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Three-Dimensional Inflation
Response of Porcine Optic Nerve
Head Using High-Frequency
Ultrasound Elastography

Characterization of the biomechanical behavior of the optic nerve head (ONH) in
response to intraocular pressure (IOP) elevation is important for understanding glau-
coma susceptibility. In this study, we aimed to develop and validate a three-dimensional
(3D) ultrasound elastographic technique to obtain mapping and visualization of the 3D
distributive displacements and strains of the ONH and surrounding peripapillary tissue
(PPT) during whole globe inflation from 15 to 30 mmHg. 3D scans of the posterior eye
around the ONH were acquired through full tissue thickness with a high-frequency ultra-
sound system (50 MHz). A 3D cross-correlation-based speckle-tracking algorithm was
used to compute tissue displacements at ~30,000 kernels distributed within the region of
interest (ROI), and the components of the strain tensors were calculated at each kernel
by using least square estimation of the displacement gradients. The accuracy of displace-
ment calculation was evaluated using simulated rigid-body translation on ultrasound
radiofrequency (RF) data obtained from a porcine posterior eye. The accuracy of strain
calculation was evaluated using finite element (FE) models. Three porcine eyes were
tested showing that ONH deformation was heterogeneous with localized high strains.
Substantial radial (i.e., through-thickness) compression was observed in the anterior
ONH and out-of-plane (i.e., perpendicular to the surface of the shell) shear was shown to
concentrate in the vicinity of ONH/PPT border. These preliminary results demonstrated
the feasibility of this technique to achieve comprehensive 3D evaluation of the mechani-
cal responses of the posterior eye, which may provide mechanistic insights into the
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1 Introduction

Glaucoma is a neurodegenerative disease and one of the leading
causes of irreversible blindness worldwide [1]. The initial axonal
damage in glaucoma is thought to occur within the optic nerve
head (ONH), particularly at the level of the lamina cribrosa (LC),
which is a mesh-like structure composed of collagen beams
through which the axons traverse the scleral canal [2,3]. High
intraocular pressure (IOP) is known as a primary risk factor for
glaucoma onset and progression. Studies have confirmed the bene-
fit of lowering IOP in glaucoma patients, even in those without an
overtly high IOP [4,5]. IOP-related mechanical insult is likely a driv-
ing force in the disease process of glaucoma [6-8]. Characterization
of the biomechanical behavior of the ONH in response to IOP eleva-
tion is thus important for understanding glaucoma susceptibility.

Measuring ONH deformation is a challenging task given its
complex tissue composition and structure. Important efforts have
been made in recent years using various imaging modalities to
measure ONH deformation, including histomorphometry [9], con-
focal microscopy [10], optical coherence tomography [11-14],
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microcomputed tomography [15], second harmonic generation
(SHG) imaging [16,17], and electron speckle pattern interferome-
try [18,19]. High-resolution images can be generated using these
techniques, but tissue penetration depth and/or displacement sen-
sitivity are often limited. Our laboratory has developed a high-
frequency ultrasound elastography technique to quantify the
deformation of ocular tissues, including the cornea [20,21], sclera
[22,23], and ONH [24,25]. High-frequency ultrasound imaging at
50-55MHz has a unique combination of field of view (up to
10 mm), penetration depth (1-2mm), and spatial resolution (10s
of micrometers) which allows us to image the ONH and the sur-
rounding peripapillary tissue (PPT) simultaneously and through
the entire tissue depth with excellent contrast. Our previous stud-
ies have reported an accuracy of less than 10% error for a 0.5 um
vertical (i.e., the direction of sound propagation) displacement
using correlation-based high-frequency ultrasound speckle track-
ing (center frequency =55 MHz) [21]. This technique detects
strains down to 0.01% vertically and 0.025% horizontally (i.e., the
direction perpendicular to sound propagation) with an error less
than 10% comparing calculated and true strains using simulated
radiofrequency (RF) data [21].

Using this tool, we have reported 2D ultrasound elastography
mapping of the deformation of ONH and PPT in porcine [24] and
human donor eyes [25], showing a through-thickness compression
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Fig. 1 (a) Experimental setup for inflation testing with ultra-

sound imaging of the ONH and surrounding peripapillary tis-
sues. IOP =intraocular pressure. (b) Imaged volume composed
of stacked 2D ultrasound frames. (c) Posterior view of an eye
showing trimmed optic nerve and the scanned region (black
box). T=temporal, S = superior, N= nasal, / = inferior.

concentrated in the anterior ONH and a posterior bending/shear
concentrated in the peripheral ONH and the PPT near the scleral
canal. Our 2D studies only evaluated one transverse cross section
of the posterior eye. In this study, we aimed to apply a three-
dimensional (3D) ultrasound elastographic technique to obtain
more comprehensive mapping and visualization of the displace-
ments and strains within and around the ONH during IOP eleva-
tion in porcine globes. The 3D elastography method was further
developed to include calculations of strains in a spherical coordi-
nate system that coincides with the anatomy of the posterior eye.
In addition, we validated the displacement and strain accuracy of
the 3D speckle tracking method for tissue regions with heteroge-
neous properties as seen in the posterior eye, using simulated dis-
placements and finite element (FE) modeling.

2 Method

2.1 Experimental Testing in Porcine Eyes. Three porcine
globes from animals between 4 and 6 months old were obtained
from a U. S. Department of Agriculture-approved abattoir
under Hazard Analysis and Critical Control Point guidelines
(SiouxPreme Packing Co., Sioux City, IA). The globes were
immersed in saline and kept cold at 4 °C during shipping, and all
eyes were tested within 48h post mortem at room temperature.
The optic nerve was trimmed to be flush with the sclera for ultra-
sound imaging of the ONH from the posterior side (Fig. 1). Whole
globes were mounted in a custom-built holder with the ONH fac-
ing up. Two spinal needles were inserted near the equator of the
globe and secured the eye to the holder (Fig. 1(a)). Two 20 G nee-
dles were inserted into the anterior chamber of the eye from the
corneal limbus, one connected to a programmable syringe pump
(Ph.D. Ultra, Harvard Apparatus, Holliston, MA) to control IOP,
and the other connected to a pressure sensor (P75, Harvard
Apparatus, MA) to continuously record IOP. The eye holder was
immersed in 0.9% saline to maintain tissue hydration and facili-
tate propagation of ultrasound waves.

The globes were first preconditioned with 20 pressure cycles
from 15 to 30mmHg at 2s per cycle, and then equilibrated at
15 mmHg for 30 min prior to inflation testing. Inflation tests were
performed from a baseline IOP of 15 mmHg, and raised to 17, 19,
22,25, and 30 mmHg. At each IOP level, a 3D ultrasound scan was
acquired by using a Vevo 2100 ultrasound imaging system
(50 MHz, FUJIFILM VisualSonics, Inc., Toronto, Canada). During
image acquisition, each frame of RF data was sampled with an
interval of 1.5 um in the vertical direction and 19 um in the hori-
zontal direction. For posterior eye 3D scanning, each frame was
5 mm (vertical) by 9.74 mm (horizontal) in size. 307 frames with a
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step size of 32 um (total width of 9.74 mm, perpendicular-to-
frame) were acquired to build the 3D volume (Fig. 1(b)), and the
scans covered a 9.74 x 9.74 mm? region of the posterior eye cen-
tered at the ONH (Fig. 1(c)). The transverse frame was oriented
either along the nasal-temporal or the superior—inferior meridians
and was randomized among tested eyes.

2.2 Three-Dimensional Ultrasound Speckle Tracking.
Three-dimensional correlation-based ultrasound speckle tracking
has been developed and reported previously [22]. Briefly, speckle
tracking was performed at the level of the radiofrequency data
which are digitized voltage values corresponding to the amplitude
of the received ultrasound signal. A region of interest (ROI) was
defined within the scanned volume at the reference/baseline IOP
by fitting two concentric spheres that matched approximately the
anterior and posterior surface of the sclera (more details are
described Sec. 2.3). It is noted that the retina was largely excluded
from the speckle tracking ROI in this study. Within the ROIL, the
RF data were divided into kernels, each containing 51 x 31 x 31
voxels (vertical x horizontal x perpendicular-to-frame), or approx-
imately 75 um x 570 um x 960 um in size. This kernel size was
chosen because our previous studies showed that it achieves the
best combination of accuracy and signal-to-noise ratio for strain
estimation in all directions [22]. The kernels were overlapped by
50% to improve spatial resolution of the strain image [26], result-
ing in about 30,000 kernels within the ROI. To compute the dis-
placements of each kernel, normalized cross-correlation coefficient
was used to evaluate the similarity of the speckle patterns in vol-
umes acquired at successive IOPs within a designated search win-
dow. The kernel center corresponding to the maximum correlation
coefficient was used as the new location of the kernel, and spline
interpolation was used to achieve subvoxel resolution.

2.3 Three-Dimensional Strain Estimation and Coordinate
Transform. The displacement vectors were calculated in Carte-
sian coordinates with components denoted as U; (i = x,y,z),
where x is the horizontal direction, y is the vertical direction, and
z is the perpendicular-to-frame direction. The displacement gra-
dients were obtained by a 3D least squares method based on the
measured displacement data [27]

ou; oU;  0U;

N MR =

z+C; ()]

where C; is the local intercept constants used during fitting. After
obtaining all the displacement gradients (OU;/d))(i = x,y,z;
Jj=x,y,2), the Green strain tensor components (with quadratic
terms) were calculated as follows:
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Other components of the Cartesian strain tensor &y, €-, &, &z¢, &yz,
and ¢, were determined likewise. To convert the Cartesian coor-
dinate to the spherical coordinate system that better corresponds
to the anatomy of the posterior eye, two concentric spherical
shells were fitted to the region of ONH and peripapillary tissue at
the baseline IOP. The outer surface of the shell was reconstructed
by manually selecting five points on the posterior boundary of
peripapillary sclera in each selected scan at the kernel center of
the ultrasound frames. A sphere was fitted to a total of 105 spatial
points on the outer shell surface. Similarly, the inner surface of
the shell was fitted with a sphere that shares the same center as the
outer shell surface and matches the anterior boundary of the
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Fig. 2 Definition of the spherical coordinate system in the
region of ONH and peripapillary tissue and the Cartesian coor-
dinate system based on transducer scanning directions in the
experiments

scanned peripapillary sclera. The spherical coordinate system has
base vectors denoted as e;(i = 0, ¢, r), as shown in Fig. 2, where
0 is the circumferential direction, ¢ is the meridional direction,
and r is the radial direction (through-thickness direction). The
transformations between spherical strain tensor Egp, and Cartesian
strain tensor E . take the form in matrix

[Eqpn] = [T][Ecan)[T"] 4)

where the components of the transformation matrix are

—sino 0 cosa
T;=é€,-ej= | —sinficosa cosf —sinfsina 5)
cosficose.  sinff  cosfsina

where ¢;(j = x,y,z) is the Cartesian base vector, o is the azimuth
angle (in the 0 direction) and f is the elevational angle (in the ¢
direction).

2.4 [Evaluation of Displacement Accuracy Using Simulated
Rigid-Body Translation. We have previously evaluated the
accuracy of the 3D ultrasound speckle tracking algorithm in dis-
placement calculations using simulated ultrasound RF data with
uniform echogenicity [22]. The posterior eye has a heterogeneous
appearance in ultrasound signal intensity, with the ONH having

Geometry FE

Homogeneous

Inhomogeneous

much weaker echogenicity than the PPT. To test whether the dis-
placement calculations were consistent across regions of different
echo strengths, the 3D ultrasound RF data of a posterior porcine
eye was used to simulate rigid-body translation. The volume was
translated by a uniform amount of 0, 1, and 2 voxels in each coor-
dinate direction. The displacements were calculated using the 3D
speckle tracking algorithm described in Sec. 2.2 and compared
with the intended displacements.

2.5 Evaluation of Strain Accuracy Using Finite Element
Simulation. Finite element models were used to generate distrib-
utive displacement data and strain data in spherical thin shell
structures inflated from 15 to 25mmHg. A spherical thin shell
with a uniform thickness of 0.9mm and an internal radius of
11.0mm (typical dimensions of porcine posterior eyes estimated
from ultrasound scans) was built and meshed with eight-node
structural solid element (SOLID185, Ansys, Inc., PA). The shell
material was assumed isotropic, homogeneous, and near-
incompressible with a modulus of 5 MPa. To optimize the simula-
tion efficiency and accuracy, a mesh convergence study was
conducted. A mesh with 40,500 elements was chosen for the
homogeneous shell. One eighth of the sphere was modeled with
assumption of axisymmetry. The node coordinates (x, y, z) and the
corresponding displacements (U,, Uy, U.) from the FE model
were imported into our strain estimation algorithm (Egs. (1)—(3))
to calculate the components of the Cartesian strain tensor &y, &y,
&2z, £xy, &xz, and &, at each node. The calculated strains were com-
pared with those obtained from the FE model output. Similarly, a
thin shell with a 4.7 mm inclusion (size of porcine ONH estimated
from ultrasound scans) of more compliant material (modulus = 1
MPa) was built to simulate a non-homogeneous structure like the
posterior eye and a mesh with 42,000 elements was used based on
convergence study. The spherical strain tensor components
Erry €005 Epgs €0rs Epr» and &g, Of each node obtained from FE simu-
lation were also compared with those calculated from the coordi-
nate transform (Cartesian-to-Spherical) algorithm (Egs. (4)—(5)).

3 Results

The calculated displacements based on 3D speckle tracking of
the RF data obtained by scanning a porcine posterior eye were
—0.0049+0.0059, —0.0011%0.0101, and —0.0037%+0.0163 vox-
els (about —0.093 um, —0.0017 um, and —0.11 um) for O voxel
uniform translation in the x, y, z directions. The same absolute
errors were found for uniform translations of 1 or 2 voxels, similar

Least Squares Difference

-0.4% 0

Horizontal strain(&y,)

Fig. 3 Geometry of a homogeneous thin shell (top row) and one with a weaker inclusion at the top center (dark gray and bot-
tom row), and the corresponding maps of horizontal strains obtained from least squares estimation and FE modeling. Differ-

ence maps were generated to compare the strains at each node.
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Fig. 4 (a) Displacements at 30 mmHg in the scanned volume of a porcine posterior eye. (b) Strains of the same
eye in spherical coordinates. Note that the retina has been largely excluded from the ROI.

to our previous results using simulated RF data of a uniform
sclera-like structure [22]. The small displacement errors were ran-
domly distributed in the volume, and not different in regions of
ONH, PPT, or the transition between the two.

Strain estimations from the least-square methods we developed
agreed well with the output of the FE model. An example of the
horizontal strain &, is shown in Fig. 3. In the homogeneous shell,
the strains ranged from —1.84 x 1073 t0 0.95 x 10, while in the
inhomogeneous shell the strain ranged from —1.83 x 107> to
3.92 x 1073, The absolute differences between the estimated
strains and the FE model outputs were very small for the homoge-
neous shells, with mean and standard deviation of
1.46 x 107 = 1.30 x 107>, The difference maps showed minimal
difference (green color) throughout the volume comparing the
strains at each kernel. For the inhomogeneous shell with a weaker
inclusion, the absolute differences were also small, with mean and
standard deviation of 4.71 x 1075+8.45 x 1073, At the boundary
between the weaker inclusion and the stiffer shell, there appeared
a region of small difference (light blue). The average absolute
strain difference in this transition region was 8.69 x 1073, about

Porcine 1

Porcine 2

4% of the actual strain 2.15 x 1073 in this region. All other strain
components yielded similar outcome and are not shown.

Spherical strains converted from those in Cartesian coordinates
matched well with the spherical strains directly outputted from the
FE model. With radial strains ¢, ranging from —1.86 X 1073 to
—~1.47 x 10~ and —7.74 x 10~ to —1.35 x 10~ for the homo-
geneous shell and the inhomogeneous shell, respectively, and the
absolute strain differences were 2.90 x 1071*+1.99 x 10~!* and
4.48 x 10712+7.55 x 107'2, respectively. All other strain compo-
nents yielded similar outcome and are not shown.

Three-dimensional maps of displacements and strains at
30mmHg in a representative porcine eye are presented in Fig. 4.
The ONH region had substantially larger vertical displacement U,
as compared to the surrounding peripapillary tissue. Negative
radial strains ¢,,, indicating through-thickness compression, were
seen within the volume except for the posterior portion of the
ONH. Higher meridional strain &, circumferential-radial shear
&gy, and meridional-radial shear ¢, were observed in the vicinity
of the conjunction of the ONH and PPT than the rest of the vol-
ume. Circumferential strain &y and circumferential-meridional

Porcine 3

-
-80

-
8

0

Vertical Disp U,, (um)

Fig. 5 Cross-sectional view of the vertical displacement (Uy) maps for the three measured porcine eyes at
30 mmHg. Negative displacement corresponds to posterior movement. The ONH moved more posteriorly than

the PPT in all eyes despite different magnitudes.
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Fig. 6 Top row shows the strain distribution in a coronal section (en-face view) at a depth indicated by the blue
lines shown in the corresponding ultrasound images (US) below. Middle and bottom rows show the transverse
views corresponding to the red and green lines in the ultrasound image in the top row. Substantial radial strains
¢ appeared to distribute across the cross section and were largely compressive. Meridional strain ¢,, and
shear strain ¢, appeared to concentrate in the ONH and PPT conjunction, and through a certain depth. All
strains were from a representative porcine eye during inflation from 15 mmHg to 30 mmHg. Strains were plotted

at the level of kernels without smoothing.

shear ¢, were minimal throughout the scanned volume. These
patterns were similar in all tested porcine eyes.

The 2D cross-sectional view of the vertical displacements in
the center frame of the scanned volumes is shown in Fig. 5.
Different magnitudes of ONH posterior displacement were observed
in different eyes, but in all eyes the ONH displaced more posteriorly
relative to the surrounding PPT when inflated to 30 mmHg.

Figure 6 shows the cross-sectional views of radial strain &,
meridional strain &,, and shear strain &, in the coronal (en face)
and transverse (both superior—inferior and nasal-temporal) cross
section in a tested porcine eye. All three types of strains appeared
heterogeneous and higher strains were localized.

Since the strains were not uniform in magnitude throughout the
volume, a further analysis was performed to evaluate the number
and percentage of kernels that had strains larger than 3%. Table 1
shows the results for each type of strains within the ROI volume
in each tested porcine eye. Radial strains ¢, had the largest per-
centage of kernels with strains over 3%, while circumferential
strains &gp were minimal throughout the volume.

The ONH region was also manually segmented out in frame
images acquired at the reference pressure based on signal intensity
difference between the ONH and the surrounding PPT [24,25],
since the collagenous sclera is more echogenic than the neural tis-
sue within the ONH. The average strains within the ONH region
increased from 15 to 30 mmHg and the increase was approxi-
mately linear within this range of pressure (Fig. 7).

4 Discussion

A high-frequency ultrasound elastographic technique was
developed in this study to obtain 3D characterization of displace-
ments and strains in the ONH and the surrounding PPT during
IOP elevation. The accuracy of displacement and strain calcula-
tions were evaluated using simulations and finite element models.
Using this technique, we quantified the inflation response of the
porcine ONH and PPT and mapped out all components of the 3D
displacements and strains through full tissue thickness.

Journal of Biomechanical Engineering

The overall deformation patterns in 3D resembled those previ-
ously reported in 2D studies [24]. First, substantial compression
(i.e., negative radial strain ¢,.) appeared a dominant deformation
mode of the anterior ONH across all quadrants of the eye, while
the posterior ONH experienced less compression and even expan-
sion in the through-thickness direction (i.e., positive radial strain)
(Fig. 4). This might be due to tissue permeability and swelling
[28,29], and was consistent with our previous 2D findings [24].
Previous phase-contrast microcomputed tomography imaging
reported a similar trend of decreasing compressive strains within
the LC from anterior to posterior [15]. The large penetration depth
and high displacement sensitivity of high-frequency ultrasound
allowed us to resolve the changes in radial strains through tissue
thickness, which is difficult with other techniques such as optical
coherence tomography or SHG. The porcine LC was located in
the anterior region of the ONH, as shown in our histology results
in a previous study [24] and reported by others [30,31]. This may
suggest that the LC was under compression in the porcine eye dur-
ing IOP elevation. In the 2D study of human eyes, we also found
anterior concentration of compression within the ONH [25], but it
remains unclear whether LC was within the region of compression

3.00% A

Average ONH Strains

2.00% -
1.00% -
0.00% #=

Strain

-1.00% -

-2.00% -

-3.00% -
15 20 25 30

IOP (mmHg)

Fig. 7 Average strains (n=3) within the porcine ONH during
inflation
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Table 1

Percentage of kernels with a strain magnitude greater than 3%

Percentage % Radial ¢,, Circumferential gy Meridional &, Shear ¢, Shear ¢y, Shear ¢y,
Porcine 1 32.44 0.06 1.96 7.95 4.17 0.13
Porcine 2 46.58 0.23 4.72 13.56 11.23 0.17
Porcine 3 27.63 0.79 8.21 19.74 16.12 0.52

in the human eye [32]. Nonetheless, it is likely that the through-
thickness compression in the anterior ONH may directly impact
axonal transport [33,34], astrocyte reactivity [35,36] and capillary
blood flow [37] in this critical site of glaucomatous injury. Future
studies are needed to further investigate these impacts on the
cellular and microstructural level.

The 3D view of strain distribution (Fig. 4) showed that high
out-of-plane shear strains were clustered in the peripheral ONH, a
phenomenon also found in our previous 2D study in porcine eyes
[24]. The 3D technique allowed us to evaluate all components of
the strain tensor, and the results showed that the three different
types of shears appeared to have different magnitudes. To our best
knowledge, this is the first report of all three shear components
within the ONH. Previous SHG methods have reported in-plane
shear, but had difficulty determining the out-of-plane responses
due to the limited field of view in that direction [16,17]. Our
results showed that the out-of-plane shear ¢, was more substan-
tial than the other two shear components, while the in-plane shear
&g was minimal (Fig. 4 and Table 1). Peripheral concentration of
shear within the ONH was also observed in human donor eyes
[25]. The substantially higher shear at the peripheral ONH may
underlie the higher susceptibility of the peripheral optic nerve
axon bundles characteristic to glaucoma. This transition region
between ONH and PPT is also where disk hemorrhage and LC
defects often occur, suggesting that out-of-plane shear could be
potentially linked to these localized damages. A more detailed
evaluation of the strain maps within the en-face view of the ONH
(Fig. 6) showed that shear strain &,, was not evenly distributed in
the different quadrants. For example, in the porcine eye shown in
Fig. 6, the shear strains were concentrated in the inferior-temporal
quadrant. Future studies in a larger sample size are needed to ana-
lyze regional variations and potential link to earlier glaucomatous
damage in certain regions [18,38,39].

With the 3D technique, we were able to determine both the cir-
cumferential and the meridional strains (Fig. 4). Although both of
these in-plane strains were small, the meridional strains appeared
to be larger and localized in the ONH/PPT junction, while the cir-
cumferential strains were minimal throughout the volume likely
due to the collagen annulus ring surrounding the ONH [40,41].

As discussed above, one primary feature we observed about
ONH deformation was the heterogeneity through the volume and
the local concentrations of high strains. It is, therefore, important
to validate the strain measurements and calculations in a heteroge-
neous structure like the posterior eye. We have previously eval-
uated the 3D displacement accuracy with simulated ultrasound RF
data for a homogeneous structure with strong, sclera-like echoge-
nicity [22]. The echogenicity of the posterior eye is not uniform
and the ONH has weaker echogenicity than that of sclera due to
its more complex structure and the presence of noncollagenous
tissues. Our results from translating an experimentally acquired
posterior eye RF volume data showed that the displacement accu-
racy of the 3D speckle tracking algorithm remained very high
throughout the volume, similar to what we found previously using
simulated RF data from a homogeneous model [22]. We previ-
ously evaluated the 3D strain accuracy using Field II simulation
[42,43] to generate reference ultrasound RF volumes and those
deformed at different levels of uniform strains. In this study, we
evaluated strain accuracy by comparing with the outputs of finite
element models at each kernel. Our results showed very small dif-
ference, comparing kernel to kernel, between the least squares
estimated strains using our algorithm, and the calculations from

051013-6 / Vol. 142, MAY 2020

the FE models. It is noted that the slightly larger error in the inho-
mogeneous shell model at the boundary between the weaker inclu-
sion and the stiffer shell was much smaller than the strains we saw
experimentally during porcine eye inflation, thus unlikely to cause
significant error in this region.

This study has a few limitations. First, ex vivo testing could not
fully represent the in vivo configuration, including the absence of
cerebrospinal fluid pressure (CSFP), central retinal artery blood
pressure, and tension on the optic nerve. Sensitivity study of the
ONH biomechanical environment with computational models sug-
gested that the overall effect of blood pressure is about 600 times
smaller than that of IOP [44]. Optic nerve tension may have a
strong influence on LC displacement but experimental data on how
it interacts with IOP are yet to be obtained. CSFP may also have a
significant effect but current computational and experimental stud-
ies showed that the effect was mostly concentrated posterior to the
LC [45,46]. Nonetheless, future studies are needed to evaluate how
changes in CSFP and optic nerve tension may modify the 3D strain
response we observed in this study. Another limitation is the small
sample size. This study focused on the 3D method validation with
initial, proof-of-concept results on the biomechanical behavior of
porcine globes to demonstrate the feasibility of this approach. 3D
inflation responses of human ONH are currently being acquired
and analyzed in our laboratory, to generate a more comprehensive
analysis of the regional variations, including quadrant- and depth-
dependent variations in ONH mechanical response to IOP. Third, a
limited pressure range (from 15 to 30 mmHg) was used in the
experiments. Although this range provides information of how the
eye deforms from normal to elevated pressure, the strains were not
calculated from an unloaded state. The average strains (averaged
over the entire measured volume within the ONH) showed a nearly
linear relationship to IOP (Fig. 7). Our previous 2D study showed
that all strains (through-thickness, in-plane and shear) within the
ONH increased nonlinearly when IOP was elevated from 5 to
30mmHg [24]. Fourth, ultrasound imaging, even at the high fre-
quency used in this study, has a limited spatial resolution. Our sys-
tem has an axial resolution of 30 um and a lateral resolution of
65 um. This makes it impossible to resolve very small structures
such as LC beams in the ultrasound images, while optical methods
such as SHG has an advantage.

In summary, a 3D ultrasound speckle tracking technique has
been successfully implemented and validated to quantify the defor-
mation of porcine ONH. This technique has a greater penetration
than achievable with optical techniques, offering an opportunity to
image the responses through the full thickness of the posterior ocu-
lar shell. The validation studies confirmed a very high displacement
and strain accuracy, enabled by RF data analysis of high-frequency
ultrasound. These preliminary results demonstrated the feasibility
of this technique to achieve comprehensive 3D evaluation of the
mechanical responses of the posterior eye.
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