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Abstract

Purpose: In the disease of glaucoma, elevated intraocular pressure (IOP) may mechanically
damage retina tissue leading to vision loss. The mechanical deformation of retina during 10P
elevations have not been well-characterized. We aim to characterize the peripapillary retina (PPR)
deformation during IOP elevation in human donor eyes using high-frequency ultrasound
elastography. Methods: Whole globe inflation was performed in ten donor eyes (age: 20-74 years
old) while 10P was raised from 5 to 30 mmHg. High-frequency ultrasound scans of the posterior
eye centered at the optic nerve head (ONH) were collected during inflation. A correlation-based
speckle tracking algorithm was used to compute displacements, and tissue strains were calculated
using least-squares estimation. Radial, tangential, and shear strains were mapped for manually
segmented regions of interest (PPR and peripapillary sclera (PPS)). Results: Our results showed
that PPR experienced high shear strain, less radial strain, and low tangential strain at 30 mmHg.
Localized high shear and tangential strains were present throughout PPR. In comparison to PPS,
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PPR had greater shear, less radial compression, and similar levels of tangential stretch. Conclusion:
Peripapillary retinal damage is characteristic of glaucoma progression. Our findings suggest that
although PPR experienced minimal radial compression during 1OP elevation, high shear could
contribute to mechanical damage of neural tissue during IOP elevation. These results provide new
insights into 10P-related mechanical insults on neural tissue near the ONH, where glaucomatous

damage initiates.
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1. Introduction

The retina is a light-sensitive layer of neural tissue in the eye that plays an essential role in
the visual pathway. Incoming light energy is converted to electrochemical signals that are passed
along the retinal nerve fiber layer (RNFL) to the optic nerve head (ONH), where the nerve axons
converge and exit the eye. In the group of diseases known as glaucoma, damage to these optic
nerve axons lead to severe vision loss and blindness. Elevated intraocular pressure (I0P) has been
identified as a primary risk factor for glaucoma onset and progression. As such, IOP-related
mechanical damage to ONH neural tissue plays a central role in glaucoma pathophysiology.
Therefore, characterization of the deformation response of the peripapillary tissues surrounding
the ONH in response to IOP elevation may further our understanding of the biomechanical
contributors to glaucoma damage.

The fragile nature of the retina has limited the extent of its biomechanical characterization.

In ex vivo mechanical testing, controlled attachment of the delicate tissue samples to testing



apparatus was a commonly reported challenge. Using synthetic adhesives, a few early uniaxial
tensile studies in animal models showed the retina is resistant to in-plane stretch with a stress-
strain response akin to plastic deformation [1,2]. Other studies using tensile tests showed a variable
tensile modulus in retina that was dependent on temperature and structural differences between
regions [3-5]. More recently, efforts have been made to measure retinal compressive properties
that better describe its behavior under the physiological loading of 10P. It has been shown that
retina’s compressive modulus was about 10 times lower than its tensile modulus [6]. Elastography
methods using imaging modalities such as Optic Coherence Tomography (OCT) [7-9] and
ultrasound [10,11] have also been applied to characterize retinal deformation in whole eye models
under physiological loads. However, few studies have reported the deformation response of the
peripapillary retina in the region surrounding the ONH during 1OP elevations.

The primary objective of the present study was to characterize the deformation of the
human peripapillary retina (PPR) in response to acute 10P elevations. High-frequency ultrasound
offers excellent tissue penetration and spatial resolution for imaging the structures in and around
the ONH. We have developed and validated a technique applying high frequency ultrasound to
measure tissue deformation in the posterior eye and reported ONH and peripapillary sclera (PPS)
strains during 1OP elevation [12-15]. Using this technique, we measured the PPR deformation in
normal and glaucomatous eyes and compared it with PPS deformation to gain insights into the
biomechanical response of this critical ONH tissue structure during acute IOP elevation. The
results from this study may further the understanding of the potential mechanical alterations of

essential ONH structures in glaucoma.

2. Methods



Donor Information and Experimental Setup

Ten normal donor globes (age: 20 — 74 years; mean + SD: 49 + 20; 4 male and 6 female)
were obtained from the Lion’s Eye Bank of West Central Ohio (Dayton, OH, USA) in accordance
with the Declaration of Helsinki. All globes were recovered within 12 hours postmortem and all
experiments were completed within 36 hours postmortem. The globes were stored in a moist
container at 4°C until experimental use.

Before inflation, extraocular tissue was removed from the globe and the optic nerve was
trimmed close to the surface of the sclera for ultrasound imaging from the posterior side. Two
spinal needles were inserted through the equator of the globe to secure the eye to a custom-built
holder with the ONH facing upward (Fig. 1A). Two 20G needles were inserted into the anterior
chamber of the eye, one connected to an infusion pump (Ph.D. Ultra, Harvard Apparatus, MA,
USA) and the other to a pressure sensor (P75, Harvard Apparatus) to control and continuously
record I0OP. The eye was immersed in 0.9% saline to maintain tissue hydration and facilitate

ultrasound transduction.
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Figure 1: A) Experimental setup of human donor globe inflation with high-frequency ultrasound
imaging of the ONH and peripapillary region. B) A representative ultrasound image of the scanned
region along the nasal-temporal (NT) axis. PPS (dashed yellow) and PPR (dashed pink)

segmentation are shown.

Inflation Testing with Ultrasound Imaging

For all inflation testing, control of the testing apparatus and data acquisition were
implemented by using a customized LabView program (National Instruments, Austin, TX, USA).
The globes were first preconditioned with 20 cycles from 5 to 30 mmHg at 2 seconds per cycle
before equilibrating at 5 mmHg for 30 minutes. The inflation tests were then performed by
increasing IOP from 5 to 30 mmHg with 0.5 mmHg steps. The IOP was held constant at each

pressure level for 30 seconds before ultrasound scans were acquired using a 50MHz ultrasound



probe (MS700, Vevo2100, VisualSonics). Each eye was inflated twice to capture 2D scans
(approximately 5 mm x 10 mm) of the posterior eye centered at the ONH along the nasal-temporal
(NT) and superior-inferior (SI) axes. Scans were separated by 30 minutes of equilibration time at
5 mmHg in between.
Ultrasound Speckle Tracking Algorithm

A correlation-based ultrasound speckle tracking algorithm has been described and
validated previously [12]. Briefly, digitized ultrasound radiofrequency (RF) data, sampled at 1.5
pm x 19 um (axial x lateral), are acquired during image acquisition. To perform speckle tracking,
aregion of interest (ROI) was manually defined to include all visible tissue between the boundaries
of the PPS and PPR, including the ONH, at the initial IOP. Within the ROI, the RF data are divided
into kernels, each containing 51 x 31 pixels (75 um x 570 pm). A 50% kernel overlap was applied
to improve spatial resolution [16]. The displacement of each kernel was computed by cross-
correlation between successive RF frames within a search window. The maximum correlation
coefficient value designates the new location of the kernel, and spline interpolation allows for
subpixel resolution in displacement tracking. The cumulative displacement vectors were calculated
with respect to the kernel location at the initial IOP. Strains were calculated using least squares
estimation based on the local displacement field gradient [17]. Radial, tangential, and shear strain
was obtained by coordinate transformation from Cartesian to the polar coordinates based on the
tissue curvature to eliminate the effect of pure rotation and better describes the anatomy of the
posterior eye. Color maps were generated to visualize the spatial distribution of the tissue
displacements and strains. Strain maps were generated for each region with spline interpolation of
the kernels to the pixel level.

Peripapillary Retina Deformation Analysis



For all eyes, PPS and PPR were defined by manual segmentation based on tissue
boundaries visible in ultrasound images (Fig 1B). We have previously validated the repeatability
of manual segmentation of ONH structures for ultrasound images, showing excellent interobserver
repeatability [15]. Choroid was not separable from the sclera in the ultrasound images, and thus
was included within the PPS region. Average displacement and strains in each region were
obtained and analyzed, only data at 30 mmHg are reported in the text as an example. The
differences and correlations of the average strains between the different regions were evaluated by

using paired t-tests.

3. Results

Representative ultrasound images of a normal ONH are presented in Figure 1B. High
frequency ultrasound captures consistent speckle patterns across the range of experimental 0P as
evidenced by the high speckle tracking correlation coefficient (>0.99).

In normal eyes, the average radial, tangential, and shear strains were -2.07+£0.65%,
0.38+0.14%, and 1.08+0.32%, respectively. Representative strain maps depicting regional PPR
and PPS radial, tangential, and shear strains are shown in Figure 2. At 30 mmHg, PPR had shear
strain of 1.46+0.55% that was significantly greater than the radial strain magnitude (-0.79+0.36%,
p=0.004) and tangential strain (0.40+0.26%, p<0.001). In comparison to PPR, PPS had greater
radial strain (-2.83+1.03%, p<0.001, see Fig. 3A), less shear strain (1.05+0.33%, p=0.043), and

similar levels of tangential strain (0.46+0.23%, p=0.575).
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Figure 2: Radial, tangential, and shear strain maps of PPR (left, shaded in yellow) and PPS (right,

shaded in pink) from a representative normal eye at 30 mmHog.
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Figure 3: A) Comparisons of the radial, tangential, and shear strains between PPR and PPS at 30
mmHg in normal eyes (* denotes p<0.05). B) PPR and PPS strains showed no significant

differences across quadrants. S: superior, I: inferior, N: nasal, T: temporal.

Localized high shear strains were observed in PPR in the region close to the ONH (up to
10%, Fig. 2). In some cases, higher tangential strains were also seen in the same location of high
shear, especially along the anterior boundary of the PPR. Exploratory analysis showed no

significant differences in strains between quadrants in either PPR or PPS (see Fig. 2C).

4. Discussion

In this study, we reported the deformation response of the PPR and PPS during IOP
elevation in human donor eyes. Whole eye inflation preserved the structural complexities of the
posterior eye which provides an excellent model to explore the mechanical response of ONH
structures to IOP changes. The primary findings of this study include:

1. In PPR, the magnitude of shear strains was significantly larger than the magnitude of

radial and tangential strains;

2. PPS had significantly greater radial strains, but less shear strains than the PPR;

Interestingly, although the PPS had high radial compression, especially in the more anterior
region adjacent to the PPR, PPR itself experienced minimal radial compression during acute I0P
rise. Fortune et al. had reported that an acute IOP elevation of 35 mmHg held for an hour had
minimal effects on retinal thickness in nonhuman primate models [18]. It is surprising that the
retina, which is known to be a compliant tissue, appear to better resist the compressive loading

radially than the tougher PPS. At higher 10P, our results suggest that the ability of the PPS to



compress may serve as a protection for the neural PPR against large compressive impact during
acute IOP rise.

We also observed regions of high shear concentrated near the ONH. Increased shear along
the ONH-PPS boundary has been previously reported [14], which may indicate mechanical
vulnerability along this boundary to damage from acute loading. Although the overall PPR
tangential strain was low, localized high tangential strain was also observed along the anterior
surface of PPR in most eyes. This region is significant as it may correspond to the RNFL consisting
of axon fibers. Localized high strains could contribute toward mechanical susceptibility in these
regions to IOP-related glaucomatous damage.

This study has a few limitations. A small sample size limited our ability to perform a more
powered quadrant regional analysis. However, the current sample size was sufficient to discern
significant differences in the deformation response of various ONH tissues. Future studies will
expand the sample size to validate the current study and to further explore the quadrant-specific
deformation responses. The ex vivo inflation model does not fully represent the complexities of
the in vivo system. Although several other mechanical stressors such as blood pressure,
cerebrospinal fluid pressure, and optic nerve tension exist in and around the ONH, I0OP has been
shown to be the dominant load affecting ONH stresses and strains [22-25]. This gives us
confidence that we captured the most prominent deformation response within this study. Finally,
the present study was limited to 2D characterization of ONH tissues along two perpendicular
planes. It should be noted that the deformation of the entire posterior volume cannot be simply
summarized by two meridians. Our lab has developed a 3D ultrasound imaging technique that
would be able to provide a much more comprehensive and accurate characterization of retinal

deformation [16,26,27].
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Optic neuropathy, most notably within and around the ONH, is characteristic of glaucoma.
High-frequency ultrasound elastography has enabled the quantification of mechanical
deformations in ONH tissue structures in response to I0OP elevations. Within the same eye,
comparison of PPR and PPS showed a similar shear response but different radial response in
normal eyes. These findings may provide new insights into IOP-related mechanical insults to the

neural and connective tissues in and around the ONH, where glaucomatous damage initiates.
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