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Purroske. High-frequency ultrasound elastography offers a tool to resolve the complex and
heterogeneous deformation through the full thickness of the optic nerve head (ONH) and
peripapillary sclera (PPS). Using this tool, we quantified the three-dimensional deforma-
tion of the ONH and PPS in human donor eyes and evaluated age-associated changes.

Mernops. The ONH and PPS in 15 human donor globes were imaged with a 50-MHz
ultrasound probe while increasing intraocular pressure (IOP) from 15 to 30 mm Hg.
Tissue displacements were obtained using correlation-based ultrasound speckle tracking.
Three-dimensional spherical strains (radial, circumferential, meridional, and respective
shear strains) were calculated for the ONH and PPS volumes segmented from three-
dimensional ultrasound images. Age-related trends of different strains in each region of
interest were explored.

Resurrs. The dominant form of IOP-induced deformation in the ONH and PPS was radial
compression. High-magnitude localized out-of-plane shear strains were also observed in
both regions. Most strains were concentrated in the anterior one-half of the ONH and
PPS. The magnitude of radial and volumetric strains increased with age in the anterior
ONH and anterior PPS, indicating greater radial compression and volume loss during
IOP elevation in older age.

Concrusions. The age-associated increase of radial compression, the predominant form
of IOP-induced deformation in anterior ONH and PPS, may underlie age-associated glau-
coma risk. High-frequency ultrasound elastography offers a useful tool to quantify all
types of deformation comprehensively in all regions of ONH and PPS, which may improve
our understanding of the biomechanical factors contributing to glaucoma risk.

Keywords: high-frequency ultrasound, elastography, optic nerve head, peripapillary
sclera, age

laucoma is a leading cause of irreversible blindness
worldwide.! It is a progressive optic neuropathy char-
acterized by optic disc excavation and loss of retinal
ganglion cell axons that transmit visual information from
the eye to the brain. Clinical and experimental evidence
suggests that the optic nerve head (ONH) is the primary site
of injury in glaucoma.? Elevated IOP is a well-documented
glaucoma risk factor, and IOP-induced mechanical stresses
and strains likely underlie the initial and ongoing insults at
the ONH leading to progressive neural and connective tissue
damage.>* However, factors influencing the biomechanical
impact of the IOP on the ONH and mechanistic details of
how these factors contribute to glaucoma risk remain poorly
understood. Answers to these questions may lead to poten-
tial new diagnostics to better predict glaucoma progression
and new therapeutic targets beyond lowering the IOP.5-°
Biomechanically, the ONH is a discontinuity in the
collagenous sclera shell. There is a large contrast in tissue
composition and properties between the ONH and the
surrounding peripapillary sclera (PPS). The PPS is primarily
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composed of type I collagen and serves as the load-bearing
tissue to resist the hoop stress created by IOP. The ONH is
primary consisted of retinal ganglion cell axons supported
by a collagenous lamina cribrosa (LC) and has a complex
anatomy despite its small size. Material properties vary
through the ONH thickness as the neurovascular tissue in
the prelaminar region transitions to a combination of neural
and connective tissues in the laminar region. Within the
LC, there are sectorial differences in microstructure and
properties.” The heterogeneity in tissue structure and prop-
erties within and around the ONH predicts spatial varia-
tions of regional biomechanical responses to an elevated
IOP. It is, thus, necessary to resolve the complex biome-
chanical interactions and responses through tissue thickness
and across regions to better understand the biomechanical
factors underlying glaucomatous damage.

Beside IOP, age is another established major risk factor
for glaucoma. Glaucoma incidence increases significantly
after the first six decades of life®!° and age is asso-
ciated with many changes, including increased collagen
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cross-linking in connective tissue such as the PPS and LC.
Previous studies have suggested PPS and LC stiffening in the
in-plane direction (decreased in-plane tensile strains),!!>12
possibly attributable to the age-associated increase in colla-
gen cross-linking. However, whether such stiffening directly
contributes to glaucoma risk remains unclear. ONH deforma-
tion responses are complex and vary regionally. The influ-
ences of PPS stiffening on ONH deformation have not been
characterized. In addition, PPS is strongly anisotropic, and its
age-associated changes may be different in different direc-
tions (i.e., in plane vs through thickness). A comprehensive
quantification of all types of deformations in all directions
throughout the tissue volume of ONH and PPS is needed to
better understand how age-associated changes may underlie
an increased glaucoma risk.

Various methods have been used to characterize ONH
and PPS deformation, including histomorphometry,'> micro-
computed tomography,'* electron speckle pattern interfer-
ometry,'”> second harmonic generation imaging,'® digital
image correlation,'” and in vivo optic coherence tomogra-
phy.'¥=21 Our laboratory has developed a high-frequency
ultrasound elastography method to quantify the deforma-
tion of ocular tissues such as the sclera,?>?? the cornea?*-2¢
and the ONH.?”’-3 The main advantage of this technique
is that it can simultaneously image through the thickness
of PPS and ONH in intact whole globes, with an excellent
spatial resolution and displacement sensitivity. It does not
require tissue fixation and has a quick acquisition speed to
obtain data in a range of pressure levels from the same eye.
We have expanded the methodology from two-dimensional
(2D) to three-dimensional (3D), which maps the 3D displace-
ment field of tissue volumes and quantifies all six compo-
nents of the strain tensor for a fine grid of imaged spatial
points.>'=3 We use a 50-MHz linear array transducer that
provides an axial resolution of 35 microns and lateral reso-
lution of 75 microns, and a penetration depth over 1 mm.
Furthermore, the displacement sensitivity approaches 10s
of nanometers owing to the advantage of radiofrequency
(RF) analysis and interpolation.>* This technique thus offers
a high-resolution tool with adequate penetration to fully
characterize the complex 3D biomechanical responses of the
ONH and PPS to IOP in the human globe.

In this study, we used this high-frequency ultra-
sound elastography technique to quantify and evaluate the
mechanical responses of the ONH and PPS in human donor
globes. We segmented the ONH and PPS using the high-
resolution ultrasound images and analyzed the regional
displacements and strains. With the comprehensive 3D
characterization of the deformation response, we evalu-
ated age-associated changes in different types of strains
(tensile, compression, and shear) through the thickness of
the ONH/PPS complex. This study was our first attempt
to use the 3D high-frequency ultrasound elastography to
characterize the biomechanical interactions and responses
in human ONH and PPS. Our long-term goal is to obtain
an in-depth understanding of the biomechanical drivers and
mechanisms in glaucoma toward the development of new
diagnostics and therapeutics for more effective management
of this disease.

METHODS
Donor Globe Preparation and Inflation Testing

Fifteen human donor globes without documented ocular
diseases or surgeries were obtained from the Lion’s Eye Bank
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Ficure 1. Experimental setup for inflation testing and 3D ultra-
sound scanning of human donor eyes. The globes were secured to
a holder using two spinal needles during inflation. (A) 3D ultra-
sound scans were centered at the ONH. (B) Consecutive B-mode
scans were used to build the 3D volume of the ONH and PPS. I,
inferior; N, nasal; S, superior; T, temporal.

of West Central Ohio (Dayton, OH, USA) in accordance with
the Declaration of Helsinki. All globes were recovered within
12 hours postmortem and were tested within 36 hours post-
mortem. Prior to experimental use, the globes were stored
in a moist container at 4°C.

Extraocular tissue was removed, and the optic nerve was
trimmed to approximately 1 to 2 mm from the surface of
the sclera. Ultrasound imaging was performed from the
posterior side. Donor globes were secured to a custom-built
holder with two spinal needles and immersed in PBS with
the ONH facing up (Fig. 1A). Two 20G needles were inserted
into the anterior chamber of the eye, one connected to a
programmable syringe pump (PhD Ultra; Harvard Appara-
tus, Holliston, MA, USA) to control the IOP, and the other
connected to a pressure sensor (P75; Harvard Apparatus) to
continuously record and monitor the IOP.

For the inflation testing, globes were first preconditioned
with 20 pressure cycles from 15 to 30 mm Hg at 2 seconds
per cycle and left to equilibrate at 15 mm Hg for 30 minutes.
The inflation tests were then performed by increasing IOP
from a baseline of 15 mm Hg to 17, 19, 22, 25, and 30 mm Hg
with a 10-minute equilibration period between each step. At
each IOP level, a 3D ultrasound scan was acquired by using a
Vevo 2100 ultrasound imaging system (MS700, FujiFilm Visu-
alSonics, Inc., Toronto, Ontario, Canada). A 50-MHz ultra-
sound probe was immersed in the PBS and placed above the
globe and centered over the ONH. The probe was positioned
in a way that the 2D B-mode scans were either in the nasal-
temporal direction or inferior—superior direction (random-
ized for each eye). A customized LabView program (National
Instruments, Austin, TX, USA) was designed to automate a
linear motor to move the ultrasound probe perpendicular to
the 2D imaging plane with a step size of 32 pm. RF data
encoding the 2D B-mode scans of a 9.74 mm x 5 mm field
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of view was acquired at each step. A 3D volume of 9.74 mm
x 9.74 mm x 5 mm was collated from the 307 consecu-
tive 2D frames (Fig. 1B). Each automated 3D scan required
40 seconds to complete. The scanning pixel density is 1.5
pm in the axial direction (i.e., the direction of sound prop-
agation, »), 19 pm in the lateral direction (i.e., the direction
perpendicular to the sound propagation within the B-mode
frame, x), and 32 pm in the elevational direction (i.e., the
direction perpendicular to the B-mode frame, 2).

Three-Dimensional Strain Mapping

A correlation-based 3D speckle tracking algorithm was used
to compute tissue displacements, and the Green strain tensor
in the Cartesian coordinate was calculated using 3D least-
squares estimation.®® Strains in the spherical ordinate includ-
ing three normal strains (radial, circumferential, and merid-
ional) and three corresponding shear strains were obtained
by coordinate transformation.! Specifically, speckle tracking
was performed at the level of the RF data, which are digi-
tized voltage values corresponding to the amplitude of the
received ultrasound signal. A region of interest (ROI) was
defined within the scanned volume at the baseline IOP by
fitting two concentric spheres that matched approximately
the anterior and posterior surfaces of the PPS. Note that the
retina was identified based on the lower intensity of this
tissue in the ultrasound images and was excluded from the
ROI. Within the ROI, the RF data were divided into rect-
angular kernels, each containing 51 (axial) x 31 (lateral)
x 31 (elevational) voxels, or approximately 75 pm x 570
pm X 960 pm in size. The rectangular kernels were over-
lapped by 50% to improve the spatial resolution of the strain
image.?? Our previous studies showed that this kernel size
achieves the best combination of accuracy and signal-to-
noise ratio for strain estimation in all directions.?*> In total,
there were approximately 23,000 kernels on average within
the ROI of each eye, depending on the scleral thickness.
To compute the displacements of each kernel, a normalized
cross-correlation coefficient was computed to evaluate the
similarity of speckle patterns between the reference kernels
against the deformed kernels within a designated search
window at successive IOPs. To track displacement between
consecutive pressure steps, the kernel center corresponding
with the maximum correlation coefficient was selected as
the new location of the reference kernel in the deformed
state. In addition, spline interpolation was used to achieve
subvoxel resolution in displacement tracking. We have vali-
dated the accuracy of the calculated displacements based on
3D speckle tracking of the RF data previously. Using sclera-
like digital phantoms with known displacements and strains,
we generated synthetic RF data simulating ultrasound scans
of anisotropic voxels (smaller in the axial direction) accord-
ing to the experimental setup. Our results showed that axial
direction had better accuracy (<0.05% error) than the other
two directions, which is a well-known phenomenon in ultra-
sound elastography owing to the higher spatial resolution
and denser sampling rate in the axial direction. The perfor-
mance in the lateral and elevational directions were also
good, showing a less than 0.2% error for tracking whole-
pixel displacements or less than 1.2% for tracking subpixel
displacements.?

The three orthogonal scanning axes, lateral (x), axial (y),
and elevational (2), form a Cartesian coordinate system. Our
3D speckle tracking algorithm first computed the displace-
ment vectors in this Cartesian coordinate with components
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Cartesian coordinate E,, with components denoted as &;; (i
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where the displacement gradients (dU,/9j) were obtained by
a 3D least-squares method.3!:3° Similarly, components of the
Green strain tensor &yy, &4, £x;, and &y, were calculated. The
three principal strains were derived from the eigenvalues of
the Green strain tensor and sorted in decreasing order with
the first principal strain, €, being the largest positive strain.
Using the principal strain components, the volume ratio (VR)
was calculated as follows:

VR=(Q0Q+e)A+e)A+e3). 3
The 3D volumetric strain was calculated as follows:
&y = VR—1. @

The center of the two fitted concentric spheres match-
ing the anterior and posterior surfaces of the PPS was used
at the origin of the spherical coordinate system with three
orthogonal axes of radial (»), meridional (¢), and circumfer-
ential (0). The conversion from the Cartesian strain tensor
to the spherical strain tensor Egp, was done via a transfor-
mation matrix [Ep] = [TIE,,[T713*%° The transformation
matrix is given by:

—sina 0 cosa
—sinfBcosa cosp —sinfsina |, [©))
cosfBcosa sinf  cosPsina

T =

where o is the azimuth angle (in the 6 direction) and S is
the elevational angle (in the ¢ direction). The spherical coor-
dinate system better represents the curved anatomy of the
posterior eye and is more relevant to the interpretation of
the deformation of ONH and surrounding PPS. Color maps
were generated to visualize the 3D spatial distribution of the
tissue strains including three normal strains, that is, radial
&, meridional €,,, and circumferential €¢y, and three shear
strains, that is, &,., &g, and &gy,, as shown in Figure 2. We
have previously validated the accuracy of coordinate trans-
form using strain outputs from a finite element model simu-
lating the posterior eye. Our results showed negligible errors
(<10~ between our coordinate transform calculations and
model output.’!

Morphometric and Regional Deformation Analysis

The 3D scans obtained at the baseline IOP (i.e., 15 mm Hg)
were used for segmentation and morphometric analyses.
ONH and PPS were segmented manually in each scanned B-
mode images, which were combined to form the segmented
3D volume for each eye. The segmented 3D volume within
the fitted boundaries were used for analysis (Fig. 3). Four
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Ficure 3. Ultrasound B-mode images were used to segment the
3D volume into PPS and ONH regions. Bruch’s membrane open-
ing (BMO) and posterior scleral canal opening (PSCO) were also
delineated in ultrasound B-mode images for morphometric analy-
sis. Points in the anterior and posterior PPS surface were used to
fit two spheres that bound the regions of interest in the thickness
direction. A subregion of the PPS adjacent to the ONH (adjacent PPS
[aPPS]) was identified as the PPS from the PSCO line on either side.

observers were asked to segment three volumes inde-
pendently to evaluate the interobserver repeatability. The
regional strains in ONH and PPS were calculated and
compared, which showed excellent interobserver repeatabil-
ity (Cronbach’s alpha > 0.99). For each volume, the bound-
aries of the anterior Bruch’s membrane opening (BMO) and
the posterior scleral canal opening (PSCO) were also marked
manually in each B-mode frame whenever the features were
visible. The resulting set of marks for BMO or PSCO were
fitted to circles to estimate the area and radii for both
features.

The PPS and ONH were further divided into two equal-
thickness anterior and posterior layers for evaluating depth-
dependent changes. Additionally, a ring of scleral tissue
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Illustration of the base vectors e; (i =, 0, ¢) in the 3D spherical coordinate system for the scanned ONH and PPS volume.

immediately adjacent to the ONH up to the PSCO line was
defined as the adjacent PPS (aPPS) region (Fig. 3). The mean
and standard deviation for all kernels in each region were
calculated at different IOP levels for each strain (e, &g,
€00, Egry €01, and &g,,). For shear strains, the magnitude of the
strain was used. For each strain at each tested IOP level,
the differences between ONH and PPS and the difference
between anterior and posterior layers of ONH/PPS were
evaluated using paired ¢ tests. The correlation of age with
different regional strains was evaluated using Pearson corre-
lation. A P value of 0.05 or less was considered statistically
significant. All data analysis was conducted using SAS soft-
ware (V9.4; SAS Institute Inc., Cary, NC, USA).

RESsULTS

Donors and Morphometric Data

Fifteen globes from 12 human donors were included in
this study. Donor demographic information is provided in
Table 1. The age of the donors ranged from 20 to 78 years

TaBre 1. Demographic Information of 12 Donors Used in This
Study

Donor Age (Years) Sex Race Eye Scan Direction
1 78 Male C OD NT

2 58 Male C oS SI

3 75 Male C OD NT

4 55 Male C oS NT

5 67 Female AA OD, OS NT, NT

6 35 Female C OD, OS SI, SI

7 24 Female C (o) NT

8 49 Female C (o} SI

9 59 Female C OD SI

10 20 Male AA OD SI

11 74 Male AA OD,OS NT, SI

12 54 Female AA OD NT

Both eyes of three donors (5, 6, and 11) were included. A
3D ultrasound examination was scanned either along the nasal-
temporal (NT) or superior—inferior (SI) direction.
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TasLe 2. Summary of PPS and ONH Morphometric Measurements
Obtained by High-Frequency Ultrasound Imaging in Human Donor
Eyes (n = 15)

Parameters Mean £+ SD Range

PPS thickness (mm) 1.14 + 0.20 [0.84-1.53]
PPS radius (mm) 12.2 + 0.75 [10.3-13.4]
BMO area (mm?) 1.25 + 0.37 [0.74-1.89]
BMO Radius (um) 624 + 95 [486-775]
PSCO area (mm?) 5.83 + 0.67 [5.02-7.66]
PSCO radius (mm) 1.36 + 0.76 [1.26-1.56]

BMO, Bruch’s membrane opening.

old. At least 2 eyes from 1 or 2 donors were included in each
decade of 20 to 30, 30 to 40, 50 to 60, 60 to 70, and 70 to 80.
One eye was in the age range of 40 to 50 years. Morphomet-
ric parameters of these donor eyes based on high-resolution
ultrasound images are summarized in Table 2.

Principal Strains and Volumetric Strains in
Human ONH and PPS

The three principal strains were calculated for each donor
eye across all pressure levels. For both ONH and PPS, the
general trend observed was shown in Figure 4A. The first
principal strain was positive and showed an increase in
magnitude with increasing IOP. The second principal strain
was minimal in magnitude in both ONH and PPS at all tested
IOP levels. The third principal strain in both regions was
negative, but largest in magnitude. For an IOP higher than
17 mm Hg, the first principal strain was significantly greater
in the ONH than the PPS (all P < 0.05). At all IOP levels,
the third principal strain magnitude was significantly smaller
in the ONH than the PPS (all P < 0.05). At 30 mm Hg,
the first and third principal strains are highly correlated for
both ONH and PPS (R = —0.85 [P < 0.001] and R = —0.79
[P < 0.001], respectively).

A. Principal Strain

J 1.

45 I —e—ONH¢, PPS ¢,
—a—ONH ¢, PPS ¢, [
—=—ONH g, PPSg,
-6 N 1 L
15 20 25 30
IOP (mmHg)
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The volumetric strains in the ONH and PPS were nega-
tive, suggesting a small loss of volume during IOP increase.
The magnitudes of the volumetric strains showed an increas-
ing trend with IOP, where PPS had larger volumetric strain
magnitude than ONH at all IOP levels (all P < 0.001)
(Fig. 4B). At 30 mm Hg, the magnitudes of volumetric strains
were 1.22 + 0.48% and 2.76 + 0.68% for the ONH and PPS,
respectively.

Three-Dimensional Spherical Strains in Human
ONH and PPS

Representative 3D strain maps from a human donor globe
at 30 mm Hg are shown in Figure 5. The radial strain
& in ONH and PPS increased in magnitude with IOP
elevation. ONH radial strain ¢, was significantly smaller
than PPS radial strain across all IOP levels (all P < 0.001)
(Fig. 6A). At 30 mm Hg, ONH and PPS had ¢, of —1.12 +
0.41% and —2.95 £ 0.72%, respectively. The in-plane normal
strains, including circumferential strain &9y and meridional
strain &,,, were significantly smaller compared with the
radial strain ¢,, for both ONH and PPS at all IOP levels (all P
< 0.01). At 30 mm Hg, circumferential strains &4y in the ONH
and PPS were -0.01 £ 0.21% and 0.12 & 0.09%, respectively,
and meridional strain &,, was 0.03 £ 0.20% in the ONH and
0.19 + 0.14% in the PPS.

Among the three shear strains, in-plane shear gy, is the
smallest for both ONH and PPS (all P < 0.001). At 30 mm Hg,
g9, Was 0.55 £ 0.14% and 0.58 £ 0.14% for ONH and PPS,
respectively, whereas the out-of-plane shear g;, were 1.64 +
0.34% and 1.37 & 0.39%, and the out-of-plane shear ¢, were
1.72 &+ 0.37% and 1.36 % 0.41%, respectively. No significant
difference in gy, was observed between the ONH and PPS at
any IOP level. The ¢, was significantly greater in the ONH
than PPS across all IOP levels (all P < 0.05) (Fig. 6B), and
the &y, was significantly greater in the ONH than the PPS for
an IOP of greater than 17 mm Hg (all P < 0.05). Each type

B. Volumetric Strain

- —&— ONH
PPS
- T
+ T _
1 T "
| [
45
B L 1 1
15 20 25 30

IOP (mmHg)

FiGURE 4. Average principal and volumetric strains of the ONH and PPS at different IOP levels (12 = 15). (A) First (¢1) and third (¢3) principal
strain magnitudes increased with IOP. The second principal strain (¢;) was minimal at all tested IOP levels. (B) Volumetric strain (ey) was
negative in both ONH and PPS indicating volume loss during IOP increase. (*P < 0.05, for comparison between the ONH and PPS.)
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Ficure 5. Color maps of the 3D strains including three normal strains (e, g9, and &4,) and three shear strains (g9, €9, and &) at

30 mm Hg in a representative human donor eye. The volumes were cut through the center of the ONH to also visualize the strain distibution
within one central cross-section.

Out-of—plane Eor
-4%

A. Normal Strain B. Shear Strain

—o—ONH g, — © ~PPS g,
—4—ONH gy, — # ~PPSgq,
—8—ONHeg, - " -PPS¢g,

*
—e—ONHeg, - @ -PPSg,
—4&—ONH ggq ~ # ~PPS g4
—8—ONH g,y ~ * ~PPS g,
-4.5 : - -
15 20 25 30
IOP (mmHg) IOP (mmHg)

Figure 6. Average spherical strains of the ONH and PPS in response to IOP elevation (z = 15). (A) Radial strain &, was the dominant
normal strain in both ONH and PPS. (B) Out-of-plane shears g, and &g, were larger than in-plane shear &g, for both ONH and PPS.
(*P < 0.05, for comparison between the ONH and PPS.)

of shear strain was highly correlated between the ONH and At 30 mm Hg, all six strain components were larger in the
PPS with an R of 0.98 at all tested IOP levels greater than anterior layer than the posterior for both ONH and PPS
15 mm Hg. (Table 3). The dominant deformation at 30 mm Hg was radial
compression at the anterior layer (¢, = —3.04 + 0.91% in
ONH and —4.76 =+ 0.94% in PPS). When comparing the ante-
rior halves of ONH and PPS, the anterior ONH had a signif-
The deformation through the thickness of the posterior  icantly smaller radial strain ¢, than the anterior PPS (P <
tissues in response to IOP elevation was not homogeneous. 0.001). There was a strong correlation in radial Compression

Anterior Versus Posterior Comparison
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TasLe 3. All Strains Were Higher in the Anterior ONH and PPS Than the Posterior ONH and PPS in Human Donor Eyes (n = 15)

ONH PPS
Strain (%) at 30 mm Hg Anterior Posterior P Value Anterior Posterior P Value
Volumetric, ey —2.91 £ 1.12 —0.35 + 0.68 <0.001 —4.48 £+ 0.87 —1.22 £ 0.66 <0.001
Radial, &, —3.04 £ 091 —0.12 £ 0.60 <0.001 —4.76 + 0.94 —1.32 £+ 0.69 <0.001
Meridional, &, 0.21 + 0.36 —0.06 £+ 0.20 0.01 0.27 £ 0.21 0.10 £ 0.09 0.001
Circumferential, ggg 0.16 + 0.50 —0.11 £ 0.18 0.06 0.21 £+ 0.11 0.05 + 0.08 <0.001
In-plane shear, &g, 0.75 &£ 0.18 0.46 + 0.17 <0.001 0.73 &+ 0.19 0.45 + 0.12 <0.001
Out-of-plane shear, &y, 2.51 £ 0.75 1.22 + 0.37 <0.001 1.79 + 0.58 0.98 + 0.26 <0.001
Out-of-plane shear, ¢, 2.64 £ 0.76 1.26 + 0.40 <0.001 1.87 + 0.64 0.89 £ 0.26 <0.001

All comparisons reached statistical significance (P < 0.05) except for ONH circumferential strains.
Anterior
Posterior
- a L
— Anterior Anterior
Radial, €,

[~ Posterior -4%

Radial, €,

0%

Shear, €,

Ficure 7. Three-dimensional strain maps in a donor eye showing larger strains were concentrated in the anterior region of both ONH
and PPS. Dashed circles indicate the border of the ONH. Shear strain of high magnitudes (either positive or negative) seemed to be more

localized than radial strain.

& between anterior ONH and anterior PPS (R = 0.63; P
= 0.011). Both out-of-plane shear strains (g, and &,,) were
significantly greater in the anterior ONH compared with
anterior PPS (all P < 0.001). The radial and shear strain
maps from a curved surface in the anterior ONH/PPS and
a curved surface in the posterior ONH/PPS were shown
in Figure 7, demonstrating the depth-dependent variation
of these strains. The strain maps also showed that high-
magnitude shear strains were more localized, which was
observed in all tested donor eyes.

Associations Between Age and Strains

None of the morphometric parameters were significantly
associated with age (all P > 0.2). Correlations and P values
between age and different types of strains (3D volumetric,

normal, and shear strains) in the anterior ONH and anterior
PPS are tabulated in Table 4. The magnitude of compressive
radial strain ¢, was significantly correlated with age in the
anterior PPS (R = 0.51; P = 0.05; Fig. 8). Similar correlation
with age was also found in the adjacent PPS (R = 0.57; P
= 0.03). The magnitude of radial strain ¢, in the anterior
ONH also exhibited a trend of positive correlation with age
(R = 0.50; P = 0.06). Likewise, volumetric strain magnitude
exhibited a significant correlation with age in the anterior
ONH (R = 0.62; P = 0.01) and a trend of positive correla-
tion with age in anterior PPS (R = 0.50; P = 0.00). Figure 9
shows the representative color maps of radial compression
from a young eye (24 years old) compared to an older eye
(78 years old). There was also a trend of positive correla-
tion between adjacent PPS circumferential strain with age
(R = 0.49; P = 0.00).
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Ficure 8. Association of age with radial strain (&,+) and volumetric strain (¢v) in the anterior ONH and anterior PPS.

TaBLe 4. Correlations Between Age and 3D Strains in Anterior
ONH, Anterior PPS, and Adjacent PPS (aPPS)

ONH PPS

Pearson R (P Value) Anterior aPPS Anterior

Volumetric, gy —0.62 (0.01)" —0.02 (0.94) —0.50 (0.06)
Radial, &, —0.50 (0.06) —0.57 (0.03)" —0.51 (0.05)
Meridional, &4, 0.03(0.90)  0.22(0.43)  0.09 (0.74)
Circumferential, ggg —0.40 (0.19) 0.49 (0.06) 0.24 (0.38)
In-plane shear, ¢, 0.10 (0.73) —0.27 (0.34) —0.21 (0.46)
Out-of-plane shear, gy,  0.13 (0.64) 0.01 (0.97) 0.04 (0.89)
Out-of-plane shear, g, 0.41 (0.13) 0.12 (0.68) 0.04 (0.89)

* P < 0.05. The magnitudes of radial compression and volumetric
strain increased with age in anterior ONH and anterior PPS. Radial
strain magnitude also increased with age in the aPPS.

24 y.o.

Radial Strain, €, (%)
7_ A -
- 7

Ficure 9. Color maps of radial strain (&) at 30 mm Hg through
the center of the scanned volume in a representative young eye (24
years old) and a representative old eye (78 years old). The older eye
exhibited a larger radial compression in both the anterior ONH and
anterior PPS.

DISCUSSION

Glaucoma is an optic neuropathy initiated at the ONH. Two
primary risk factors for glaucoma are higher IOP and older
age. In this study, we used a high-resolution ultrasound
elastography technique to simultaneously image the ONH

and PPS in human donor eyes to quantify IOP-induced 3D
mechanical deformation in these tissues and explore associ-
ations with age. Compared with optical imaging, ultrasound
imaging has a greater penetration depth, which gives us
a more comprehensive investigation to include the entire
thickness of the ONH and PPS. More important, it allows
us to accurately characterize the out-of-plane deformations,
including radial compression and shear, which are difficult
to obtain using other methods. In this study, we quantified
the full strain tensor (six components) at each spatial point
within the scanned ONH and PPS volume (approximately
23,000 points per eye) and analyzed the whole and regional
ONH and PPS response to IOP increases up to 30 mm Hg.
The primary findings are as follows. First, the dominant
form of deformation in response to IOP was compressive
radial strain ¢,, in both ONH and PPS, with a much larger
magnitude than the in-plane normal strains (&,, and ggy) and
in-plane shear gg,. Out-of-plane shear strains (e, and &g,)
were also substantial in both ONH and PPS. Second, most
strains were found to be significantly greater in the anterior
than the posterior one-half of both the ONH and the PPS.
Third, exploratory analyses suggest that radial and volumet-
ric strains in the anterior ONH and PPS increased with age,
indicating a greater compression and volume loss in older
age during IOP elevation.

Among the six components of the 3D spherical strain
tensor, radial strain was the greatest in magnitude, indicat-
ing radial compression as the primary form of deformation
in both ONH and PPS. This result was consistent with the
findings in our previous 2D study that scanned the central
cross-section along the nasal-temporal direction of the ONH
and PPS.?® The circumferential and meridional strains in the
ONH were very small, suggesting that in the normal eye
the PPS is effective in shielding the ONH from in-plane
tensile stretch created by an elevated IOP. This is likely
accomplished by the strong annulus collagen ring in the PPS
immediately adjacent to the ONH, which is present ubiqui-
tously in all studied species including mouse, rabbit, pig,
and human. Although the radial compression was smaller
in ONH than in PPS, the PPS seemed to be less effective
in shielding the ONH from deformations in the out-of-plane
direction. Our results showed that the radial compression
and the out-of-plane shear strains in the ONH (particularly
in the anterior ONH) had a substantial magnitude and
increased at higher IOP. It is noted that the strain values in
this study are not directly comparable with previous donor
eye studies,'>1>17:37 because these strains were created by a
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pressure elevation from 15 mm Hg, the average normal pres-
sure in the human eye. Previous donor eye studies reported
strains created by an IOP change from a lower baseline
(1.5 or 5.0 mm Hg).'»17

Both our previous 2D study and the present 3D study
showed a higher radial strain in the anterior than the poste-
rior ONH. This finding may be explained by the role of
LC as it represents a stiffer connective tissue discontinuity
in the thickness direction. In our previous investigation of
the radial displacement through the thickness of ONH, it
was observed that radial displacement decreased from the
prelaminar region to the LC and then plateaued in the region
posterior to LC.??-3 Results from the present study showed
that out-of-plane shear &, was concentrated in the ante-
rior ONH region. This component of shear describes the
outward bending and posterior bowing of the ONH during
IOP increases, which may contribute to the biomechanically
driven LC remodeling and optic disc cupping, characteris-
tic of clinical glaucoma.’® These results indicate that the
mechanical deformations that contribute to glaucomatous
damage in the ONH are likely those in the out-of-plane direc-
tion, namely, radial compression and out-of-plane shear. An
imaging method that can characterize these deformations
in the anterior ONH in vivo accurately may thus provide
additional diagnostic information to monitor and predict
progression.

Previous studies have shown an age-related stiffening
in the collagenous connective tissues of the posterior eye.
Albon et al.'! used laser scanning confocal microscope imag-
ing to determine changes in the volume and strain of ex
vivo human LC in response to IOP increase. Higher gradients
in the pressure-volume curve were observed in older eyes,
suggesting an increased LC stiffness in older age. In addition,
the mechanical compliance of LC, as the ability to regain the
original shape and size of LC after the removal of applied
pressure, decreased with age.!! As for the sclera, inflation
tests of human eyes have observed an age-related stiffening
of the pressure-strain response of the scleral surface using
different methods for displacement measurements such as
electron speckle pattern interferometry!? and digital image
correlation.!” Inverse computational models were developed
that integrated the displacement fields of inflation testing
and microstructure of the sclera to examine the elastic prop-
erties of the collagen fibers and matrix in the sclera.®4°
Specifically, the model used by Grytz et al.*' was based
on electron speckle pattern interferometry displacement
and constitutive formulation that incorporates scleral colla-
gen fibril crimp and local anisotropic collagen architecture,
which reported an increased shear modulus and decreased
collagen fibril crimp angle with age. The eye-specific model
used by Coudrillier et al., which was based on digital
image correlation-calculated displacement and wide-angle x-
ray-measured scleral collagen distribution, showed a greater
matrix stiffness and a lower degree of fiber alignment in the
sclera of older eyes. Taken together, these findings consis-
tently suggested age-related stiffening in the LC and sclera.
However, it remains unclear how age-associated collagenous
tissue stiffening may or may not contribute to glaucoma
risk.

A major new finding of the present study is that there
was a trend of increased radial compression and volume
loss with age in the anterior ONH and PPS during IOP
increase. This observation was enabled by the 3D ultrasound
elastography technique that allows the accurate quantifi-
cation of displacement and strain fields beyond the tissue
surface. The PPS is a highly anisotropic structure with an
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in-plane tensile modulus orders of magnitude higher than
the through-thickness (radial) compressive modulus.®> Age-
associated collagen cross-linking may result in stiffening
of the in-plane properties, whereas through-thickness stiff-
ness may decrease with age owing to decreased proteogly-
can and hydration.**~% Our results indicated that the radial
compression in the anterior ONH also showed a trend of
increasing with age. Although a larger sample size is needed
to confirm this result, two implications are worth noting.
First, this finding points to a potential biomechanical mech-
anism underlying the greater glaucoma risk in older age.
Despite connective tissue in-plane stiffening, the anterior
ONH, which is composed mostly of neuroglial and capillary
tissues, may be subject to an increased through-thickness
compression during aging. This factor could contribute to
optic disc cupping, a key clinical feature of glaucoma, as
well as axonal blockage, glial reactivity, and decreased blood
flow in this region. Second, because radial strains in the ante-
rior ONH and anterior PPS were correlated strongly, further
studies are needed to investigate the interactions between
the ONH and PPS radial responses to the IOP. For example,
would a decrease in PPS radial strain alleviate ONH radial
compression? Previous studies have investigated the effect
of PPS stiffening on ONH and LC in-plane deformation®”4%
and found decreased in-plane strains after PPS stiffening.
However, the responses in the radial (through-thickness)
direction were not examined. In vivo rodent models of
experimentally induced glaucoma did not show a protective
effect of PPS stiffening against glaucoma damage, despite
reduced in-plane strains.®”->° These results, along with the
findings in the present study, indicated that the ONH and
PPS radial compression may be potentially a more important
driver in IOP-related glaucomatous damage and warrants
further study.

We also observed a small volume loss in the anterior ONH
and PPS in response to elevated IOP. Most biological tissues
are modeled as nearly incompressible with a Poisson’s ratio
close to 0.5 (essentially no volume change during mechan-
ical deformation). Tissues such as cartilage are known to
change volume during deformation; for example, patella
cartilage volume decreased by 6% after knee bends.’' A
recent study reported that cells undergo slow deformation at
constant volume, whereas fast deformation leads to volume
loss.”? Very few studies have reported the volume ratio or
volumetric strains in ONH or PPS. The 3D approach used
in this study allowed us to characterize the full strain tensor
and calculate these parameters. Interestingly, there was a
significantly larger volume loss (i.e., larger volumetric strain
magnitude) in older eyes, which was consistent with the
larger radial compression discussed elsewhere in this arti-
cle. Further studies are needed to explore the biomechanical
and pathophysiological implications of volume loss in ONH
and PPS during IOP elevation.

In addition to deformation characterization, with the
advantage of high-frequency 3D ultrasound, morphologi-
cal characterization was also made possible. Taking into
account the exsanguinated choroid layer, the measured PPS
thickness was in a similar range as previously reported in
our®® and others*~>> studies. Similarly, PPS curvature, the
BMO radius, and area also agreed with reported ranges.’®>’
We did not find reports of human PSCO radius and area.
Our measured values were comparable with the reported
intraorbital optic nerve sheath diameter.’® We also did
not observe significant correlations between morphometric
parameters and age. In the case of PPS thickness, previous
studies reported mixed results. Some reported no associa-
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tion with age,>*> whereas others reported a decrease with
age.l’

This study has several limitations. First, ex vivo testing is
limited to only include IOP without other important forces
that are exerted on the living eye, such as cerebrospinal fluid
pressure, central retinal artery blood pressure, and tension
on the optic nerve. Because IOP is a dominant factor for
determining the biomechanical insults in the development
and progression of glaucoma, our focus was IOP-induced
deformation with an understanding that in vivo deforma-
tion would be affected by other factors as well. Second, the
exsanguinated choroid is indistinguishable from the PPS in
the ultrasound images and, thus, was not separated out from
the PPS in the current analysis. In the ex vivo donor eye, the
choroid is approximately 200 pm in thickness near the poste-
rior pole.”® Evaluating the strain maps of the PPS, the ante-
rior 200-pm layer did not show a distinct strain response. As
such, the mechanical response of the PPS volume described
in this study would be close to that of the PPS if choroid
was removed. Third, our current sample size was limited.
The sample size of 15 provides 80% power to detect a Pear-
son correlation of greater than 0.65 at a significance level
of 0.05. Thus, future studies with a larger sample size (30
or more) are needed to verify age-associated changes. Our
current sample size provided approximately 90% power to
detect an effect size of 1 (1 SD difference) between two
regions based on paired ¢ tests. Last, our analysis of the ante-
rior and posterior halves of the ONH and PPS was not based
on natural tissue boundaries, such as the LC surface. The LC
was not separately segmented out for either morphomet-
ric or strain analysis in the present study. We are currently
developing 3D segmentation methods and aim to delineate
anatomical features such as the LC in future studies to char-
acterize the mechanical deformation in the pre-LC, LC, and
post-LC regions.

In conclusion, high-resolution ultrasound elastography
was used to measure the 3D mechanical responses of the
human ONH and PPS to IOP elevation. We found that
radial compression was the dominant form of deformation
in the anterior PPS and anterior ONH, and its magnitude
increased with age. Although this trend seemed to contrast
with age-associated stiffening, increased radial compression
may be the predominant IOP-related mechanical insult at the
ONH, potentially contributing to age-related glaucoma risk.
Future studies in glaucomatous eyes are needed to further
understand the connection with glaucoma progression. The
unique capability of high-frequency ultrasound elastography
to quantify 3D tissue deformation may provide a useful tool
in such studies to gain new insights into the age-associated
biomechanical susceptibility to glaucoma, particularly in the
anterior ONH, where glaucomatous damages initiate.
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