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PURPOSE. The purpose of this study was to assess optic nerve head (ONH) deformations
following acute intraocular pressure (IOP) elevations and horizontal eye movements in
control eyes, highly myopic (HM) eyes, HM eyes with glaucoma (HMG), and eyes with
pathologic myopia (PM) alone or PM with staphyloma (PM + S).

METHODS. We studied 282 eyes, comprising of 99 controls (between +2.75 and −2.75
diopters), 51 HM (< −5 diopters), 35 HMG, 21 PM, and 75 PM + S eyes. For each eye, we
imaged the ONH using spectral-domain optical coherence tomography (OCT) under the
following conditions: (1) primary gaze, (2) 20 degrees adduction, (3) 20 degrees abduc-
tion, and (4) primary gaze with acute IOP elevation (to ∼35 mm Hg) achieved through
ophthalmodynamometry. We then computed IOP- and gaze-induced ONH displacements
and effective strains. Effective strains were compared across groups.

RESULTS. Under IOP elevation, we found that HM eyes exhibited significantly lower strains
(3.9 ± 2.4%) than PM eyes (6.9 ± 5.0%, P < 0.001), HMG eyes (4.7 ± 1.8%, P = 0.04), and
PM + S eyes (7.0 ± 5.2%, P < 0.001). Under adduction, we found that HM eyes exhibited
significantly lower strains (4.8% ± 2.7%) than PM + S eyes (6.0 ± 3.1%, P = 0.02). We
also found that eyes with higher axial length were associated with higher strains.

CONCLUSIONS. Our study revealed that eyes with HMG experienced significantly greater
strains under IOP compared to eyes with HM. Furthermore, eyes with PM + S had the
highest strains on the ONH of all groups.
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An association between glaucoma and myopia is well-
established and has been reported in many clinical

and population-based studies.1–3 In myopia, the eye elon-
gates and the posterior sclera remodels, thins, and weakens,
resulting in a general loss of collagen and proteoglycans.4–6

These changes can make the optic nerve head (ONH) more
susceptible to biomechanical forces exerted by intraocular
pressure (IOP), potentially causing damage to the axons at
the lamina cribrosa (LC) and leading to the development of
glaucoma.7

To date, providing an accurate diagnosis of glaucoma
in patients with high myopia (HM) remains a major clini-
cal challenge. This is because conventional biomarkers for
glaucoma diagnosis, such as the appearance of the ONH,
peripapillary atrophy (PP), and visual field (VF) defects on
perimetry,8,9 are often obscured by the structural changes

typically found in HM, such as myopic PP atrophy, tilted
disc, and thinning of the retinal nerve fiber layer (RNFL),8,10

as well as in pathologic myopia (PM), such as geographic
atrophic changes in myopic macular degeneration that result
in VF defects.11–13 With these limitations, a novel biomarker
that can determine whether a given eye is glaucomatous,
myopic, or a combination of both, would be clinically impor-
tant.

In this study, we aimed to assess the biomechanics of
the ONH under conditions of increased IOP and differ-
ent horizontal gazes in patients with a range of myopia-
related conditions, including HM, PM, pathologic myopia
with staphyloma (PM + S), and those confirmed to have both
high myopia and glaucoma (HMG). Our goal is to better
understand how these conditions differ in terms of their
sensitivity to external loads and to explore the potential of
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using biomechanical tests to identify individuals with HM
who are at risk of developing glaucoma.

METHODS

Subjects Recruitment

We studied 282 eyes, which comprised of 99 controls, 51 HM,
35 HMG, 21 PM, and 75 PM + S from glaucoma clinics at the
Singapore National Eye Centre. We included subjects aged
more than 50 years old, of Chinese ethnicity (predominant
in Singapore), and excluded subjects who underwent prior
intraocular/orbital/brain surgeries, subjects with a medical
history of strabismus, ocular trauma, ocular motor palsies,
orbital/brain tumors; with clinically abnormal saccadic or
pursuit eye movements; subjects with poor LC visibility in
OCT (<50% en face visibility); subjects with known carotid
or peripheral vascular disease; or with any other abnormal
ocular conditions.

Control eyes had refractive error between +2.75 and
−2.75 diopters with axial lengths less than 25 mm. Control
eyes had normal IOP and no pathological features on the
ONH and the retina. HM was defined by eyes with axial
lengths greater than 25 mm and myopic refractive errors
worse than 5 diopters. HMG was defined for eyes with both
HM (excluding PM and staphyloma) and a glaucoma diagno-
sis as performed by a glaucoma specialist (authors R.S.C. and
A.T.). PM (without staphyloma) was defined for eyes exhibit-
ing both HM andmyopic macular degeneration as defined by
the meta-analysis for PM classification system,14 or myopic
traction maculopathy (without the presence of staphyloma).
PM + S was defined as HM eyes with a clinical diagnosis of
staphyloma based on multimodal imaging (fundus photogra-
phy, optical coherence tomography (OCT), ultrasonography,
and, in selected subjects, magnetic resonance imaging) and
confirmed by a retinal specialist.

Glaucoma was defined as glaucomatous optic neuropa-
thy (based on Nagaoka et al., 2015),15 characterized as loss

of neuroretinal rim with vertical cup-to-disc ratio >0.7 or
focal notching with nerve fiber layer defect attributable to
glaucoma (based on a clinical observation) and/or asymme-
try of cup-to-disc ratio between eyes >0.2, with repeatable
glaucomatous visual field defects (independent of the IOP
value) in at least one eye.

Each subject underwent the following ocular examina-
tions: (1) measurement of refraction using an autokeratome-
ter (RK-5; Canon, Tokyo, Japan) and (2) measurement of
axial length, central corneal thickness, and anterior cham-
ber depth using a commercial device (Lenstar LS 900; Haag-
Streit AG, Switzerland). For each tested eye, we performed a
visual field test using a standard achromatic perimetry with
the Humphrey Field Analyser (Carl Zeiss Meditec, Dublin,
CA, USA).

This study was approved by the SingHealth Centralized
Institutional Review Board and adhered to the tenets of
the Declaration of Helsinki. Written informed consent was
obtained from each subject.

OCT Imaging

Subjects’ pupils were dilated with 1.0% Tropicamide before
imaging with spectral-domain OCT (Spectralis; Heidelberg
Engineering GmbH, Heidelberg, Germany). The imaging
protocol was similar to that from our previous work.16 We
conducted a raster scan of the ONH (covering a rectangular
region of 15 degrees × 10 degrees centered at the ONH),
comprising of 97 serial B-scans, with each B-scan compris-
ing of 384 A-scans (Fig. 1a). The average distance between
B-scans was 35.1 μm and the axial and lateral B-scan pixel
resolution were, on average, 3.87 μm and 11.5 μm, respec-
tively. All B-scans were averaged 20 times during acquisi-
tion to reduce speckle noise. Each eye was scanned 4 times
under 4 different conditions – primary OCT position, 20
degrees adduction, 20 degrees abduction, and acute IOP
elevation.

FIGURE 1. (a) A single B-scan obtained from the OCT machine without any image enhancement. (b) Automatic segmentation of the B-scan in
(a). ONH tissues were segmented in purple. In addition, BMOs (orange dots) were automatically marked for each B-scan. (c) Anterior-surface
view of the ONH. The ONH center (white star) was identified from the best-fit circle to the BMOs (orange dotted line). The green square
defines our region of interest to be cropped from the OCT volume with 2800 μm length on each side. (d) A B-scan view after we apply
cropping to the OCT volumes. The black region was not considered for our deformation tracking. The length from central line (white dotted
line) to the cropping border (green line) is 1400 μm.
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OCT Imaging in Primary Gaze and in
Adduction/Abduction Positions

In this study, the primary gaze OCT position referred to
the eye position during a standard OCT scan. This position
may differ significantly from the true primary gaze position
of 0 degrees because both the pupil and ONH need to be
aligned with the OCT objective, which can cause an eye rota-
tion to the left in a right eye, and vice versa.16 In our previ-
ous study,17 we estimated the angle to be approximately
7 degrees. This estimation was derived using a geometric
method that involved multiple subjects fixating on a target
positioned 2 meters away from the OCT machine, utiliz-
ing their non-imaged eye. By laterally adjusting the position
of the fixation target until the fovea became visible on the
OCT image, we determined the angular distance between the
ONH and the fovea, referred to as the offset angle. Notably,
prior investigations conducted by Demer et al.18 and Suh et
al.19 reported an approximate angle of 12 degrees. Thus, our
horizontal eye movement of 20 degrees in either direction
was with respect to the OCT reference configuration.

Procedures for imaging under different gaze positions
have been described in our previous work.16 Briefly, we used
a custom-built 3D printed rotatable chin rest to induce 20
degrees adduction and 20 degrees abduction, and one OCT
volume was acquired in each position.

OCT Imaging During Acute IOP Elevation

For each eye in the primary gaze position, we applied
a constant force of 0.65 N to the temporal side of the
lower eyelid using an ophthalmodynamometer (ODM), as
per an established protocol.16,20,21 The force was consistently
applied via ODM throughout the entire duration of the OCT
scan, which ranged from 2 to 3 minutes for each subject.
This force raised IOP to about 35 mm Hg and was main-
tained constant. IOP was then re-assessed with a Tono-Pen
(Reichert Instruments GmbH, Munich, Germany), and the
ONH was imaged with OCT in baseline position immedi-
ately (within 30 seconds) after the IOP was measured.

In Vivo Displacement and Strain Mapping of the
ONH

For every OCT volume, we used an automated process to
segment the ONH (Fig. 1b). This segmentation involved
identifying the anterior boundary, represented by the inner
limiting membrane, as well as discerning the visible poste-
rior boundary, which encompasses the visible portion of the
posterior sclera, choroid, and the LC. The segmentation algo-
rithm was trained to delineate the whole ONH region using
images from patients with glaucoma and healthy individu-
als. The segmentation algorithm’s architecture was similar to
that of our previous publications, albeit with slight modifi-
cations aimed at segmenting the entire ONH tissue, rather
than distinguishing between different tissues.21,22 We used
a commercial DVC module (Amira, 2020.3; Thermo Fisher
Scientific, Waltham, MA, USA) to map the three-dimensional
deformations between the baseline scan and scans under
external loads (adduction, abduction, or elevated IOP) for
each patient. The DVC algorithm was used in our previous
study to study associations between biomechanical strain
and visual field loss.21 Details of the DVC algorithm used
in this study, including how the strain values are derived

and the validation of our DVC algorithm were provided in
our previous paper and in the Supplemental Appendix SA.21

For each OCT volume, IOP- and gaze-induced effective
strains were averaged across the entire ONH region within
a 2800 × 2800 μm en face region centered on the Bruch’s
membrane opening (BMO) center (see Fig. 1).

Because there were variations in the level of IOP increase
across subjects (IOP under ODMminus baseline IOP), due to
the variations in tissue properties and eye geometry among
subjects, we would like to adjust the measured effective
strain accordingly. Comparing these resulting strains with-
out normalization would introduce bias, as each individual
ONH experiences different IOP loads despite the applica-
tion of a constant force. To achieve this, we multiplied the
measured effective strain by the ratio between the average
level of IOP increase observed across all subjects (18 mm
Hg) and the individual IOP increase (elevated IOP minus
baseline IOP) according to Equation 1.

Adjusted Effective Strains = Measured Effective Strain

× 18 (mmHg)

Elevated IOP (mmHG) − Baseline IOP (mmHg)
(1)

Whereas our equation holds true under the assump-
tion of a linear relationship between stress and strain, we
acknowledged the presence of nonlinear behaviors in load-
bearing soft connective tissues of the eye, such as the sclera,
lamina, and Bruch’s membrane. Nonetheless, research stud-
ies conducted by Fazio et al.23 and Grytz et al.24 on human
scleral strains, as well as by Midgett et al.25 on human LC
strains, have revealed that beyond the 18 mm Hg threshold
(the baseline IOP of our patients), the effects of nonlinear-
ity diminish. To further validate our normalization approach,
we computed the errors in strain that could have arisen from
such nonlinear behaviors. Errors were estimated using the
IOP versus strain curves for the aforementioned three refer-
ences, and using our own IOP ranges. We found that the
error in strain (due to a linear assumption) was consider-
ably small, and could be estimated by a normal distribution
(mean = 0.09%, STD = 0.13%).

Statistical Analysis

Statistical analyses were performed using MATLAB (version
2018a; The MathWorks, Inc., Natick, MA, USA). Effective
strains were subjected to statistical analysis as continuous
variables, which represent numeric values with an infinite
number of possible values between any two given values.
To perform statistical analysis, we split our investigation into
(1) differences in strains between HM and HMG under each
load and (2) differences in strains among myopia spectrum
(HM, PM, and PM + S) under each load. We used indepen-
dent samples t-test (MATLAB function – t-test2) to compare
the mean values of effective strain between the diagnostic
groups. Analysis of variance (MATLAB function - ANOVA)
was used to determine the differences across groups in age,
axial length, visual field mean deviation (MD), pattern stan-
dard deviation (PSD), and IOP on the day of the experi-
ment. Linear regressions were used to study the associations
between (1) axial length (or refractive error) and ONH effec-
tive strains; and those between (2) adduction-induced strains
and IOP-induced strains. Statistical significance level was set
at 0.05.
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RESULTS

Demographics

We excluded 6 subjects with HM, 5 subjects with HMG, 5
subjects with PM, and 11 subjects with PM + S from the
study due to poor en face LC visibility (<50% of the BMO
area), and therefore 99 controls, 45 subjects with HM, 30
subjects with HMG, 16 subjects with PM, and 64 subjects
with PM + S were included in the final analysis.

There were significant differences (P < 0.05) in terms
of age, axial length, and visual field (MD and PSD values)
between groups (see the Table). Notably, subjects with HM
were on average younger as compared to other groups.
Subjects with myopia (HM, HMG, PM, and PM + S) exhib-
ited a higher axial length as compared to the control group.
Subjects with HMG, PM, and PM + S had poorer visual
field indices (a more negative MD and a more positive PSD)
as compared to the HM and control groups. There was no

TABLE. Characteristics of Eyes in Each Group

Mean ± Standard Deviation or n (%)

Characteristic Control HM HMG PM PM + S

Age, y 64 ± 7 57 ± 5 62 ± 8 60 ± 9 63 ± 7
Sex, F, % 51 53 30 31 44
Axial length, mm 24.0 ± 1.0 26.8± 1.0 27.1± 1.0 29.1 ± 2.2 31 ± 2.3
Visual filed, MD, dB −0.9 ± 1.8 −1.27 ± 3.0 −8.0 ± 6.5 −5.7 ± 4.6 −10.4 ± 7.1
Pattern standard deviation, dB 2.0 ± 1.1 2.18 ± 1.2 7.4 ± 4.5 5.1 ± 2.75 6.6 ± 2.82
IOP on the day of the experiment (mm Hg)* 15.5 ± 2.7 15.6 ± 2.3 15.7 ± 2.3 15.8 ± 2.8 17.2 ± 3.3

* This is IOP after treatment for subjects with HMG.

FIGURE 2. Three-dimensional effective strain maps of a sample eye (with central cut through the ONH) for each diagnostic group under
loads.



High ONH Strains in Pathologic Myopia and Glaucoma IOVS | August 2023 | Vol. 64 | No. 11 | Article 12 | 5

FIGURE 3. Violin-plot showing average ONH effective strains for each group under IOP elevation, Adduction and abduction. The left column
represents a comparison between HM and HMG and the right column represents a comparison across the myopia spectrum. * Denotes
significant differences between the two groups.

significant difference in presenting IOP on the day of exper-
iment between groups.

IOP-Induced ONH Strains

A visualization of strain maps (one eye from each diagnostic
group) was given in Figure 2. Controls exhibited the least
IOP-induced strains (3.6 ± 1.6%), followed by HM (3.9 ±
2.4%), HMG (4.7 ± 1.8%), PM (6.9 ± 5.0%), and PM + S (7.0
± 5.2%).

We found that HM eyes exhibited significantly lower
strains under IOP elevation than PM eyes (P < 0.001), HMG
eyes (P = 0.04), and PM + S eyes (P < 0.001; Fig. 3). There
was no significant difference in IOP-induced strains between
control and HM eyes.

Gaze-Induced ONH Strains

Under abduction, we found a similar trend as that
observed with IOP, with controls exhibiting the least strains
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FIGURE 4. Scatterplot showing a significant linear relationship
between ONH effective strain under IOP elevation and (a) axial
length (mm) and (b) refractive error of all eyes. (c) Scatterplot show-
ing a significant positive linear relationship between ONH effective
strain under IOP elevation and adduction.

(3.3 ± 1.4%), followed by HM (3.9 ± 2.4%), HMG (4.1 ±
1.4%), PM (5.0 ± 2.5%), and PM + S (5.3 ± 3.0%). Addi-
tionally, we found that PM + S eyes exhibited significantly
higher strains than HM (P < 0.05) and PM eyes exhib-
ited significantly higher strains than HM (P < 0.05) under
abduction. We found no significant difference in abduction-
induced strain between subjects with HM and controls.

Under adduction, we found that controls exhibited the
least strains (3.8 ± 1.6%), followed by HM (4.8 ± 2.7%), PM
(5.2 ± 2.5%), HMG (5.7 ± 2.5%), and PM + S (6.0 ± 3.1%).
Additionally, we found that HM eyes exhibited significantly
higher strain than controls (P< 0.05) and PM + S eyes exhib-
ited significantly higher strain than HM eyes (P < 0.05; see
Fig. 3).

Overall, Large ONH Strains (IOP-Induced) Were
Associated With High Axial Length or Low
Refractive Error

Across all eyes, we found that the eyes that exhibited the
largest IOP-induced ONH strains were also the eyes that had
a higher axial length (P < 0.001, an axial length increase of
approximately 2 mm results in an 1% increase in ONH strain)
or a more negative refractive error (P < 0.001, a worsening
diopter of approximately 1 unit results in an 1% increase in
ONH strain; Figs. 4a, 4b).

Adduction-Induced ONH Strains Were Associated
With IOP-Induced Strains

Across all eyes, we found that adduction-induced ONH
strains were positively associated with IOP-induced strains
(P < 0.001; Fig. 4c).

DISCUSSION

We found that control eyes exhibited the lowest strains
under increased IOP, followed by HM, HMG, PM, and
PM + S. This trend was also observed during horizontal gaze,
and we found that strains induced by IOP and gaze were
correlated. Overall, the eyes with the most severe conditions
(PM + S) exhibited the highest strains under all conditions,
reaching 7% under IOP elevation. Our findings suggest that
there are significant differences in strain response (under
acute IOP elevation) between eyes with HMG and eyes with
HM, hinting at the possibility of using simple biomechanical
tests to identify myopic eyes that have underlying glaucoma.

We found that the ONH of HMG eyes exhibited higher
levels of IOP-induced strain as compared to HM eyes. This
may be explained by ONH excavation and deformation of
the LC, a load bearing structure of the ONH, such as its
thinning and posterior bowing in glaucoma.26–30 Jonas et
al.31 found that among HM eyes, the presence of glaucoma
was associated with thinner LC than in non-highly myopic
eyes, which would promote a more structurally compliant
response and thus greater strain.32,33 It is possible that the
compounded effect of myopia (scleral thinning,34,35 tissue
loss,35 and increase in small diameter collagen fibrils35)
and glaucoma that results in greater strain in HMG eyes
compared to HM eyes. Another potential factor maybe
shifts in central retinal vessel trunks (CRVTs), during axial
length elongation36 and glaucoma development,37 which
could contribute to the greater structural weakening of HMG
eyes.38,39 Our results suggest that HMG eyes may have a
different biomechanical sensitivity than HM eyes as revealed
by a simple biomechanical test. Future studies should aim
to unravel the combined biomechanical influences of tissue
remodeling associated with the development of glaucoma
and myopia in terms of quantifiable strains.

We observed that eyes with PM, especially those with
staphylomas, exhibited significantly higher strains than eyes
with HM under all loads. PM, especially with the presence
of staphylomas, is often associated with myopic traction
maculopathy and both conditions are known to be respon-
sible for structural weakening of the ocular globe.40 Poste-
rior staphylomas are associated with thinning and elon-
gation of the local sclera and deformity of the posterior
ocular segment.41 Norman et al.42 showed that a thinner
posterior sclera deformed more easily, and that scleral canal
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expansion and LC deformation would be larger than that
seen with a thicker sclera. PM eyes are also associated with
an extreme increase in axial length and further structural
weakening of the sclera.43 We also suspect that a proportion
of our subjects with PM would go on to develop staphylo-
mas, and we aim to monitor this closely.

We found that the ONH of eyes with HM exhibited higher
strain than that in controls eyes under adduction. Under
adduction, the optic nerve sheath has been observed to
exert significant tractional forces on the ONH which caused
the ONH to deform in a distinct “see-saw” pattern.18,21,44–46

Our findings indicate that HM eyes were more suscepti-
ble to this tractional force as compared to control eyes,
which is expected due to the weakening of the sclera during
myopia development.47 Under IOP elevation, we found that
both subjects with HM and the controls exhibited the same
level of strains, which was an unexpected finding as we
had expected that the HM eyes would also be more sensi-
tive to IOP elevation than the controls. According to a
review by Boote C. et al.,48 there have been no studies that
investigated the in vivo IOP-induced ONH strains between
subject groups with different myopic status, thus we cannot
compare our findings directly with pre-existing results. This
nonsignificant finding under IOP elevation could be due to
our relatively small number of subjects in the HM groups
(51 subjects), and the fact that we used a binary division
(25 mm in axial length) to separate non-HM from HM,
several subjects in both groups had an axial length that were
close to 25 mm. These subjects could affect the observed
trends given our number of subjects with HM. In a future
study, we plan to recruit more subjects with HM to better
understand this trend.

We also found a strong association between axial length
and ONH strains under all loads, as well as between refrac-
tive error and ONH strains under all loads. Our findings indi-
cated a distinct weakening of the sclera across a spectrum
of myopia severity, as defined by axial length. Axial length is
also a risk factor in glaucoma49,50 and the link between the
two factors maybe biomechanical. A longitudinal study that
captures the ONH morphological changes and pathological
changes in myopic group across a spectrum of axial length
would be of importance to establish this relationship more
strongly.

Several limitations in this study require further discus-
sion. First, OCT imaging did not capture the full thickness
of the sclera in all eyes, limiting the representativeness of
our strains for the posterior peripapillary sclera. Moreover,
delineating the boundaries of LC tissue in PM eyes proved
challenging due to their atypical morphology. This hampers
accurate segmentation of LC tissues and restricts the compar-
ison of LC strains across subject groups. Nonetheless, we
quantified average strains of all ONH tissues within each
sector, as detailed in Appendix B. Our findings reveal higher
average effective strains in the nasal region compared to
the temporal region, and higher average effective strains in
the central region as compared to the peripheral region.
However, establishing a more robust correlation between
regional LC strains and visual field loss in HM eyes requires
and improvement in OCT image quality or adapting segmen-
tation tools for PM cases. Addressing these limitations will
enhance our understanding of the relationship between LC
strains and visual field abnormalities in highly myopic eyes.

Second, the use of ODM could introduce experimental
errors as we applied an external force to the anterior sclera
through the eyelid. We could not directly control the stress

experienced at the ONH across subjects, and there may be
variations due to the outflow facility51 and the biomechani-
cal characteristics52 of each eye. Additionally, IOP also fluc-
tuates during the scan duration due to the presence of the
ocular pulse.53 The actual level of IOP raised via ODM could
also potentially decline during the time needed for the OCT
acquisition.54 Such a decline may also vary across subjects
depending on the outflow facility51 and the biomechanical
characteristics52 of each eye. Thus, this constituted another
uncontrolled variable in our study.

Last, our subjects with HM were relatively younger
compared to the controls; however, we believe that this
would not significantly affect our result because our subjects
were from an older population (more than 50 years of age)
and notable changes in scleral elastin fibers and extracellular
matrix should have occurred at an earlier age.48

We proposed a simple test to map 3D ONH strains in a
clinical setting, which could potentially be used to distin-
guish between eyes with HMG and eyes with HM alone.
Given the strong correlation between IOP-induced strains
and adduction induced strains, a noninvasive test using
adduction to induce a biomechanical response is particu-
larly attractive, as it requires no direct force application to
the patient’s eye. In the future, we also aim to approxi-
mate the level of stress and material properties of the ocular
tissues from the measured displacement fields, utilizing tech-
niques such as the virtual field method.55 This approach will
provide a more complete picture of the biomechanical status
of the eye.
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