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PURPOSE. To compare changes in macular curvature following acute IOP elevation across
a range of myopic conditions.

METHODS. We studied 328 eyes from 184 subjects, comprising 32 emmetropic controls
(between +2.75 and −2.75 diopters), 50 eyes with high myopia (<−5 diopters; HM), 108
highly myopic with glaucoma (HMG) and 105 pathologic myopia (PM) eyes, and 33 PM
with staphyloma (PM+S) eyes. For each eye, we imaged the macula using optical
coherence tomography (OCT) under the baseline condition and under acute IOP
elevation (to ∼40 mm Hg) achieved through ophthalmodynamometry. We manually
aligned the scans (baseline and IOP elevation) using three vascular landmarks in the
macula tissue. We then automatically segmented the sclera and the choroid tissues using
a deep learning algorithm and extracted the sclera–choroid interface. We calculated the
macula curvatures, determined by the radius of curvature of the sclera–choroid interface
in the nasal–temporal and superior–inferior direction. Differences in macula curvatures
between baseline and elevated IOP scans were calculated at corresponding locations,
and the mean curvature difference was reported for each eye.

RESULTS. IOP elevation resulted in a significantly higher macula curvature change along
the nasal–temporal direction in the PM+S (13.5 ± 8.2 × 10−5 μm−1), PM (9.0 ± 7.9
× 10−5 μm−1), and HMG (5.2 ± 5.1 × 10−5 μm−1) eyes as compared to HM (3.1 ±
2.7 × 10−5 μm−1) eyes (all P < 0.05). Interestingly, HM and HMG eyes had the same
curvature change in the nasal–temporal direction as emmetropic control eyes (4.2 ± 4.3
× 10−5 μm−1).

CONCLUSIONS. Our findings indicate that the macula in HMG, PM, and PM+S eyes showed
greater curvature changes under IOP elevation compared to HM and emmetropic eyes.
These preliminary results suggest that HM eyes with conditions such as glaucoma or
staphyloma are more sensitive to acute IOP elevation.

Keywords: high myopia with glaucoma, staphyloma, biomechanics, macula deformation,
sclera

I t is well established that the sclera plays a pivotal role
in the etiology of high myopia and pathologic myopia,

as scleral remodeling stands as one of the key factors in
myopia development.1 Anomalous deformation and elon-
gation of the scleral wall in individuals with high myopia
may also give rise to myopic maculopathy, encompassing
conditions such as posterior staphyloma, which substantially
elevates the risk of vision impairment.2 Furthermore, vari-
ous myopia-related abnormalities, such as macular holes,
myopic foveoschisis, and dome-shaped maculopathy, have

been attributed to the intricate interplay of tractional forces
acting on the posterior sclera within the macular region.3

Thus, the biomechanics of the sclera, especially within the
macular region, could be one of the key factors in the devel-
opment of high myopia and pathologic myopia. Unfortu-
nately, few studies have emerged on investigating the biome-
chanics of the sclera in the macula region.4–6 Park et al.5

quantified the two-dimensional deformation of the macu-
lar region before and after macula hole surgery through
the analysis of fundus images and reported significant
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correlations between the extent of macula deformation
and the occurrences of metamorphosia. In another study,
Spaide et al.4 found that foveal deformation correlates with
the diameter of the vitreous detachment. Our prior stud-
ies have delved into characterizing the optic nerve head
(ONH) deformations under IOP elevation and eye move-
ments within diverse subject cohorts,7 including those with
myopia-related disorders.8 Notably, we found that ONH
deformation under IOP elevation was distinct among those
with high myopia (HM) and high myopia coexisting with
glaucoma. Building upon this foundation, we postulate that
the deformation of the sclera in the macular region during
acute IOP elevation may emerge as a distinct biomechanical
marker, showcasing variability across various myopia-related
conditions.

The biomechanical properties of the sclera, encompass-
ing factors like geometry, thickness, and collagen fiber
arrangement, are known to exert significant influences on
the biomechanical environment of the ONH.9 Alterations in
the posterior sclera, such as thinning, weakening, and the
depletion of collagen and proteoglycans, which are asso-
ciated with high myopia, may heighten the biomechanical
vulnerability of the ONH, thereby increasing the risk of glau-
coma.1,10–12 Numerous clinical and population-based stud-
ies have established a connection between glaucoma and
myopia.13–15 However, diagnosing glaucoma accurately in
highly myopic patients remains a challenge. Traditional glau-
coma diagnostic markers, such as ONH appearance, peri-
papillary atrophy, and visual field defects,16,17 often become
obscured by structural changes commonly found in HM and
pathologic myopia (PM). Therefore, a new biomarker capa-
ble of distinguishing between glaucoma eyes, myopic eyes,
or a combination of both would be valuable in clinical prac-
tice.

In this study, we aimed to assess the biomechanics of
the sclera within the macula region under elevated IOP
in control patients and patients with a range of myopia-
related conditions, including HM, PM, PM with staphy-
loma (PM+S), and those with a definitive diagnosis of
both myopia and glaucoma (HMG). Our goal is to better
understand how different pathologies influence the macula
tissues’ (retina, choroid, and sclera) sensitivity to external
loads.

METHODS

Subject Recruitment

We studied 328 eyes from 184 subjects, which comprised 32
emmetropic controls (between +2.75 and −2.75 diopters),
50 HM eyes, 108 HMG eyes, and 138 PM eyes, which
were identified during their regularly scheduled general,
retina, and/or glaucoma clinic visits at the Singapore
National Eye Centre. We included subjects aged more
than 50 years and of Chinese ethnicity (predominant in
Singapore) and excluded subjects who underwent prior
intraocular/orbital/brain surgeries; those with a history
of strabismus, ocular trauma, ocular motor palsies, or
orbital/brain tumors; patients with clinically abnormal
saccadic or pursuit eye movements; subjects with poor
lamina cribrosa (LC) visibility in OCT (<50% en face visi-
bility)18; subjects with known carotid or peripheral vascular
disease; or those with any other known pathologic ocular
conditions.

Control eyes had a refractive error between +2.75 and
−2.75 diopters with axial lengths less than 25 mm. Control
eyes had normal IOP and no pathologic features on the
ONH and the retina. HM was defined by eyes with axial
lengths greater than 25 mm and myopic refraction <−5
diopters. HMG was defined as eyes with both HM (exclud-
ing PM and staphyloma) and a clinical glaucoma diagno-
sis by a glaucoma specialist (RSC, AT). PM (without staphy-
loma) was defined for eyes exhibiting both HM and myopic
macular degeneration, as defined by the meta-analysis for
the PM classification system,19 or myopic traction maculopa-
thy. PM+S was defined as HM eyes with a clinical diag-
nosis of staphyloma based on multimodal imaging (fundus
photography, optical coherence tomography, ultrasonogra-
phy, and, in selected subjects, magnetic resonance imaging)
and confirmed by a retinal specialist (QVH).

Glaucoma was defined as glaucomatous optic neuropa-
thy (based on Nagaoka et al.20), characterized as a loss of
the neuroretinal rim with a vertical cup-to-disc ratio >0.7 or
focal notching with a nerve fiber layer defect attributable to
glaucoma (based on clinical observation) and/or asymmetry
of the 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 eye underwent the following ocular examina-
tions: (1) measurement of refraction using an autore-
fractor/keratometer (RK-5; Canon, Tokyo, Japan) and (2)
measurement of axial length, central corneal thickness, and
anterior chamber depth using a commercial device (Lenstar
LS 900; Haag-Streit AG, Köniz, Switzerland). For each tested
eye, we performed a visual field test using a standard achro-
matic perimetry with the Humphrey Field Analyzer (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.21 In
brief, we conducted a raster scan of the macula region
(covering a rectangular region of 15° × 10° centered at
the fovea), comprising 97 serial B-scans, with each B-scan
comprising 384 A-scans (Fig. 1A). The scan area was approx-
imately 4.7 mm long (nasal–temporal direction) and 3.1 mm
wide (superior–inferior direction). Our coordinate system
was defined as x: nasal–temporal direction, y: superior–
inferior direction, and z: anterior–posterior direction. The
pixel resolutions along the x, y, and z directions were 11.5
± 0.6 μm, 35.1 ± 1.0 μm, and 3.87 μm, respectively.

OCT Imaging During Acute IOP Elevation

In this study, ophthalmodynamometry was employed to
acutely raise IOP and induce deformation in the tissues of
the macula region. We first measured the subjects’ base-
line IOP using a Tono-Pen (Reichert Instruments GmbH,
Munich, Germany). We then applied a constant force of
0.65 N to the temporal side of the lower eyelid using
an ophthalmodynamometer, as per an established proto-
col.21–24 The force was sustained for approximately 2 to
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FIGURE 1. (A) OCT scans of the macula region with coordinates definition and dimension. (B) Segmentation of prelamina tissue, choroid,
and sclera from a single B-scan. (C) Extraction of choroid tissue from B-scans. (D) Projected choroidal image of baseline volume, showing
blood vessels in black. (E) Projected choroidal image of IOP-elevated volume, showing blood vessels in black. Xn is the bifurcation that
corresponds with X′

n for each eye.

3 minutes during the entire OCT scan. The applied force
elevated the IOP to approximately 35 mm Hg and was
consistently maintained. IOP was then reassessed with a
Tono-Pen, and the ONH was imaged with OCT in the base-
line position immediately (within 30 seconds) after the IOP
measurement.

Registration of Baseline Macula Scans and IOP
Elevated Scans

To ensure proper spatial alignment on the x–y plane for
the baseline scan and elevated IOP scan, we employed
manual rigid body registration. This process involved using
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FIGURE 2. (A) Example of a segmentation from a B-scan (light blue region represents prelamina tissue, green represents choroid tissue, and
yellow represents sclera tissue) and an example of the choroid–sclera boundary used to extract point clouds in red. (B) Point clouds from
the choroid–sclera boundary of an eye. Blue represents the point cloud from the baseline volume, and red represents the point cloud from
IOP-elevated volume. (C) Polynomial curves that are fitted to the point clouds in the nasal–temporal direction (green) and superior–inferior
direction (blue).

choroidal vessel landmarks to accurately align the two
volumes.

In brief, we employed our deep learning algorithm to
isolate the choroid tissue from the surrounding volume. The

algorithm, trained on macula images, accurately segmented
each B-scan into distinct tissue groups: the prelamina tissue
(encompassing the retina), the choroid, and the sclera
(Figs. 1B, 1C). Subsequently, we generated a maximum
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projected image specifically highlighting the choroidal tissue
(Figs. 1D, 1E).

Subsequently, we tasked two expert observers, TC
and FAB, with marking three pairs of choroidal vessel
bifurcations in both the baseline and IOP-elevated scans
(Figs. 1D, 1E). It should be noted that the identified bifur-
cations might vary between observers, as they had the free-
dom to mark any conspicuous bifurcations in the pair of
images. The recorded locations of the vessel bifurcations
were denoted as (x, y) coordinates.

Three pairs of coordinates that were marked
(Figs. 1D, 1E) were then used to determine the rota-
tion and translation required to align the IOP-elevated
volume with the baseline volume. Further details about this
procedure, including the equations used and interobserver
reliability, are provided in Supplementary Appendix A.

Extracting the Choroid–Sclera Interface

For each pair of baseline volume and aligned IOP-elevated
volume, we extracted the choroid–sclera interface, defined
as the pixels along the posterior border of the choroid tissues
(Fig. 2A).

We proceeded to sample points along the choroid–
sclera border at every fifth A-scan, yielding approximately
7000 points that represented the choroid–sclera inter-
face for each OCT volume. The resulting point cloud
illustrating the choroid–sclera interface is depicted in
Figure 2B.

Quantifying the Changes in Macula Curvature

To quantify changes in macula curvature, we divided
the curvature comparisons into two directions: the nasal–
temporal direction and the superior–inferior direction. We
applied a second-degree polynomial function to fit the point
clouds along these directions (Fig. 2C).

We fitted 26 polynomial curves in the nasal–temporal
direction and 20 polynomial curves in the superior–inferior
direction. These curves were evenly distributed across
the nasal–temporal and superior–inferior axes (Fig. 2C).
We employed multiple second-order polynomials (rather
than a single polynomial with two variables for the
entire surface) to enable a more localized analysis. This
approach also allowed us to vary the number of poly-
nomials along the nasal–temporal and inferior–superior
directions, effectively matching the resolution of the OCT
volumes.

To calculate the curvature of each polynomial line, we
employed the following equation:

K = |y′′ (m)|
(
1 + (

y′ (m)
)2) 3

2

where K is the curvature value,m is the minimum location of
the polynomial, y′(m) is the first derivative of the polynomial
function evaluated at m, and y′ ′(m) is the second derivative
of the polynomial function evaluated at m. This equation
is a well-known definition of curvature for a second-degree
polynomial function.

To quantify curvature changes in an individual subject,
we initially calculated the absolute curvature (K) differ-
ence between the corresponding polynomial curves in the

baseline and IOP-elevated volumes. Subsequently, we deter-
mined the mean of the curvature changes in both the nasal–
temporal and superior–inferior directions.

Consistent with our prior deformation tracking stud-
ies,18,23 we assessed the baseline error of our methods by
quantifying curvature changes in repeated baseline scans
(five pairs). Our findings revealed minimal baseline error
in curvature changes (0.3 × 10−5 μm in the nasal–temporal
direction and 0.8 × 10−5 μm in the superior–inferior direc-
tion) compared to the observed curvature changes with
IOP elevation. The observed baseline error amounted to
approximately 4% of the mean value of curvature alter-
ations in the nasal–temporal direction and 5% of the mean
value of curvature alterations along the superior–inferior
direction.

Variations in camera positioning in relation to the eye
between follow-up scans could result in some image distor-
tions, potentially introducing a bias to our reported curva-
ture values.25 To assess this, we utilized a simple optical
model based on the work of Kuo et al.26 to simulate the
real OCT scan paths and recover the true shape of ocular
structures in posterior segment OCT. We simulated relevant
clinical scenarios, such as moving 3 mm closer or farther
away from the machine or a lateral shift of 3 mm. From
these calculations, we observed a maximum distortion of
50 μm between two follow-up scans, leading to a negligi-
ble change in global curvature. Additionally, we performed
repeatability tests on baseline OCT scans, revealing minimal
error in curvature values (∼5% of the mean values) between
two follow-up scans. Thus, the utilization of global curvature
values suggests that any potential impact from OCT distor-
tions on the results may be minimal.

Statistical Analysis

Statistical analyses were performed using R. Curvature
change values (unsigned) were treated as continuous vari-
ables, and the subjects’ diagnoses (control, HM, HMG, PM,
and PM+S) were treated as categorical variables. We used
generalized estimating equations to model our samples,
accounting for between-eye correlation, age, baseline curva-
ture, baseline IOP, and elevated IOP. Post hoc pairwise
comparisons were performed to assess changes in curva-
ture values across diagnostic groups, with significant differ-
ences reported at P < 0.05. Analysis of variance was used
to determine differences across groups in age, axial length,
visual field mean deviation (MD), pattern standard deviation
(PSD), IOP on the day of the experiment, and elevated IOP.

RESULTS

Demographics

There were significant differences (P < 0.05) in terms of age,
axial length, and visual field (MD and PSD values) across
groups (Table). Eyes in the HM group exhibited a lower aver-
age age in comparison to other groups, with the HM eyes
averaging 57 years, while the eyes in the remaining groups
had an average age of 61 years. As expected, myopic eyes
(HM, HMG, PM, and PM+S) exhibited a higher axial length
as compared to the control group. 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 were no significant differences in presenting IOP on
the day of the experiment and elevation across groups.
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TABLE. Characteristics of Eyes in Each Group

Mean ± SD or n (%)

Characteristic Control HM HMG PM PM+S

Age, y 64 ± 5 57 ± 6 60 ± 8 61 ± 8 63 ± 7
Sex, female, % 58 53 50 36 44
Axial length, mm 23.8 ± 1.0 26.8 ± 1.0 27.8 ± 2.5 29.7 ± 2.5 31 ± 2.3
Visual field, MD, dB −1.2 ± 2.5 −1.27 ± 3.0 −7.4 ± 5.5 −6.1 ± 2.8 −10.4 ± 7.1
Pattern standard deviation, dB 2.2 ± 1.5 2.18 ± 1.2 6.2 ± 3.8 5.2 ± 2.7 6.6 ± 2.82
IOP on the day of the experiment,* mm Hg 15.6 ± 2.0 15.6 ± 2.3 16.3 ± 2.8 16.0 ± 2.8 17.2 ± 3.3
Elevated IOP, mm Hg 38.5 ± 7 37.6 ± 7 38.6 ± 6 37.6 ± 7 37.8 ± 7

* IOP after treatment (for HMG eyes).

Changes in Macula Curvature Along the
Nasal–Temporal Direction

Along the nasal–temporal direction, we observed signifi-
cantly higher macula curvature changes in the PM+S (13.5
± 8.2 × 10−5 μm−1), PM (9.0 ± 7.9 × 10−5 μm−1), and
HMG (5.2 ± 5.1 m × 10−5 μm−1) eyes as compared to HM
(3.1 ± 2.7 × 10−5 μm−1) eyes (Fig. 3) under IOP elevation.
We observed no significant difference in macula curvature
changes between control eyes (4.2 ± 4.3 × 10−5 μm−1) and
HM eyes. We also found no significant differences in macula
curvature changes between HMG eyes and control eyes.

Changes in Macula Curvature Along the
Superior–Inferior Direction

Along the superior–inferior direction, we found no signif-
icant differences in macula curvature changes across all
groups. On average, we observed significantly higher macula
curvature changes in the superior–inferior direction (12.8 ±
9.2 × 10−5 μm−1) than in the nasal–temporal direction (6.2
± 5.7 × 10−5 μm−1).

Macula Exhibited Both Flattening and Concaving
Behavior Under IOP Elevation

We observed that, in response to elevated IOP, the macula
demonstrated a variable change in curvature, becoming
more concave or flatter. On average, across all eyes, the
macula exhibited increased curvature (concavity) in both
nasal–temporal and superior–inferior directions, with a
mean curvature increase (both directions) measuring 0.8 ±
15.0 × 10−5 μm−1. Eyes with PM+S, PM, and HMG exhibited
an increase in curvature (concavity) in both directions, while
eyes with HM and controls exhibited a decrease in curvature
(flattening) in both directions in response to IOP elevation.

DISCUSSION

In this study, we quantified the IOP-induced deformation of
the choroid–sclera interface at the macula region in terms
of curvature changes. We found that (1) PM eyes and HMG
eyes had significantly more curvature changes along the
nasal–temporal direction than HM eyes, and (2) we did not
observe significant differences in curvature changes along
superior–inferior direction. Our findings suggest that the
macula of PM eyes and HMG eyes were particularly sensi-
tive to IOP elevation and that the curvature changes of the
sclera–choroid interface along the nasal–temporal direction

may be useful in assessing the robustness of the macula
region in highly myopic eyes.

We observed that the nasal–temporal macula curvature
changes in eyes with HMG were significantly higher than
in eyes with HM alone. This finding is consistent with our
earlier study, which reported that the ONH of eyes with
HMG deformed more under acute IOP elevation than eyes
with HM.8 This phenomenon may be attributed to the inter-
action of two distinct biomechanical pathways. On one hand,
there is a weakening of the macula region due to myopia-
related remodeling (scleral thinning,27,28 tissue loss,28 and an
increase in small-diameter collagen fibrils28). On the other
hand, glaucoma induces complex tissue remodeling, includ-
ing excavation of the LC, an increase in connective tissue
volume, and scleral stiffening, ultimately leading to ocular
rigidity.29 The biomechanical interactions between these two
pathways remain unclear, but we did not observe a stiffen-
ing response, as the net effect of these interactions was an
elevated structural vulnerability of the macula to a sudden
increase in IOP. It is noteworthy that while glaucoma gener-
ally induces a stiffening response in the ONH, early glau-
coma could result in hypercompliance in the LC and peripap-
illary sclera.30,31 Given that most of our patients with HMG
were in the early to moderate glaucoma stage, the ONH
may still be in the compliance phase. Furthermore, Jonas
et al.32 found that in HM eyes, the presence of glaucoma
was associated with a thinner LC compared to non-HM eyes.
As the LC serves as a crucial loadbearing structure of the
ONH, this may contribute indirectly to the observed weak-
ening of the macula in our study.33,34 Despite these find-
ings, limited evidence exists regarding structural changes in
the macula during glaucoma progression, primarily due to
challenges in isolating confounding factors such as age and
myopia-related macular changes.35 Most studies on struc-
tural changes in the macula have focused on parameters
such as ganglion cell/layer thickness or macula thickness,
neglecting the relatively understudied role of the sclera,
the primary supporting tissue.36,37 The biomechanics of the
macula, influenced by both glaucoma and high myopia, may
involve a multifaceted interplay of factors beyond scleral
stiffening. Further research on the interaction between glau-
coma and myopia is warranted to gain a deeper understand-
ing of this aspect.

We observed that the nasal–temporal macula curvature
changes in PM and PM+S eyes were higher than in HM eyes
and controls. PM, especially when accompanied by staphy-
loma(s), is commonly associated with myopic traction macu-
lopathy and myopic macular degeneration.38,39 The pres-
ence of myopic traction maculopathy and/or staphyloma in
PM eyes is closely linked to thinning and elongation of the
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FIGURE 3. (A) A violin plot presenting a comparison of mean macula curvature change in the (a) nasal–temporal direction and (b) superior–
inferior direction (* denotes significant differences between two groups, P < 0.05). (B) Illustration of curvature changes for each diagnostic
group. The central slices of the macula are depicted along the nasal–temporal direction. Blue lines represent baseline scans, while red lines
represent IOP-elevated scans. Dotted lines indicate the segmented choroid–scleral interface, and solid lines represent the fitted polynomial
curve.
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local sclera, along with structural deformities in the poste-
rior ocular segment.40 The adverse remodeling of the sclera
and the structural deformities may precipitate further struc-
tural weakening of the ocular globe,41 potentially forming a
positive feedback loop that diminishes scleral resistance to
subsequent outpouching. Norman et al.9 demonstrated that a
thinner posterior sclera is more prone to deformation, lead-
ing to larger expansions of the scleral canal and deformation
of the LC compared to cases with a thicker sclera. More-
over, within our patients with PM, posterior pole staphyloma
and peripapillary staphyloma emerge as the predominant
staphyloma types. The existence of these staphylomas could
disrupt the circumferential alignment of collagen fibers at
the peripapillary sclera, as highlighted previously by other
groups.42 This disruption carries the inherent risk of intensi-
fying scleral weakening, ultimately contributing to posterior
macula deformation characterized by an increase in macular
curvature under elevated IOP, as observed in our study.

Remarkably, we observed a significant difference in
macula curvature change in the nasal–temporal direction
but not in the superior–inferior direction. Existing literature
establishes that the collagen fiber arrangement around the
peripapillary region is predominantly circumferential,43–45

forming a reinforcing ring that restrains ONH deforma-
tion under elevated IOP. A meridional arrangement of
collagen fibers has been identified away from the ONH
region,46,47 speculated to resist extraocular muscle forces or
limit axial elongation of the globe in myopia. Our results
showed a distinct weakening of the macula in a meridional
direction (nasal–temporal), aligning with the direction of
myopia progression. Interestingly, studies also have reported
misalignment (offset) of Bruch’s membrane opening (BMO)
plane with the anterior scleral canal opening plane, particu-
larly in the inferior temporal or temporal direction in myopic
eyes. The directional-dependent remodeling of the ONH
structure during myopia development also suggests a weak-
ening of the ONH in the nasal direction. Thus, we postu-
late that there are direction-specific structural disturbances
affecting the loadbearing components of macular tissues
during the advancement of conditions such as HM and/or
the onset of glaucoma.42,48

While we did not observe significant macula curvature
changes in the superior–inferior direction, it should be noted
that the curvature changes in this axis were, in fact, signif-
icantly higher than those in the nasal–temporal direction.
This implies that the macula is more susceptible to acute IOP
elevation along the superior–inferior direction, a character-
istic seemingly consistent across our subject groups. To our
knowledge, there is no existing literature that compares IOP-
induced deformation between these two axes in the macula.
However, drawing parallels from our earlier study on the
ONH, we reported that curvature changes were generally
more pronounced in the superior–inferior direction than in
the nasal–temporal direction.24

When analyzing the direction of macular curvature
changes (signed), we observed that the macula could
become either more concave or flatter across all subject
groups. On average, the magnitude of this change was
small (0.8 × 10−5 μm−1), indicating a slight tendency for
the macula to become more concave under elevated IOP.
This occurs because curvature changes can vary in direc-
tion within a single individual, with some regions becom-
ing more concave and others flattening. As a result, aver-
aging these directional changes tends to neutralize the
overall value and obscure the differences in deformation

between groups. This finding is consistent with our previ-
ous work on the ONH, where average signed strain values
(compressive or tensile) were also small across subject
groups.23 Additionally, other studies have shown that the
ONH can displace both anteriorly and posteriorly under
elevated IOP.49,50 Therefore, we believe that unsigned curva-
ture change is a more effective measure for distinguishing
differences between our groups of interest, as it more accu-
rately reflects the magnitude of mechanical forces experi-
enced by the tissues.

This study has several limitations worth considering. First,
we utilized a simplified approach to quantify deformation
changes, deviating from our previous studies that employed
the three-dimensional digital volume correlation (DVC) algo-
rithm.18,23 The rationale behind this decision stems from the
absence of distinct features in the macula, such as central
retinal vessel trunks, BMO, and the LC, which are neces-
sary for optimal performance of DVC. Instead, we opted
for a geometric approach, similar to previous studies that
utilized LC–global shape index,51,52 LC depth,53 and peri-
papillary sclera angle to characterize the ONH structure. We
believe that this approach provided a suitable initial approx-
imation of the macular deformation. In the future, we intend
to incorporate a comprehensive three-dimensional defor-
mation tracking methodology as DVC validation advances,
particularly in ex vivo samples of the macula.

Third, we employed a manual landmark (vessel bifurca-
tions) identification to assist in the alignment of the OCT
volumes, instead of using an automatic registration algo-
rithm used in our previous works.18,23 This again was due to
the lack of high-contrast landmarks in the macula region
that adversely affect the performance of the registration
algorithm. We used macular vessel bifurcations as align-
ment landmarks, unlike retinal vessels commonly used in
other studies, because our scan area, centered on the fovea,
lacks retinal vessels. Notably, vessel-based registration was
used in several other studies to align fundus images and
OCT volumes with good performance,54,55 and we believe
that the low variability between observers (Supplemen-
tary Appendix A) showed that it was sufficient for our
application.

Fourth, we utilized a second-degree polynomial fit to
approximate the macula curvatures, which may not offer an
optimal fit. However, our findings demonstrate that the error
associated with the second-degree polynomial is deemed
acceptable. It is important to note that, thus far, no standard-
ized methods for assessing macula shape have been estab-
lished. Some studies have employed cubic spline interpo-
lation,56,57 yielding comparable curvature values (around 8
× 10−5 μm−1) to our results. Given the current constraints
in knowledge, we believe that a simple approximation is
preferable, and a lower-order polynomial is also less sensi-
tive to data noise.

Fifth, the utilization of ophthalmodynamometry in our
study could introduce experimental errors as it involved
applying external force to the anterior sclera through the
eyelid. We have extensively discussed this issue in our previ-
ous work.23 In summary, the elevated IOP can vary due
to factors such as the outflow facility58 and the individual
biomechanical characteristics of each eye, including vari-
ations in axial length.59 Moreover, IOP fluctuates during
the duration of the scan due to the presence of an ocular
pulse.60 Additionally, the actual level of IOP attained through
ophthalmodynamometry may potentially decrease during
the time required for OCT acquisition.61 This decline could
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also vary among subjects, depending on the outflow facil-
ity58 and the biomechanical characteristics59 of each eye.
The use of an ophthalmodynamometer can also affect the
shape of the lens and cornea and, consequently, its optics.
This may introduce bias in our curvature values due to differ-
ences in OCT image distortion with and without ophthalmo-
dynamometer (ODM). However, our measurements showed
that the changes in corneal curvature, lens curvature, and
corneal thickness were minimal. Therefore, we believe these
factors should not significantly impact the reported trends.

Lastly, our patients with HM were younger compared to
other groups. This could have resulted in a different biome-
chanical status of HM groups (e.g., more compliant sclera).62

However, we believe this would not significantly affect our
result since our subjects were from an older population
(more than 50 years of age). Age-related changes in scleral
elastin fibers and extracellular matrix should have occurred
at an earlier age.63 Additionally, we accounted for age in our
statistical model, so the reported differences have already
considered age. Nonetheless, age remains a significant factor
in studies dealing with biomechanics, and to our knowledge,
no current studies have quantified macular deformation with
respect to age. This could be a valuable topic for further
investigation.

In conclusion, our study indicates that changes in macula
curvature under IOP elevation may reflect the biomechani-
cal integrity of the macula in a clinical context. While these
findings are preliminary and suggest correlation rather than
causation, they highlight the potential biomechanical inter-
play between glaucoma and myopia in the macular region.
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