approaches from the perspective of solid
mechanics. | ascertained that eye rotation deforms the retina layers by using scanning laser
ophthalmoscopy. | showed that the direction of the driving force is toward the posterior ocular
region using optic coherence tomography angiography. Moreover, magnetic resonance imaging
confirmed that the driving traction force is generated by the optic nerve and its sheath during
horizontal duction. Lastly, | investigated whether the driving force from the optic nerve and its
sheath can be significantly transferred to the eyeball by using numerical simulation and an ex vivo
experiment based on 3D digital image correlation analysis. The validation and quantification of
the optic nerve tethering might garner support among researchers for the concept of optic nerve
traction, and encourage the participation of other researchers who are familiar with downstream

pathological pathways activated by mechanical stimuli.

6.2. Open research questions

Although the optic nerve tethering theory has been validated throughout this dissertation,
a putative relationship between optic nerve tethering and ocular diseases such as glaucoma and

myopia remains elusive. Since the optic nerve tethering was proposed as an etiology for normal
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pressure glaucoma, a detailed causal relation needs to be elucidated in order to persuade other
researchers. In the previous optical coherence tomography analysis, lamina cribrosa of normal
tension glaucoma patients deform more than that of high tension glaucoma patients when an eye
is 20° adducted’®. The large deformation of the lamina cribrosa for normal tension glaucoma is
intriguing because this result may be related to the adduction-induced optic neuropathy. However,
optic discs of young adults exhibited larger deformations than those of old adults during
adduction™, so magnitudes of deformations may not be an optimal quantity to investigate
glaucoma with normal intraocular pressure because this quantity can be large even for healthy
young subjects. On the other hand, the mechanical property of the lamina cribrosa can be estimated
by virtual fields method in vivo'?®. By the force balance equation at the equilibrium, the following

equation can be derived.

fa:edV:f T-udS 3)
4 S

where o, €, V, T, u, and S represent the Cauchy stress, strain, the tissue volume, the external
traction force, displacement, and the tissue boundary surface, respectively. When the intraocular
pressure is under control, the external traction force can be replaced by the intraocular pressure
level. Displacements and strains can be computed using digital volume correlation®” for optical
coherence tomography images. Once a constitutive equation for the lamina cribrosa is determined,
stress can be explicitly represented a function of strains and parameters to reflect the
hyperelasticity. In the literature’?®, the lamina cribrosa was regarded as a neo-Hookean

hyperelastic material as follows.

0=]E(B—I)+p1 (4)
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where o, u, J, B, I, and p represent the stress, the shear modulus, the determinant of the
deformation gradient tensor, the left Cauchy-Green deformation tensor, the identity matrix, and
the hydrostatic pressure, respectively. | speculate that the authors used the isotropic neo-Hookean
model because it involves only one parameter pu in the equation. With one equation, the number of
unknown variables needs to be one for finding the solution. However, | anticipate that the number
of equilibrium equations could increase when the intraocular pressure is controlled at two or more
different levels for the same eyes. Consequently, the constitutive equation could be more
sophisticated to reflect more realistic properties. Moreover, strains of the lamina cribrosa during
adduction can be computed using digital volume correlation for optical coherence tomography
images. Therefore, the computation of stresses in the lamina cribrosa may be feasible during
adduction. Using this methodology, it would be interesting to investigate whether the stress level
on the lamina cribrosa in the normal tension glaucoma is higher than that in high tension glaucoma
or healthy subjects. If there is an evident correlation between the estimated stress level and ocular
diseases, the research results may garner attention from other researchers and clinicians. Then,
another question can be about the downstream pathways. Mechanical stimuli can induce apoptosis
of retinal ganglion cells'3% 13 so both elevated hydrostatic pressure and optic nerve tethering may
trigger the pathway. However, amplitude and frequency of the mechanical stimuli differ between
the pressure elevation and eye movement. Given the fact that types'®?, amplitude®3, and
frequency®* of mechanical stimulus affects behaviors of other cells, effects of the mechanical

parameters may need to be studied accordingly.
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6.3. Epilogue

The hypothesis regarding the optic nerve traction was proposed in 2016°, but its empirical
validation and quantification have not been fully explored. Although there are still open research
questions, at least | can argue that the optic nerve tethering has been experimentally validated by
these sequential projects. The remaining tasks would be to perform the research to address the
research questions and to link the mechanical phenomena to ocular diseases such as normal tension

glaucoma and myopia.
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