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Visualization Scheimpflug
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Shengjian Mi** & Colm McAlinden>:®

This study aimed to investigate the correlation between myopia severity and the stress—strain index
(SSI), measured with the Corneal Visualization Scheimpflug Technology (Corvis ST) device. The
subjects were divided into two groups, based on both the axial length (AL) and spherical equivalent
refraction (SER): 22-26.00 AL group (22 mm <AL <26.00 mm) associated with SER of less than - 6.00D,
and 226.00 AL group (AL 226.00 mm) associated with SER over - 6.00D. The differences in the Corvis
ST-derived dynamic corneal response parameters and stiffness parameters between the two groups
were investigated. The correlation between SSI and AL, SER, age, ratio of AL to radius of corneal
curvature (CR) (AL/CR), and axial length minus anterior chamber depth (ACD) (AL-ACD) were analyzed.
The SSI(0.95+0.13 in the 22-26.00 AL group and 0.86 +0.15 in the 226.00 AL group) were significantly
different between the two groups (P <0.01). In the 226.00 AL group, there was evidence of a weak
negative correlation between SSl and AL (r=-0.265, P<0.01), AL/CR (r=-0.376, P<0.01), and AL-
ACD (r=-0.224, P<0.01); and a weak positive correlation between SSI and SER (r=0.251, P<0.01).
However, in the 22-26.00 AL group, there was no correlation between SSl and AL, AL-ACD, AL/CR

or SER (P>0.05). SSI was significantly correlated with AL, which is the major determinant of SER, in
the =26.00 AL group. This correlation was not affected with CR and ACD, as both AL/CR and AL-ACD
also correlated with SSI at the same degree.
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Abbreviations

ACD Anterior chamber depth

AL Axial length

AL/CR Ratio of AL to radius (CR) of corneal curvature
AL-ACD Axial length minus anterior chamber depth (ACD)
ANCOVA Analysis of covariance

ARTh Ambroésio Relational Thickness to the horizontal profile
bIOP Biomechanically corrected intraocular pressure (IOP)
CBI Corvis biomechanical index

CCT Central corneal thickness

Corvis ST Corneal Visualization Scheimpflug Technology

CR Radius of corneal curvature

D Dioptre

Def A ratio (2 mm)  Ratio between the deflection amplitude at the apex and the deflection amplitude at
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2 mm from the apex

Def A (2 mm) Deflection amplitude at 2 mm

10P Intraocular pressure

K Keratometry

Mean K Mean keratometry

SD Standard deviation

SER Spherical equivalent refraction

SP-Al The stiffness parameter at the first applanation

Myopia currently affects over one-quarter of the global population and this is expected to rise to 50% by 2050.
Further, approximately 10% are predicted to be highly myopic (>6 dioptres (D))"2. Myopia progression is
primarily associated with axial lengthening of the eye, driven by scleral collagen remodelling, and a thinning
of the sclera and underlying choroid®. The mean sub-foveal posterior scleral thickness in highly myopic
populations is thinner than the mean anterior scleral thickness by more than 45% along all meridians*. Since
the anterior scleral connective tissue is anatomically continuous with the neighbouring cornea and shares a
similar collagen-rich structural composition®, it may be assumed that altered corneal and scleral biomechanics
are intrinsically related®. Accordingly, there is a burgeoning interest amongst researchers to measure in vivo
corneal biomechanical changes in myopia.

The measurement of corneal biomechanical characteristics is challenging, due to the complex and viscoelastic
nature of the tissue”®. A prominent in vivo biomechanical measurement device is the dynamic Scheimpflug
imaging analysis system (Corneal Visualization Scheimplug Technology [Corvis ST], Oculus Optikgerite
GmbH, Wetzlar, Germany, software version V.1.6b2507; https://www.oculus.de/en/products/corvis-st/), which
uses a standardised air-puff of 60 mmHg’. The latest software version of the Corvis ST device offers multiple
measurement parameters, including the Ambrdsio Relational Thickness to the horizontal profile (ARTh) which
provides a measure of the corneal horizontal thickness profile, and dynamic corneal response values which
describe the speed, the time point, and the deformation amplitude of the cornea at a certain phase (e.g. the
stiffness parameter at the first applanation (SP-Al). It also provides a deflection amplitude ratio (Def A ratio),
which describes the ratio between the deflection amplitude at the corneal apex [Def A (apex)] and the deflection
amplitude at 2 mm from the apex [Def A (2 mm)]. Unlike the deformation amplitude, which provides a measure
of the corneal displacement including whole eye movement, the deflection parameters take into account, and
compensate for, the movement of the whole eye. Additionally, it provides a Corvis Biomechanical Index (CBI),
that incorporates parameters such as ARTh and SP-Al, and a Stress-Strain Index (SSI), and aims to provide a
measure of tissue stiffness that is independent of both intraocular pressure (IOP) and corneal geometry'°. The
SSI algorithm is based on predictions of corneal behaviour generated using finite element numerical modelling
of the effects of IOP and the air-puff on the tissue!. The eye model is divided into four regions to incorporate the
stress—strain behaviours of the cornea, limbus, anterior sclera, and posterior sclera. This renders the SSI index a
reasonably indicative stiffness parameter for the whole of the eyeball tunic. Although SSI has been designed to
measure tissue stiffness without the effect of central corneal thickness (CCT) and IOP'?, several clinical studies
have found weak correlation with CCT and IOP, or biomechanically corrected IOP (bIOP)!%-12, However, SSI
has proven to be a sensitive parameter in the evaluation of keratoconus diagnosis and progression'?, and for
the assessing corneal stiffness improvement after corneal crosslinking for keratoconus'*!>, or post corneal laser
refractive surgery combined with corneal crosslinking!®.

The correlation between corneal biomechanical behaviour and myopic status has been investigated by
several groups, with results contrasting largely between studies'’~!°. Several potentially confounding factors
may underlie these findings. Firstly, a large age range of participants were enrolled across the studies, leading to
possible biomechanical variations between adolescent and adult participants. Secondly, values of axial length (AL)
reported in isolation may not well reflect axial myopia severity, especially in eyes featuring a flatter cornea!”.
When Liu et al.!® sub-grouped participants by AL to reflect the severity of myopia, they found that SSI was
lower in the severely elongated (AL =26 mm) highly myopic eyes than in those with moderately elongated eyes
(AL <26 mm). Moreover, SSI was found to be negatively correlated with AL in the lower myopia group, but not
in the high myopia group'®. Although no correlation was found between SSI and AL, Chu et al.used the ratio of
AL to radius of corneal curvature (AL/CR) as an indicator of myopia severity, and found that SSI was negatively
correlated with AL/CR in those with and without high myopia!”. As the cornea is responsible for around 75% of
the refractive power of the eye, AL/CR has been proposed as a more reliable variable for quantifying the degree
of myopia than AL alone?.

The purpose of this study was to investigate whether a correlation exists between the severity of myopia and
SS1, derived from corneal stiffness parameters measured by Corvis ST.

Methods
Participant details
This prospective study included 318 participants who were consecutively recruited from May 2019 to March
2022 at the First Affiliated Hospital of Xi'an Jiaotong University in China. The study was approved by the Ethics
Board of the First Affiliated Hospital of Xi'an Jiaotong University Institute and was performed in compliance
with the tenets of the Declaration of Helsinki. Written informed consent was obtained from all participants
prior to enrollment in the study. Exclusion criteria included the following conditions: aged < 18-years-old, rigid
contact lens use, currently pregnant or nursing, ocular surgery, and systematic diseases, abnormally high or low
IOP (>21 mmHg or < 10 mmHg), keratoconus and other corneal pathologies.

In order to evaluate the correlation between corneal biomechanical parameters and myopia severity, subjects
were divided into two groups based on both the AL and SER value: 22-26.00 AL group (22 mm < AL <26.00 mm)
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associated with SER of greater than —6.00D; >26.00 mm AL group (AL >26.00 mm) associated with SER of less
than -6.00D. Patients with very flat corneas associated with long AL, for example, a case with —3.00D of SER
but associated with 26.34 mm AL, were considered to have a non-proportional eye structure and their data were
excluded from the study (n=60). In total, 258 patients (148 females and 110 males, mean age 30.30 £ 9.76 years,
range 18 to 52) met the inclusion criteria and were enrolled. Only data from the right eye was included in the
analyses to avoid bias associated with bilateral eye correlation.

All subjects underwent comprehensive ophthalmic examinations, including slit-lamp biomicroscopy,
fundoscopy, auto-refraction (AR-1, NIDEK, Japan, software version 1.10.02; https://www.nidek-intl.com/prod
uct/ophthalmology/refraction/auto-refractometer/ar-1.html), subjective manifest refraction with an undilated
pupil, non-contact tonometry (NT-510, NIDEK, Japan, software version 1.07.00; https://www.nidek-intl.com/i
tems/non-contact-tonometer-nt-530-510-2/), and biometry with the IOL-master 500 (Carl Zeiss Meditec AG,
Germany, software version 5.5.0.0062; https://www.zeiss.com/iolmaster), and Scheimpflug corneal tomography
with the Pentacam HR (Oculus Optikgerate GmbH, Wetzlar, Germany, software version 1.26128; https://www.pe
ntacam.com). The SER was calculated from a dry subjective refraction, undertaken by the same optometrist. Soft
contact lens wearers were required to cease contact lens wear for at least 7 days prior to measurements.

Corneal biometric measurements

The CCT and anterior corneal curvature of the central 3 mm were acquired using the Pentacam HR. AL was
measured using the IOL-Master 500. The measurements were repeated five times, with subjects being asked
to blink regularly between measurements to ensure tear film stability. The mean value of the AL was used. All
measurements were acquired centered on the corneal vertex (normal apex) and performed in a medium-dark
room. Only the “OK” quality of image was saved and applied in the data analysis.

Corneal biomechanical measurements

All Corvis ST measurements were conducted by the same experienced doctor (XRW) in a medium-dark room.
If the first capture by the Corvis ST displayed an error such as “Model Deviation”, “Lost Images” or “Alignment”,
the patient was tested again until the quality specification button showed the “OK” signal. Although we have
previously shown good repeatability from continuous Corvis ST measurements?!, in this study, 5-min intervals
were applied between repeated captures of Corvis ST to eliminate any possible measurement bias. The order of
these three tests was IOL-Master, Pentacam and Corvis ST. All the tests were at the time between 10:00-17:00 to
avoid the diurnal variations.

Statistics

Analyses were performed using the statistical software SPSS version 24.0 (IBM, Armonk, New York, USA) and
GraphPad Prism Version 9.4.1 (458) (San Diego, USA). Normality of data distributions was confirmed by means
of the Kolmogorov-Smirnov test. Demographic data and Corvis ST-derived parameters were continuous data,
which were expressed as mean + standard deviation (SD). An independent-samples t-test was used to compare
basic data between the two groups after testing the normal distribution, whereas Pearson’s x2 test was used for
categorical variables. A general linear model analysis of covariance (ANCOVA) was used to adjust for the effect
of age, CCT and CR when comparing the difference between the Corvis ST derived corneal biomechanical
parameters between the two groups. Pearson correlation analysis was used to assess the correlation between
SSI and patients’ demographic data in the two groups separately. Simple linear regression was used to compare
SSI and ocular and demographic parameters between the two AL groups. The slope of the two groups was
then compared using ANCOVA. Stepwise multivariable linear regression analysis was calculated to study the
relationship between SSI and demographic, ocular characteristics (unstandardized  and p value were reported).
A p value <0.05 was considered statistically significant. As it is estimated that the correlation coefficient between
the SSI and AL in the>26.00 mm AL group is — 0.4, to achieve significant result (p <0.05) with sufficient power
(90%) to detect at least correlation coefficient of 0.3, the minimum required sample size for each group would be
112, based on the algorithm originally described by Guenther?2.

Results

Demographic and biometric data of study participants

Of the 318 participants recruited for the study, 258 met the inclusion criteria described in the Methods. In
agreement with the well-established fact that the main cause of myopia is due to lengthening of the axial length,
the data from the 258 participants showed a strong correlation between SER and AL (Figure S1).

Data from the 258 participants were divided into two groups according to their AL and severity of myopia,
22-26.00 AL group and >26.00 AL group; each group contained 113 and 145 cases respectively. The two groups
comprised approximately equal numbers of male and female participants but showed significant differences
in age, CR, CCT and ACD (all P values<0.05) (Table 1). The two calculated parameters, AL-ACD and AL/
CR, also showed significant difference between the two groups (Table 1). The demographic and biomechanical
information from the 60 cases excluded from the study for having a non-proportional eye structure, along
with the Corvis ST parameters and correlation analysis, are summarised in the supplementary materials
(Supplementary Tables S1, S2, S3 and S4).

Comparison of Corvis ST parameters between groups

Table 2 showed that the Corvis ST measurements of dynamic corneal responses were not significantly different
between the 22-26.00 AL and>26.00 AL groups (P>0.05), apart from the stiffness parameter SSI which was
significantly different between the two groups (P<0.01). The >26.00 AL group showed softer behaviour than the
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22-26.00 AL group | >26.00 AL group
Mean+SD Mean+SD P
Sex Female (61.1%) Female (54.5%) 0289
Male (38.9%) Male (45.5%)
Age (years) 33.06+10.34 28.14+8.74 <0.01t
AL (mm) 24.96+0.69 27.41+1.08 <0.01t
SER (D) -4.14+1.22 -9.45+2.53 <0.01t
CR (mm) 7.75+0.21 7.82+0.24 0.016*
CCT (pm) 514.13+30.33 527.58+35.84 <0.01t
ACD (mm) 3.07+0.31 3.22+0.28 <0.01t
AL-ACD (mm) | 21.90+0.70 24.19+1.11 <0.01%
AL/CR ratio 3.22+0.09 3.51+0.16 <0.01t

Table 1. Demographic and biometric data. AL, axial length; SER, spherical equivalent refraction; CCT,
central corneal thickness; ACD, anterior chamber depth; AL-ACD, axial length minus anterior chamber
depth; CR, radius of the corneal curvature value of the anterior surface around a 3 mm ring; AL/CR ratio,
axial length divided by radius of the corneal curvature of anterior surface around a 3 mm ring. *P-value <0.05;

+P-value<0.01.

22-26.00 AL group | >26.00 AL group

(113 OD eyes) (145 OD eyes)

Mean +SD Mean +SD P
bIOP (mmHg) 14.71+£1.85 15.15+1.82 0.227
Def A(2 mm) 0.96+0.09 1.09+0.69 0.053
Def A ratio (2 mm) | 6.33+1.00 6.07+0.87 0.843
CBI 0.19+£0.29 0.12+0.24 0.185
SP-Al 85.67+14.18 91.27+15.14 0.406
SSI 0.95+£0.13 0.86+0.15 <0.01f

Table 2. Comparisons of Corvis-ST derived dynamic corneal response and stiffness parameters between

the normal eye and long eye group. bIOP, biomechanically corrected intraocular pressure; Def A (2 mm),
deflection amplitude at 2 mm; Def A ratio (2 mm), ratio between the deflection amplitude at the apex and the
deflection amplitude at 2 mm from the apex; CBI, corvis biomechanical index; SP-Al, stiffness parameter at
first applanation; SSI, stress—strain index. ANCOVA was used in the comparisons of Corvis-ST derived DCRs
and stiffness parameters between the normal eye and long eye groups. A Bonferroni correction was applied
in pairwise comparisons after adjusting the effect of CCT, age and CR, adjusted CCT =521.7 pm, adjusted

age =30.3 years, and adjusted CR="7.79. 1P value < 0.01.

22-26.00 AL group under the same conditions of bIOP, age and CCT (adjusted CCT was 521.7 pum, adjusted age
was 30.3 years and adjusted CR=7.79), although there was no significant difference.

Correlation between SSI and biometric values

To understand the significance of SSI that is different between the two groups, the correlation between SSI and
the biometric values was examined. In the >26.00 AL group (Table 3), a weak but statistically significant negative
correlation was seen between SSI and AL (Fig. 1A), SSI and AL-ACD distance (Fig. 1B), and SSI and the AL/
CR ratio (Fig. 1C). There was also a weak positive correlation between SSI and SER (Fig. 1D). In the 22-26.00
AL group, there was no evidence of any correlation between SSI, AL/CR or SER (Table 3; Figs. 1A-D), with the
exception of AL, AL-ACD.

As age is known to be a significant factor for the stiffness of cornea'?, the relationship between SSI and age
in each of the study groups was examined. In both the 22-26.00 AL and >26.00 AL groups, SSI was found to be
positively correlated with age (r=0.249, P<0.01 and r=0.209, P<0.01) (Fig. 2A). Because SSI is intended to be
independent of IOP and corneal geometry'’, analysis was undertaken to determine if there was any evidence
of correlation between these parameters in the two groups. The results showed no correlation between SSI and
CCT (Fig. 2C) or CR (Fig. 2D). However, there was a correlation between SSI and bIOP in both the 22-26.00 AL
and >26.00 AL groups (r=0.513, P<0.01 and r=0.540, P<0.01 respectively) (Fig. 2B).

SSl association with age, bIOP and biometric values through multiple linear stepwise
regression analysis

In order to assess whether these independent variables showing significant correlation with SSI (Table 4) could
be used to predict their contribution to SSI, multiple linear stepwise regression analysis was performed. Table 4
described the coefficient (unstandardized B) and P value for multivariate regression analysis.
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Stress-Strain Index

Stress-Strain Index

1.5

0.5

1.5

0.5

22-26.00 AL 226.00 AL

group group

r P r P
SSIvs AL 0.156 | 0.049* | -0.242 | <0.01%

SSIvs (AL-ACD) | 0.228 <0.017 | —=0.166 | 0.023}

SSI'vs AL/CR 0.039 |0.371 —-0.343 | <0.01F

SSI'vs CR 0.119 | 0.105 0.177 ] 0.017*
SSI'vs CCT —0.083 | 0.384 -0.180 | 0.030*
SSI'vs SER 0.007 | 0.472 0.189 0.012*
SSIvs age 0.297 <0.011 | 0.235 <0.01F
SSI vs bIOP 0.374 <0.011 | 0.490 <0.01F

Table 3. Correlation analysis between SSI and biometric values. Pearson correlations were used. *P
value <0.05; TP value <0.01.

1.5
*- 22-26.00 AL group

-=- = 26.00 AL group

—e— 22-26.00 AL group
=~ = 26.00 AL group
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Fig. 1. Linear regression between the stress—strain index and axial length (A), AL-ACD distance (B), AL/

CR ratio (C), and spherical equivalent refraction (D), in both the 22-26.00 AL and >26.00 AL group. The
slopes of the regression lines for the 22-26.00 AL and >26.00 AL group were significantly different in panels A
(P=0.004), B (P=0.003) and C (P=0.017) but there was no significant difference between the regression lines
in panel D.

In the 22-26.00 AL group, by stepwise linear regression, equation would be SSI
—-0.819+0.037bIOP+0.006age+0.132CR.

In the = 2600 AL group, by stepwise linear regression, equation would be SSI =
1.352+0.04bIOP+0.004age— 0.374AL/CR+0.095(AL-ACD) —0.081AL.

Discussion

It is well established that myopic progression is associated with choroidal and scleral tissue thinning, and changes
in scleral collagen fibril alignment and protein expression>?3. However, in recent years, emerging evidence points
to the contribution of the cornea in the ocular biomechanical changes that underpin myopia. In particular, avian
myopia models and related retinopathies characterised by globe enlargement indicate significant remodelling
of the corneal extracelluar matrix?*?>, with accompanying alterations in tissue elastic modulus and related
proteomic changes?®~%.

In-vivo corneal biomechanical measurements in human subjects first became feasible with the development
of the Ocular Response Analyzer (ORA; Reichert, Inc., Depew, NY, USA) which utilises infrared light technology
to measure the biomechanical response of the eye to a rapid air-jet induced deformation of the cornea’. Another
newly developed system is the Corvis ST which uses an air stream to deform the cornea inwards and high-speed
Scheimpflug imaging to record both the deformation and recovery of the cornea. Various studies have shown

Scientific Reports |

(2025) 15:40103 | https://doi.org/10.1038/541598-025-23834-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1.5+
1.5+ v *- 22-26.00 AL group
. - 22-26.00 AL group x
»® ¥ = 0.003630°K + 0822 . e = 26.00 AL group
§ Lt Sy = = 26,00 AL group i
£ 82 , *s’ gp,o™ € 1.0
€ 104 Y "o ot ) 4 g
g « w-’ H % * N 9
? Tpaoe .. 2 g
g§ (NI LT, £
" e . » 0.5
5 0.5 - "
T L] LS
T T J 10 15 20
A 20 40 60 B biomechanically corrected IOP
Age
1.54 1.5 " .
. +- 22-26.00 AL group . *- 22-26.00 AL group

o T * = 26.00 AL group *- 2 26.00 AL group

ol
w
1

Stress-Strain Index
P
L
.u' ;
R 2
=8 ., H
Yol
LR P
: o '.!:
Stress-Strain Index
b
L

L] L} 1
400 450 500 550 600 650 7.0 75 8.0 8.5 9.0
Central corneal thickness Corneal Radius

Fig. 2. Linear regression between stress-strain index and age (A), and biomechanically corrected IOP (B),
central corneal thickness (CCT) (C), and corneal radius (CR) in the 22-26.00 AL and >26.00 AL group.
The slopes of the regression lines for the 22-26.00 AL and >26.00 AL groups were not significantly different
between in all panels.

Age AL SER | bIOP CR | AL/CR AL-ACD
Parameters B () B @) B | B B |B® B ()
SST in 22-26.00 AL group | 0.006, (<0.001) | - - 0037, (<001) ?(')10312)’ - -
SSIin>26.00 AL group | 0.004, (<0.01) | —0.081,(0.044) | - | 0.040, (<0.01) | - ~0.374, (<0.01) ?;0093’1)

Table 4. Stepwise multivariate regression analysis of SSI and demographic and ocular values.

good repeatability of biomechanical measurements using the Corvis ST system>*31:32, although the repeatability
of measurements was found to be slightly better in corneas with a normal or greater central corneal thickness
compared to thin corneas measuring < 500 pm?!.

With recent technological advancement, there has been increasing interest in investigating the relationship
between in-vivo corneal biomechanics and myopic progression. As SSI is evolved from an algorithm that
apply numerical modelling input and output parameters CCT, bIOP, and the stiffness parameter at the highest
concavity, aimed to provide a measure of tissue stiffness that is independent of both IOP and corneal geometry',
several studies reported significant differences in SSI and dynamic corneal responses among emmetropia,
low myopia and high myopia groups'>**-3>. Conversely, a study utilizing ORA did not discover changed
biomechanical behaviours between the emmetropia and myopia®®, which might be due to the low amount of
the myopia. Discrepancies in these studies could be partially explained by different devices used that apply air
puff differently to the cornea. It is critical to note that the Corvis ST produces a consistent air puff of 60 mmHg
with each examination, whereas the ORA system adjusts the air puff pressure after the first applanation, thereby
reducing the repeatability of subsequent measurements’. In our studies, it was noted that SSI was significantly
different between the low and high myopia groups (Table 2), indicating that corneal physical properties may be
progressively altered during myopia development.

Apart from the SSI, there are other Corvis ST derived corneal biomechanical parameters and indices that
correspond to corneal stiffness such as Def A (2 mm), Def A ratio (2 mm), SP-A1, CBI and total biomechanical
index (TBI)*”%, It has been shown in other studies that SP-A1, CBI and TBI biomechanical indices and
deformation parameters are significantly correlated with myopia severity, with corneas in cases of high myopia
being softer and easier to deform compared to those with mild/moderate myopia®*-*!. However, in the current
study, no differences were seen between the 22-26.00 AL group and >26.00 AL groups in Def A (2 mm), Def
A ratio (2 mm), CBI, SP-A1 or bIOP (Table 2). The variation between this study’s findings and that of others
is likely due to differences in the inclusion and exclusion criteria, in particular the exclusion from this study of
data from non-proportional eyes. It is plausible that the corneal dynamic parameters in response to an air-puff,
although important for diagnosis for the corneal ectasia diseases and glaucoma, may not be sensitive to monitor
myopia progression, since the mechanics of the axial myopia progression is mainly due to the elongation of
posterior scleral and posterior vitreous body, vitreous depth, even though the mechanisms were not clearly
demonstrated. Whereas the SSI, is a combined index of the cornea-sclera stiffness parameter, was associated
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with severity of myopia. This warrants further studies to see whether the Corvis ST corneal dynamic responses
parameters could be affected by the myopia shifts or not.

The correlation between SER and SSI values shown in this study is comparable to that reported by Liu et
al.’?. In the study by Liu et al., values for SER in their ultra-high myopia group (- 11.59 + 1.55) were significantly
higher than those presented for the>26.00 AL group (—9.45+2.53) in this current study, and their values for
SSI (0.771£0.104) were significantly lower than reported here. In contrast, a study by Chu et al.'”, which used
a similar grouping to that used in this study, presented SSI values that were notably lower than those reported
here. Differences in the value of SSI between the studies could be explained by the differing age ranges of
their participants, since ocular stiffness is known to increase significantly with age*?. For example, two studies
involving younger children, reported no significant correlation between age and SSI in non-high and high
myopia groups'’, and no significant correlation between SSI and AL in severely elongated eyes'®. Moreover, a
large myopia cohort study in a Hong Kong population demonstrated that the cornea was more deformable in
adults than in children®. Thus, SSI might exhibit differential trends between children and adults, and it may
be more appropriate to separate the two populations when analysing altered ocular biomechanics in myopia.
In the current study, to avoid the complication of data analysis from eyes that were not yet fully grown, only
participants aged 18 years old or above were included.

Consistent with previous findings!®!8, the current study also demonstrated a positive correlation between
age and SSI (Table 3, Fig. 2A). However, studies that have focussed more extensively on the relationship between
age and SSI have provided evidence that SSI increases significantly after the age of 35-40'144. The small but
nevertheless significant difference in the average age of the two groups in the current study (33.06 +10.34 years
and 28.14+8.74 years in the 22-26.00 AL group and>26.00 AL groups, respectively), may therefore be
considered a limitation of the study.

While AL >26.00 mm is often used as the diagnostic threshold of high myopia in clinical studies®, it has been
reported that the ratio AL/CR is better correlated with SER than AL alone and might therefore be a superior
indicator for verifying myopia severity!”2*%. Chu et al. found that AL/CR was closely associated with SSI in
a non-high myopia group and high myopia group!’, but did not report refractive error in their study. Again,
correlation results between the SSI and AL from others are conflicting. While Liu et al.!® found that the SSI
was only negatively correlated with AL in the medium elongated eye group, but not in the severely elongated
eye (AL>26 mm) group, Chu et al.!'” found that there was no correlation between the AL and SSI in either
the normal or the high myopia group. In the current study, SSI was only negatively correlated with biometric
parameters including AL and AL/CR in the high myopia group. The difference between these findings may
be due to the younger age range of participants in the previous studies and the inclusion of eyes with non-
proportional AL/CR.

The AL/CR ratio was highly associated with myopia severity, as shown 3.22+0.09 in our 22-26.00 AL
group versus 3.51+0.16 in our>26.00 AL group. In the COMET group study?’, which involved 469 children
aged between 6 and 12 years old, the mean amount of myopia increased from —2.38 D at baseline to—5.17
D at 14-years follow-up, while the average AL/CR ratio was 3.15 at baseline and increased to 3.31%°. In the
current>26.00 AL group, we also found that the AL/CR ratio showed the highest negative correlation with SSI
compared to AL, SER and AL-ACD distance (Table 3), which is in accordance with the previous studies*’.

Researchers have reported varying correlation between Corvis ST-derived parameters and corneal
curvature’***. Han et al. found that SSI was negatively correlated with the mean K value, but with a low
correlation index of —0.103'2. However Liu et al. found that SSI had no correlation with Km and flat K. A
possible explanation for these observations is the diversified structural growth of eyes. Some eyes exhibit a
flatter cornea along with a longer AL to compensate for neutralization of the refraction system. Furthermore,
in a Shenzhen kindergarten population it was found that corneal power remained stable between 3 and 6 years
of age, whereas AL, ACD, and AL/CR ratio increased, and lens power decreased?®. Decreases in lens power,
as opposed to corneal flattening, play the major role in the development of the refractive system in these early
age groups®®. In the COMET study?’, there was a general trend for the cornea to flatten slightly with age over
the 14-year study period. During the study years 6-14, there was very little additional flattening of the flattest
meridian but the change in curvature was statistically significant (43.46 D to 43.38 D). Others also found
that the structural cause of myopia in teenagers and adult-onset and adult-progression is vitreous chamber
elongation, rather than the CR alteration®%->2,

CCT is an important parameter in the diagnosis and management monitoring of ocular disease such as
glaucoma and keratoconus, but its association with myopia remains elusive®->. In our study, CCT was thicker
in the high myopia group than the low myopia group. However, linear correlation between CCT and SER was
very weak (r=-0.253, p<0.01) whereas Liu et al., found that the CCT had a continuous decreasing trend with
AL®®. Others found no difference in CCT between emmetropic and myopic eyes, and CCT did not correlate
with the degree of myopia. It seems that the central cornea is not significantly involved in the process of myopic
progression®”. Consistent with this, the current study found a negative weak correlation between SSI and CCT in
both groups, with only the > 26 AL group showing weak significance (Table 3). Longitude studies were warranted
for further explanations on CCT changes with myopia shifts.

The current study has some limitations. Firstly, it did not include an emmetropia group. The rate of myopia
is very high in China, and candidates participating in this study were enrolled from a laser centre where patients
were awaiting refractive surgery. Secondly, the age, CCT and CR in the normal and>26.00 AL groups were
different. However, a statistical adjustment was incorporated into the data analysis to balance the differences
between the two groups. As discussed previously in relation to changes in SSI with age, the age range in this
study was quite large (18—52-years old) and the number of enrolled participants aged over 40 was relatively
high (40 cases in the 22-26.00 AL group, and 20 cases in the >26.00 AL group) to ensure age balance throughout
the cohort. Thirdly, bIOP was used as a metric to estimate internal eye pressure, as demonstrated by ex-vivo

Scientific Reports |

(2025) 15:40103 | https://doi.org/10.1038/s41598-025-23834-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

experiments™. In the current study, the bIOP between the normal and >26.00 AL group was consistent after
adjustment of age, CCT and CR, which increased the reliability of the SSI correlation analysis. Nevertheless,
bIOP is only an approximation of the true intraocular pressure.

Conclusions

In conclusion, the current results support the notion that corneal biomechanical changes accompany AL growth
in the development of myopia. Corneal biomechanical indices such as SSI could be an indirect indicator of
biomechanical behaviour, especially in severely myopic eyes. However, ideally longitudinal studies are needed to
investigate the possibility that myopic eyes with lower stiffness may progress to high myopia and the usefulness
of corneal biomechanical indices as predictors for myopia progression.

Data availability
Due to ethical restrictions, the clinical data supporting this study cannot be made openly available. De-identified
data are available from the corresponding author upon reasonable request and with appropriate ethics approval.
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