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Purrosk. A thin cornea is a potent risk factor for glaucoma. The underlying mechanisms
remain unexplained. It has been postulated that central corneal thickness (CCT) may be
a surrogate for biomechanical parameters of the posterior eye. In this study, we aimed to
explore correlations of biomechanical responses between the cornea and the optic nerve
head (ONH) and the peripapillary sclera (PPS) to elevated intraocular pressure (IOP),
the primary risk factor of glaucoma.

MerHobs. Inflation tests were performed in nine pairs of human donor globes. One eye
of each pair was randomly assigned for cornea or posterior eye inflation. IOP was raised
from 5 to 30 millimeters of mercury (mmHg) at 0.5 mmHg steps in the whole globe and
the cornea or the ONH/PPS was imaged using a 50 MHz ultrasound probe. Correlation-
based ultrasound speckle tracking was used to calculate tissue displacements and strains.
Associations of radial, tangential, and shear strains at 30 mmHg between the cornea and
the ONH or PPS were evaluated.

Resurrs. Corneal shear strain was significantly correlated with ONH shear strain (R =
0.857, P = 0.003) and PPS shear strain (R = 0.724, P = 0.028). CCT was not correlated
with any strains in the cornea, ONH, or PPS.

Concrusions. Our results suggested that an eye that experiences a larger shear strain in
the cornea would likely experience a larger shear strain in its ONH and PPS at IOP eleva-
tions. The strong correlation between the cornea’s and the ONH’s shear response to IOP
provides new insights and suggests a plausible explanation of the cornea’s connection
to glaucoma risk.

Keywords: ocular biomechanics, ultrasound elastography, cornea, optic nerve head
(ONH), mechanical strains

laucoma is an optic neuropathy with progressive vision

loss. It is the second leading cause of blindness
worldwide. Primary risk factors for glaucoma include high
intraocular pressure (IOP), older age, black race or Hispanic
ethnicity, and thin central corneal thickness (CCT).!-3
Among these, a thin CCT is considered an independent and
potent risk factor for glaucoma development in patients with
ocular hypertension, as discovered by the Ocular Hyperten-
sion Treatment Study (OHTS)! and its follow-up studies.®>
CCT has now become an integral part of the clinical workup
for diagnosis and treatment planning of glaucoma patients
and glaucoma suspects.®’

The reason why CCT is connected to glaucoma risk
remains unclear. There are no intuitive explanations because
the cornea is not anatomically or physiologically connected
to the optic nerve head (ONH), the site of glaucoma damage.
Previous studies have evaluated CCT’s correlation with sclera
thickness, but the results are inconclusive. For the stud-
ies performed in donor eyes, CCT’s uncertain postmortem
change poses a confounding factor as the extent of corneal
swelling is uncontrolled, varying with globe recovery time or
storage method.? Currently there is no established method
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to obtain in vivo posterior sclera thickness in the human eye.
Therefore, studies have attempted to evaluate CCT’s corre-
lation with anterior scleral thickness.’”'! However, sclera
thickness varies from anterior to posterior,'> and previous
studies have shown that the anterior and posterior scleral
thickness are not correlated in the human eye ®

Other studies have evaluated cornea’s biomechanical
properties and their relationship with glaucoma progres-
sion. A lower corneal hysteresis (CH) was found to be a
strong predictor of higher glaucoma risk and worse progres-
sion.'3-1¢ The correlation between corneal biomechanics and
glaucoma is intriguing, suggesting that biomechanics may be
an underlying factor. In this study, we asked the question:
is there a biomechanical correlation between the cornea
and the tissues in the posterior eye? If such a correlation
exists, the cornea’s connection with glaucoma might be
through the biomechanical similarities between the anterior
and the posterior eye.

In this study, we used high-frequency ultrasound elas-
tography'’~! to measure the tissues’ responses to IOP
elevation, the primary risk factor of glaucoma, in the intact
whole globes with minimal alterations (no fixation or surface
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treatment). We have previously validated the elastography
technique in terms of its accuracy and sensitivity for measur-
ing ocular tissue deformation.!”-2°-22 The 50 MHz linear array
ultrasound probe provides an axial resolution of 35 pm and a
lateral resolution of 75 pm, and a penetration depth of 1 to 2
mm, enabling high-resolution imaging through the thickness
of the cornea, the ONH, and the peripapillary sclera (PPS).
More importantly, the analysis of radiofrequency (RF) data
achieves a displacement sensitivity of 10s of nanometers.?24
An additional advantage of our elastography method is that
it outputs all types of mechanical responses to a physio-
logical loading and characterizes tensile, compressive, and
shear strains, not limiting to any type of deformation. Using
this method, we measured the mechanical responses of
the cornea and the ONH/PPS to elevated IOP in paired
donor eyes to investigate the association of the responses
between the cornea and the tissues in the posterior
eye.

METHODS
Donor Globes

Nine pairs of donor globes were obtained from the Lion’s Eye
Bank of West Central Ohio (Dayton, OH, USA). Donor age
ranged from 39 to 76 years old (2 male and 7 female donors).
Donors with any known ocular diseases, ocular trauma, or
ocular surgeries were excluded. Globes with tissue damage
during handling (i.e. cornea puncture) were also excluded.
The globes were recovered within 18 hours postmortem and
experiments were completed within 36 hours postmortem.
The superior side of the globe was marked with a tissue
ink by Lion’s Eye Bank technicians at globe recovery. The
corneas remained transparent and did not change in opac-
ity from the time they were received in our laboratory to the
completion of the experiments. CCT was first measured by
the Lion’s Eye Bank technicians at the time of globe recovery
using an ultrasound pachymeter (Palmscan AP2000; Micro
Medical Devices Inc., Calabasas, CA, USA). The donor globes
were stored at 4°C in moist chambers until experimental
use.

One eye of each pair was randomly assigned for imaging
the cornea’s response during IOP increase, and the other
was used for imaging the posterior eye including the ONH
and the PPS on both sides of the ONH.

For the globes that were assigned for posterior eye infla-
tion testing, extraocular tissue was first removed, and the
optic nerve was trimmed to about 1 to 2 mm from the
surface of the sclera. The globes were immersed in phos-
phate buffered saline (PBS) during inflation.

For the globes that were assigned for corneal inflation
testing, they were first immersed in and perfused with 4.25%
poloxamer 188 (P188) in PBS at 4°C for at least 18 hours to
reduce corneal swelling and return the cornea to its physi-
ological hydration following our published protocol.?> IOP
was maintained at 15 millimeters of mercury (mmHg) during
the poloxamer treatment. CCT was measured using an ultra-
sound pachymeter (DGH-550 Pachette 2; DGH Technology,
Inc., Exton, PA, USA) before and after the poloxamer treat-
ment. CCT was also estimated from the scanned ultrasound
images at the baseline IOP (i.e. 5 mmHg) by fitting two
concentric circles to the anterior and posterior boundaries
of the cornea. The globes were immersed in the same polox-
amer/PBS solution during cornea inflation tests to stabilize
corneal thickness.
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Inflation Testing With High-Frequency Ultrasound
Data Acquisition

During inflation testing, the globes were secured to a
custom-built chamber with the imaging side (i.e. cornea
or ONH) facing up (Fig. 1A). Two 20 G spinal needles
were inserted into the anterior chamber via the limbus, one
connected to an infusion pump (Ph.D. Ultra, Harvard Appa-
ratus, Holliston, MA, USA) and the other connected to a pres-
sure sensor (P75, Harvard Apparatus) to monitor and contin-
uously record the IOP. The globes were first preconditioned
with 20 cycles from 5 to 30 mmHg at 4 seconds per cycle
and left to equilibrate at 5 mmHg for 30 minutes. Previous
studies showed?°-28 (consistent with our observation) that
tissue response stabilized within the first few cycles and
there were minimal preconditioning effects during whole
globe inflation within the physiological pressure range. The
inflation tests were then performed by increasing IOP from
5 to 30 mmHg with 0.5 mmHg steps (Fig. 1B). The IOP was
held constant at each level for 30 seconds before ultrasound
scans using a 50 MHz probe (MS700, Vevo2100, FujiFilm
VisualSonics, Inc., Toronto, Ontario, Canada). Control of the
testing apparatus and data acquisition were implemented
using a customized LabView program (National Instruments,
Austin, TX, USA). Each inflation test took about 25 minutes
to complete for a total of 51 pressure steps. The globes were
scanned either along the nasal-temporal (NT) or superior-
inferior (SI) direction capturing approximately 9.7 mm in
width centered at either the corneal apex or the ONH.

Ultrasound Elastography and Strain Analysis

A correlation-based ultrasound speckle tracking algorithm!’
was used to compute tissue displacements and strains at
each step of IOP elevation. Digitized ultrasound RF data
were sampled at 1.5 pm x 19 pm (axial x lateral). Regions of
interest (ROI) were defined in the reference RF data obtained
at the initial IOP. For cornea scans, the ROI was manually
defined in the scanned image to include the central 5 mm
of the corneal stroma, bound by the anterior and posterior
corneal surfaces corresponding to the bright boundaries in
the image. For the posterior eye scans, the ROIs for the ONH
and the PPS were defined by manual segmentation. We have
previously shown an excellent interobserver repeatability
(Cronbach Coefficient @ > 0.99) for strain analysis based
on the manual segmentation.? Within the cornea ROI, the
RF data were divided into kernels, each containing 101 x 41
pixels (axial x lateral), or approximately 150 um x 780 um
in size, with a 75% overlap to improve spatial resolution
of the strain image, following our previous protocols for
cornea strain mapping.*® Within the ONH/PPS ROI, the RF
data were divided into kernels, each containing 51 x 31
pixels (axial x lateral), or approximately 75 pm x 570 pm
in size, with a 50% overlap, following our previous proto-
cols for ONH/PPS strain mapping.!”?> The parameters for
kernel size and overlap were optimized in our previous stud-
ies for the cornea or ONH/PPS speckle tracking, to achieve
the best combination of signal-to-noise ratio and strain reso-
lution. PPS thickness was also estimated from the scanned
ultrasound images at the initial pressure level by fitting two
concentric circles to the anterior and posterior boundaries
of the PPS.

The displacement of each kernel was computed by cross-
correlation within a search window between RF frames
acquired at successive IOP levels. Maximum correlation coef-
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Figure 1. Experimental setup for inflation testing of human donor globes using high-frequency ultrasound elastography. (A) One eye of
each pair of globes from the same donor was randomly assigned for corneal testing and the other for posterior eye testing. Globes were
immersed in poloxamer/PBS (cornea testing) or PBS (posterior eye testing) with IOP control and monitoring. (B) Each eye went through
the same testing protocol of preconditioning, equilibration, and inflation from 5 to 30 mmHg. (C) Representative ultrasound B-mode images

of a cornea and a posterior eye.

ficient indicated the best match and the new location of
the kernel, and spline interpolation was used to refine the
search to achieve subpixel resolution in displacement track-
ing. The cumulative displacement vectors were calculated
with respect to the kernel location at the initial IOP.

Infinitesimal strains (linear approximation of Green-
Lagrange strains) were calculated using least squares esti-
mation based on local displacement gradient in a 5 X 5 or
7 x 7 neighborhoods of kernels.3! Radial, tangential, and
shear strains were obtained by coordinate transformation
from Cartesian to the polar coordinates based on tissue
curvature.’> Average strains within each region (cornea,
ONH, and PPS) at 30 mmHg were used in further analysis.
Strain maps were generated to visualize their spatial distri-
bution interpolated to the pixel level.

Statistical Analysis

Mean and standard deviation of radial, tangential, and shear
strains at 30 mmHg were summarized for each region
(cornea, ONH, and PPS). Associations of radial, tangential,
and shear strains between the cornea and ONH or PPS were
evaluated using Pearson correlations. Associations between
CCT and all types of strains were also explored.

RESULTS

The ultrasound speckles within the ex vivo cornea and
ONH/PPS were adequate for successful and reliable speckle
tracking, as indicated by high speckle tracking correlation
coefficients (>0.95) between consecutive pressure levels in
all measured eyes in the current study. Radial, tangential,
and shear strains in each region (cornea, ONH, and PPS)
increased at higher IOP, as expected (Fig. 2). Representa-
tive strain maps at 30 mmHg from one donor are shown in
Figure 3.

The overall average radial, tangential, and shear strains at
30 mmHg in the cornea were —1.88 £ 2.08%, 0.50 £ 0.53%,
and 5.23 + 2.38%, respectively. The overall average radial,
tangential, and shear strains at 30 mmHg in ONH were —2.96
+ 1.28%, 0.03 + 0.23%, and 1.67 = 0.72%, respectively.
The overall average radial, tangential, and shear strains at
30 mmHg in PPS were —3.80 + 0.47%, 0.69 £+ 0.57%, and
1.31 £ 0.85%, respectively. Tangential strains were minimal
in all regions, whereas radial strains were negative indicat-
ing compression. Cornea shear strain was markedly larger
than the shear strains in either ONH or PPS (Fig. 4).

Corneal shear strain was significantly correlated with
ONH shear strain (R = 0.857, P = 0.003; Fig. 5A) and PPS
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Ficure 2. Average radial, tangential, and shear strains in the
cornea, the ONH and the PPS in human donor eyes (N = 9). All
strains increased as IOP increased. Tangential strains were minimal
in all three regions.

shear strain (R = 0.724, P = 0.028; Fig. 5B). Corneal tangen-
tial strain was significantly correlated with PPS tangential
strain (R = 0.916, P = 0.001; Fig. 5C). Other types of strains
were not significantly correlated between cornea and ONH
or PPS. Between ONH and PPS, shear strains were signifi-
cantly correlated (R = 0.870, P = 0.002; Fig. 6A). ONH and
PPS radial strains were also significantly correlated (R =
0.744, P = 0.022; Fig. 6B).

The mean CCT measured at various time points was
728.1 + 73.8 pm at globe recovery, 740.8 &+ 76.4 um before
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FiGure 3. Average radial, tangential, and shear strains in cornea,
ONH and PPS at 30 mmHg (V= 9). Cornea shear strain was signif-
icantly higher than ONH or PPS shear strain (* denotes P < 0.05,
two-sample -tests).

deswelling, 609.2 + 65.0 um after deswelling, and 649.2 +
58.8 pm during inflation tests. Average CCT decreased by
131.6 pm after poloxamer treatment. CCT at globe recov-
ery was significantly correlated with CCT before deswelling
(R = 0.795, P = 0.010). CCT after deswelling was signifi-
cantly correlated with CCT during inflation (R = 0.838, P =
0.005). CCT before deswelling was not significantly corre-

' Radial .

Tangential

 —
Shear

I Radial <« Tangential

Ficure 4. Representative maps of radial, tangential, and shear strains in a cornea and a posterior eye of the same donor at 30 mmHg. As
the color bar indicates, cyan to blue is negative strain (e.g. compression for radial strain), whereas yellow to red is positive strain (e.g. tensile
tangential strain). Dashed yellow lines in the ultrasound images delineate the region of interest for strain analysis.
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PPS shear and tangential strains may be an outlier that dominated the relationships between PPS and cornea. All strains in this figure were
strains at 30 mmHg. Similar correlations were observed at other pressures as well.
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lated with CCT after deswelling (R = 0.391, P = 0.298). Although a low CH has been shown to correlate with
None of these CCT measures was significantly correlated more severe glaucoma damage, direct evidence of a relation-
with either the cornea or ONH or PPS strains, partially due to ship between the cornea’s biophysical attributes and those
the small sample size. The Pearson correlation between CCT of the ONH or PPS is scarce. Previous studies showed that

estimated from the cornea’s ultrasound scans during infla- a lower CH in patients with glaucoma was associated with
tion and ONH shear strain was 0.213 (P = 0.582). None of increased deformation of the optic nerve surface during tran-
the CCT measures was correlated with PPS thickness (1043.8 sient IOP elevation; but such correlation was not observed
+ 189.2 um). in normal controls.3> Others have reported a correlation

between a lower CH and a thinner scleral thickness in indi-
viduals with high myopia®>® and a correlation between a

Discussion lower corneal deformation amplitude and a larger lamina
In this study, we used a high-frequency ultrasound elas-  cribrosa (LC) depth in primary open-angle glaucoma.*
tography technique to image the mechanical responses of Our study identified a correlation between the cornea
the cornea and the ONH/PPS in paired human donor eyes and the ONH’s shear response in ostensibly normal donor
and explored the biomechanical associations between the eyes with no known ocular diseases, indicating a possi-
anterior and the posterior eye. High-frequency ultrasound ble presence of a biomechanical relationship between the
imaging has an excellent combination of resolution and cornea and the posterior eye likely due to innate structural
penetration depth to characterize all types of mechanical correspondence.

deformation in response to IOP, including the shear strains, To some extent, the cornea and the ONH can both
which have not been widely reported. The primary find- be viewed as a mechanical discontinuity in the otherwise
ing of this study is that the shear strain in the cornea was continuous scleral shell. Both are mechanically weaker than
strongly correlated with the shear strain in the ONH and PPS ~ the sclera and both are surrounded by a circumferential
of the same donor, suggesting a biomechanical correlation collagen annulus ring®3¢ that prevents large expansion at

between the anterior and the posterior eye. pressure increase but not outward bending. For a homoge-
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neous spherical shell, inflation would create minimal shear.
The cornea and the ONH are mechanically distinct from
the sclera, which leads to shear deformation during infla-
tion, particularly at the material transition zones. As shown
in our previous studies, the shear deformation correspond-
ing to the outward bending concentrates at the conjunc-
tion of the ONH and the PPS,” a region where glauco-
matous damages, such as LC tear and disc hemorrhage,?’-38
often occur. We have also previously reported cornea shear
deformation during whole globe inflation based on exper-
imental data and finite element simulations.*® Others have
reported that the cornea’s shear modulus is orders of magni-
tude lower than its young’s modulus.“*-4! We observed much
larger shear deformation than tensile deformation during
inflation, consistent with what would be expected based
on the modulus difference although the stresses were also
different. The correlation between the cornea’s and the
ONH/PPS’s shear response provides a possible explana-
tion for the connection between the cornea and glaucoma,
suggesting that an eye that experiences a larger shear strain
in the cornea would also experience a larger shear strain
in its ONH/PPS at IOP increase, which could contribute
to glaucoma damage. Presumably, a thinner cornea might
be less resistant to shear as well; however, we did not
observe a correlation between CCT and cornea shear or
ONH shear in the current study. One possibility is that resid-
ual swelling might still be present in some samples during
experimentation, which could confound the CCT data.
Future studies are needed to further investigate the potential
associations.

Besides the primary finding discussed above, our study
also showed that PPS radial and shear strains were corre-
lated with ONH radial and shear strains, respectively. This
is a result we repeatedly observed in several studies eval-
uating ONH and PPS mechanical responses to IOP.!$:19:42
No relationship was identified between CCT and cornea
strains in the current study. Interestingly, the association
between CCT and CH was also weak to moderate, although
both were associated with glaucoma damage.”> Several
studies showed that a low CH was more closely associ-
ated with visual field progression than CCT,'3'%4 suggest-
ing biomechanical properties may play a more important
role.

This study has several limitations. First, the precondi-
tioning cycles used a much faster loading rate than the
actual inflation tests. We used faster preconditioning cycles
to reduce the total experimental time and minimize tissue
decay. However, the preconditioning can be affected by load-
ing rate, loading limits, resting periods, and age- or species-
related difference in tissue structures.”> Our preliminary
tests in pig and donor eyes showed that tissue displacements
generally stabilized after several cycles. This observation was
consistent with previous reports of minimal precondition-
ing effects in pig and human donor eye inflation tests.?0-28
However, given that our preconditioning cycles had a much
faster rate than the actual testing, future studies are needed
to further optimize the preconditioning protocol to ensure
a stabilized response during the actual testing. Second, the
sample size of human donor eyes was limited (N = 9 pairs,
18 globes), which provided 80% power to detect correlations
at R = 0.8 and 62% power for R = 0.7 at a significance level
of 0.05. This sample size does not provide sufficient power
to detect weaker correlations that may exist between other
types of strains or between CCT and strains. Although the
observed strong correlation between the cornea and ONH
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shear strains was confirmed by both Pearson correlation and
Spearman correlation analyses indicating the likelihood of
such association, future studies in a larger sample size are
needed to verify this result. Another limitation with the small
sample size is the potential effect of outliers. One of the
tested eyes had a large PPS shear strain and also a large PPS
tangential strain. If data from this eye are removed from anal-
ysis, correlations between PPS and cornea shear strains (see
Fig. 5B) and PPS and cornea tangential strains (see Fig. 5C)
would no longer achieve statistical significance. It is noted
that the correlation between ONH and cornea shear strains
remains significant after removing data from this eye. Inter-
estingly, the PPS was abnormally thin in this eye (approxi-
mately 582 nm), suggesting a potential relationship between
thin PPS and large PPS shear/tangential strains in response
to IOP. Future studies in larger sample sizes are needed to
elucidate these relationships. Third, ex vivo tissue may have
experienced a certain level of biomechanical alterations as
compared to in vivo tissue. Our laboratory has been devel-
oping in vivo ultrasound elastography methods to character-
ize corneal biomechanics®*4®47 and is pursuing similar tech-
niques for the posterior eye. When these approaches become
available, it will offer tools to measure the cornea and
posterior eye mechanical responses in vivo to further our
understanding of the biomechanical connection between the
cornea and the posterior eye and how that impacts an eye’s
risk for glaucoma. Fourth, we measured the cornea and the
ONH/PPS in paired eyes instead of measuring cornea and
ONH/PPS in the same eye. Logistically it is difficult for our
current imaging setup and protocols to perform inflation
tests of both the cornea and the ONH/PPS in the same globe.
Dissecting the cornea and ONH/PPS shells are not ideal
because dissection could cause damage to the more deli-
cate tissues, such as the retina and the corneal endothelium
whose integrity is important for this study. Tissue clamp-
ing also introduces unnatural boundary effects. For these
reasons, we opted to perform two separate inflation tests in
the paired eyes of the same donor. Although there is gener-
ally a high degree of interocular symmetry in biometric (e.g.
CCT and axial length) and biomechanical parameters (e.g.
IOP and corneal displacements) in healthy subjects, "~ the
potential variance between the left and right eyes could have
obscured some correlations and rendered them undetectable
in the present study. A comparison between the left and right
eyes ONH/PPS shear strains in six pairs of donor eyes is
presented in the Supplementary Material to provide data on
the potential variance. Our laboratory is currently develop-
ing ultrasound-based techniques for in vivo biomechanical
characterization of both the cornea and the posterior eye to
enable future in vivo studies of their correlations in the same
eye.

In conclusion, high-resolution ultrasound elastography
was used to explore the correlations between the biome-
chanical responses of the cornea and those of the ONH and
the PPS to IOP elevation, the primary risk factor for glau-
coma. We found a strong association between the cornea’s
shear response and that of the ONH and the PPS, suggest-
ing a biomechanical correlation between the cornea and
the tissues in the posterior eye. Future studies are needed
to verify this result in vivo, when tools for in vivo charac-
terization of ocular biomechanics become available. Under-
standing such connection will further elucidate the mecha-
nisms and risk factors underlying glaucoma, providing new
insights to improve the diagnosis and treatment of this debil-
itating disease.
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