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Purpose: To investigate the impact of myopia on the Brillouin biomechanics and morphology of crystalline lenses in Chinese adults.
Methods: Patients with myopia were enrolled and divided into low-medium (spherical equivalent [SE] > —5.75 D, N = 66) and high
(SE < -6.0 D, N = 72) myopia groups. All patients underwent routine ophthalmic examinations, including SE, axial length, and
anterior chamber metrics (Pentacam) measurements. The Brillouin-related metrics of the crystalline lenses were measured using
a Brillouin microscopy. The morphological parameters included the Width of Top Plateau (WTP), Width of Bottom Plateau (WBP),
Bottom-Top (B-T), Slope of Anterior Cortex (SAC), and Slope of Posterior Cortex (SPC). The height of Plateau was a biomechanical
parameter.

Results: The study included 138 eyes (138 patients); the mean age was 28.43 + 8.31 years. WBP, B-T, SAC, and SPC significantly
differed between the high and low-medium myopia groups (all P<0.05). WBP, B-T, and SPC significantly correlated with SE in the
high myopia group (Pearson’s r = 0.365, 0.287, and 0.294, respectively; all P<0.05) but not in the low-medium group. The SPC
significantly decreased for all participants based on the SE values (P<0.05). The biomechanics and thickness of the nucleus displayed
no discrepancies with SE in all participants (all P >0.05).

Conclusion: An increase in the degree of myopia could be associated with posterior cortex thickening while maintaining stable
biomechanics and morphology of the crystalline lens nucleus. Brillouin microscopy can serve as an effective technique for multi-
disciplinary lens biomechanical and morphological imaging.
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Introduction
The crystalline lens, comprising a central nucleus and surrounding cortex, exhibits distinct biomechanical and morpho-
logical characteristics within its components.' Accurate measurement of the biomechanical and geometric changes in
these lens components is crucial for understanding physiological and pathological alterations, such as those associated
with accommodation, cataract formation, and intraocular refractive and cataract surgery.”* Moreover, with the escalating
prevalence of myopia and high myopia, considerable attention has been given to understanding myopic-related patho-
logical changes in the crystalline lens nucleus.>

Previous studies have used Scheimpflug or optical coherence tomography techniques to evaluate the optical
characteristics of the crystalline lens, dividing the components based on the distribution of optical gray pixels.*’
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However, the optical density and gray levels do not represent biomechanical properties. In contrast, a novel optical
coherence elastography technique can assess the biomechanics of the crystalline lens in vivo.** However, employing an
external air puff to indirectly induce stress on the lens results in a relatively weak stress-strain correlation, as it affects the
cornea initially rather than the lens.®’ Moreover, the air puff-induced deformation of the cornea affects light propagation
in the eye.® The comprehensive impact of these factors necessitates further investigation into the in vivo analysis of the
biomechanics of the crystalline lens.

Based on Brillouin light inelastic scattering, Brillouin microscopy (BM) has recently become a prominent technique
owing to its noncontact and all-optical characteristics, enabling the in vivo evaluation of the intrinsic biomechanical
properties of the crystalline lens and the differentiation of its components based on their biomechanical variations.'®'* In
our previous study, we illustrated that Brillouin morphological metrics of the crystalline lens exhibit significant age-
related alterations, but the biomechanics and thickness of the lens nucleus remain constant.'* However, considering the
correlation between lens thickness and refractive power, correlations may exist between the spherical equivalent (SE) and
Brillouin metrics.'>'®

Therefore, this study used Brillouin microscopy to evaluate the effects of SE on Brillouin parameters to comprehen-
sively assess the biomechanical and morphological parameters of crystalline lenses with different degrees of myopia.

Methods

Patients
This cross-sectional comparative study was conducted in accordance with principles outlined in the Declaration of
Helsinki. The Eye & ENT Hospital (EENT) ethics board at Fudan University approved this study (No. 2020530). The
evaluation of all relevant metrics was conducted at the EENT hospital from August 2023 to March 2024. All participants
provided written informed consent. Individuals with myopia were included. Individuals with a medical history of ocular
refractive surgery, or any condition other than refractive errors, were excluded. Individuals with presbyopia or cataracts
were also excluded after carefully routine slit-lamp scans and manifest refraction including presbyopia evaluation.

The participants were divided into low-medium myopia (SE: —5.75 diopters [D] to —0.5 D) and high myopia (SE: <-
6.0 D) groups based on the SE value.

Ocular Metrics

The participants received thorough ophthalmic examinations, and their demographic information was collected, including
age, gender, and medical history. Manifest refraction was utilized to measure spherical and cylindrical D-values. SE was
calculated as the spherical value plus half of the cylinder value. Tomographic and topographic parameters of the anterior
chamber, including the anterior chamber depth (ACD) and anterior chamber volume (ACV), were measured using
a Pentacam (Oculus Optikgerite, Wetzlar, Germany). Axial length (AL) measurements were taken using an IOLMaster
500 (Carl Zeiss Meditec, Jena, Germany). A Canon Full-Auto Tonometer TX-F (Canon Inc., Tokyo, Japan) was used to
measure the intraocular pressure (IOP).

Brillouin Microscopy and Metrics

The mechanical and Brillouin biomechanical properties have been comprehensively summarized in our previous
publication.'* Briefly, the Brillouin Optical Scan System (Intelon Optics, Boston, USA) quantifies the density fluctuations
of photonics within biological materials, enabling conversion into biomechanical metrics with units of GPa (or 10°
Pascal).'" Given the continuous biomechanic variation across the crystalline lens, from the anterior cortex to the nucleus
and posterior cortex, the Brillouin microscopy technique divides the lens into three distinct regions based on their
differing biomechanical characteristics.'®'* These regions are then characterized using specific Brillouin metrics.

We classified the Width of Top Plateau (WTP), Width of Bottom Plateau (WBP), and the differences between the
WBP and WTP (Bottom-Top, B-T) as thickness-related metrics and the slope of anterior and posterior cortexes (SAC
and SPC, respectively) as slope-related metrics; both sets of metrics are morphology-related. The Height of Plateau
(Height), a biomechanical parameter, indicated the viscoelasticity of the crystalline lens nucleus. The standardized

4002 https: Clinical Ophthalmology 2025:19



Bao et al

report and Brillouin metrics in the application interface have been presented in our previous study.'* Supplementary
Table 1 defines these parameters. Notably, SAC and SPC are considered morphological parameters despite their units

being GPa per millimeter, owing to their association with increasing or decreasing stiffness in the anterior and
posterior cortex.

Brillouin Measurements

Participants were instructed to remain in a relaxed state, and the examination was performed prior to other routine
cycloplegic examination. A BM examination was conducted by the same experienced doctor (JC) in a dimly lit room
(average illuminance < 5 lux) with at least 5 minutes for dark adaption, as previously stated. Each measurement,
including pre-measurement and pre-examination corrections, lasted for 1 minute. In the “Lens 1 pt” mode, BM
measurements were taken at the central area of the pupil. The system automatically discarded the data if the subjects
blinked during critical moments. Only data with a quality index of “OK” were finally included in the analyses.

Statistical Analyses

All statistical analyses were conducted using SPSS (version 26.0; IBM Corp., Armonk, NY, USA). Descriptive data are
presented as means + standard deviations and [ranges]. Only data from one eye of each patient were included in the
analyses. A Student’s t-test was used to compare the ocular and Brillouin metrics between the low-medium and high
myopia groups. A linear regression model was used to assess the correlation between Brillouin metrics and SE after
verifying the homogeneity of variances, with only significant linear correlations expressed in the equations. Mixed linear
models were used to mitigate age-related effects on Brillouin metrics and analyze their linear correlation with ocular
metrics. All statistical analyses were performed with 95% confidence intervals. Statistical significance was defined as
P <0.05.

Results

Metric Comparisons for Low-Medium and High Myopic Lenses

Table 1 compares the ocular and Brillouin metrics for lenses with low-medium and high myopia. The study enrolled 138
patients (138 eyes); 66 and 72 eyes were included in the low-medium (mean age: 27.58 + 8.28 years) and high myopia
(mean age: 29.22 + 8.30 years) groups, respectively. Age did not differ between the groups (P >0.05). SE and AL were

Table | Comparisons of Metrics for Low-Medium and High Myopic

Lenses

Low-Medium High P value®
Myopia N=66 Myopia N=72

Age 27.58+8.28 29.2248.30 0.246
[18,49] [17,48]

Ocular metrics

SE/D —4.00£1.28 —8.83+£2.30 0.000
[-5.75,-0.50] [-15.25,-6.00]

IOP/mmHg 14.75+2.04 14.74+2.14 0.977
[11.1,21.2] [10.3,20.5]

AL/mm 25.20£0.95 26.93%1.30 0.000
[23.08,27.02] [23.80,31.14]

ACD/mm 3.12+0.31 3.15+0.30 0.558
[2.23,3.67] [2.44,3.86]

ACV/mm? 196.02+36.6 202.53+35.58 0.293
[111,278] [131,319]

(Continued)
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Table 1 (Continued).

Low-Medium High P value®
Myopia N=66 Myopia N=72
Brillouin metrics

WTP/mm 2.745+0.326 2.679+0.354 0.259
[2.080,3.600] [2.000,3.760]

WBP/mm 4.477+0.545 4.738+0.548 0.006
[3.472,6.160] [3.600,6.056]

B-T/mm 1.73240.469 2.058+0.471 0.000
[0.912,2.916] [1.120,3.200]

SAC/GPa mm™"' 1.320+0.450 1.178+0.367 0.043
[0.556,2.542] [0.527,1.823]

SPC/GPa mm™' —1.35+0.416 —1.10340.301 0.000
[-2.493,-0.584] [-1.843,-0.62]

Height/GPa 3.37540.045 3.38210.041 0.322
[3.296,3.446] [3.301,3.454]

Notes: *student t test. The bold indicates the statistically significance (P<0.05).
Abbreviations: SE, spherical equivalent; D, diopters; IOP, intraocular pressure; AL, axial
length; ACD, anterior chamber depth; ACV, anterior chamber volume; WTP, Width of Top
Plateau; WBP, Width of Bottom Plateau; B-T, Width of Bottom Plateau-Width of Top
Plateau; SAC, Slope of Anterior Cortex; SPC, Slope of Posterior Cortex; Height, Height of
Plateau.

significantly higher in the high myopia group than in the low myopia group (£ <0.001), but other ocular metrics (eg, IOP,
ACD, and ACV) did not differ between the groups (all P >0.05). WBP, B-T, SAC, and SPC (all Brillouin morphological
metrics) significantly differed between the groups (P <0.01), but WTP and Height did not (P >0.05).

Linear Regression Models of Brillouin Metrics and SE
Figure 1A—C presents the correlations between the Brillouin metrics and SE for all participants. SAC significantly
positively correlated with SE (slope: 0.026 GPa-mm '/D, P <0.05). Other metrics significantly negatively correlated with
SE, including WBP, B-T, and SPC (slopes: —0.061 mm/D, —0.058 mm/D, and —0.042 GPa-mm” /D, respectively; all
P <0.01). WTP and Height did not correlate with SE (both P >0.05).

Figure 2A-F present the intergroup correlations between the Brillouin metrics and SE. Correlations between the
Brillouin metrics and SE did not exist in the low-medium myopia group (all P >0.05). In contrast, WBP, B-T, and SPC

>
us]
O

g
°
1

3.50
Y =-0.061°X + 4.201 SAC

SPC 3459

-~ WBP
B-T

bad
o
1

3.404

3.354

g
°
1

3.304

Thickness-related parameters (mm)
>
°
1

Slope-related parameters (GPa-mm ‘)
. . o
o

Stiffness-related Parameters (GPa)

o

-3.04 32 T T T ,

[
o
o
N
o
&
o

[

S

S

o

S

o

&

o

SE (D) SE (D) SE (D)

Figure | Linear regression models between the Brillouin metrics and SE. Linear regression models depict SE-related changes in Brillouin morphological (thickness- and
slope-related) and biomechanical (stiffness-related) metrics of the lenses in all participants. (A) Variations of the WTP, WBP, and B-T with SE; (B) Variations of the SAC and
SPC with SE; (C) Variation of the Height with SE. The shadowed zone represents the 95% standard deviation. Only statistically significant linear correlations are expressed as
equations.

Abbreviations: B-T, bottom-top; Height, Height of Plateau; SAC, slope of anterior cortex; SE, spherical equivalent; SPC, Slope of Posterior Cortex; WBP, Width of Bottom
Plateau; WTP, Width of Top Plateau.
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Figure 2 Intergroup correlations between the Brillouin metrics and SE. Linear regression analysis illustrates the SE-related tendency in the Brillouin metrics of the lenses in
the low-medium and high myopia groups. (A-F) Comparisons of the Width of Top Plateau, Width of Bottom Plateau, Bottom-Top, Slope of Anterior Cortex, Slope of
Posterior Cortex, and Height of Plateau. The shadowed zone represents the 95% standard deviation. Only statistically significant linear correlations are expressed as

equations.
Abbreviation: SE, spherical equivalent.

significantly correlated with SE in the high myopia group (slopes: —0.087 mm/D, —0.059 mm/D, and —0.039 GPa-mm '/
D, respectively, all P <0.05). WTP, SAC, and Height did not correlate with SE (all P >0.05).

Correlations Between Brillouin Metrics and Other Factors
Table 2 presents the Pearson correlations between the Brillouin metrics and ocular metrics. Age significantly correlated

with all Brillouin morphological parameters except Height. The anterior chamber metrics (ACD and ACV) significantly
correlated with WBP, B-T, SAC, and SPC (all P <0.05).

Table 2 The Correlation Between Brillouin Metrics and Other Factors

WTP/mm WBP/mm B-T/mm SAC/GPamm™' SPC/GPamm™' Height/GPa
r¥ P r P r P r P r P r P

Total-participants Agelyears 0.306 0.000 0.548 0.000 0.407 0.000 —0.276 0.001 0.462 0.000 —0.101 0.241
IOP/mmHg —0.011 0.895 0.016 0.857 0.025 0.773 0.040 0.639 0.079 0.357 0.059 0.490

AL/mm —0.092 0.287 0.070 0.415 0.140 0.105 —0.051 0.557 0.139 0.106 0.037 0.671

ACD/mm —0.074 0.390 —0.307 | 0.000 | —0.289 | 0.001 0.227 0.008 —0.268 0.002 0.024 0.784

ACV/mm? —0.103 0.229 -0.291 0.001 —0.251 0.003 0.193 0.024 —-0.197 0.021 —0.004 | 0.961

Adjusted-SE | —0.051 0.589 —0.038 | 0.004 | —0.044 | 0.001 0.019 0.105 —0.029 0.003 —0.001 0.430

Low-medium myopia Agelyears 0.401 0.001 0.560 0.000 0.372 0.002 —0.286 0.020 0.460 0.000 0.008 0.951
IOP/mmHg —0.023 0.859 —0.024 0.850 —0.011 0.930 0.045 0.720 0.114 0.365 0.126 0.318

AL/mm —0.163 0.198 —0.433 0.000 -0.364 | 0.003 0.294 0.018 -0.231 0.066 0.019 0.881

ACD/mm —0.135 0.284 —0.451 0.000 | —0.404 | 0.001 0.386 0.001 —0.326 0.008 0.105 0.404

ACV/mm? =0.191 0.128 —0.525 | 0.000 | —0.448 | 0.000 0.406 0.001 -0.339 0.006 0.066 0.603

Adjusted-SE | —0.021 0.462 0.018 0.678 0.039 0.364 —0.030 0.484 0.019 0613 —0.000 | 0.922
(Continued)
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Table 2 (Continued).

WTP/mm WBP/mm B-T/mm SAC/GPa mm™' SPC/GPa mm™' Height/GPa
r¥ P r P r P r P r P r P

High myopia Agelyears 0.250 0.034 0.525 0.000 0.423 0.000 | —0.242 0.041 0.465 0.000 | —0.227 | 0.055
IOP/mmHg | —0.003 | 0.977 0.049 0.682 0.060 0.618 0.036 0.761 0.053 0.659 -0.001 | 0.991
AL/mm 0.003 0.978 0.062 0.605 0.070 0.562 —0.072 0.548 0.040 0.740 —0.046 | 0.704
ACD/mm —-0.017 | 0885 | —0.230 | 0.052 | —0.255 | 0.031 0.076 0.524 —0.278 0.018 | —0.070 | 0.560
ACV/Imm? —0.021 0858 | —0.158 | 0.184 | —0.168 | 0.158 0.000 1.000 -0.120 0314 —0.092 | 0.443
Adjusted-SE | —0.019 | 0.337 | —0.039 | 0.156 | —0.027 | 0.285 0.021 0.299 -0.015 0.353 0.000 0.970

Notes: *Pearson’s correlation coefficient or estimate in mixed linear models after adjust for age. The bold indicates the statistically significance (P<0.05).
Abbreviations: WTP, Width of Top Plateau; WBP, Width of Bottom Plateau; B-T, Width of Bottom Plateau-Width of Top Plateau; SAC, Slope of Anterior Cortex;
SPC, Slope of Posterior Cortex; Height, Height of Plateau. SE, spherical equivalent; D, diopters; IOP, intraocular pressure; AL, axial length; ACD, anterior chamber
depth; ACYV, anterior chamber volume.

Table 3 The Multivariable Linear Regression Models Adjusted for Age

WTP/mm WBP/mm B-T/mm SAC/GPamm™' | SPC/GPamm™' | Height/GPa

oo P B P |B P |p P | P |B P
SE/D 0.006 | 0.537 | —0.038 | 0.005 | —0.043 | 0.001 0.018 0.131 —0.028 | 0.004 | —0.001 | 0.34l
IOP/mmHg | 0.002 | 0.863 | 0.017 | 0.380 | 0.015 | 0.442 0.003 0.840 0.022 0.112 0.001 | 0.566
AL/mm —0.030 | 0.128 | 0.003 | 0916 | 0.032 | 0.237 | —0.006 | 0.817 0.023 0.261 0.002 | 0.549
ACD/mm 0.067 | 0.509 | —0.166 | 0.252 | —0.233 | 0.102 0.189 0.129 | —0.105 | 0.322 | —0.005 | 0.737
ACV/mm?® 0.000 | 0.775 | —0.002 | 0.046 | —0.002 | 0.068 0.001 0.139 | —0.00I 0.371 0.000 | 0.657

Notes: *Beta in multivariable linear regression. The bold indicates the statistically significance (P<0.05).

Abbreviations: WTP, Width of Top Plateau; WBP, Width of Bottom Plateau; B-T, Width of Bottom Plateau-Width of Top Plateau; SAC, Slope of Anterior
Cortex; SPC, Slope of Posterior Cortex; Height, Height of Plateau; SE, spherical equivalent; D, diopters; IOP, intraocular pressure; AL, axial length; ACD,
anterior chamber depth; ACV, anterior chamber volume.

Considering the influence of age on crystalline lenses, a multivariate linear regression analysis between the Brillouin
metrics and SE was conducted after adjusting for age (Table 3). SE remained significantly correlated with WBP, B-T, and
SPC (B = —0.038, —0.043, and —0.028, respectively, all P <0.01), but SE and SAC no longer correlated (P >0.05).

Discussion
This study assessed the impact of myopia on Brillouin lenticular metrics in participants with high and low-medium
myopia and investigated alterations in specific Brillouin metrics associated with the degree of myopia. Overall, we
identified significant morphological variations in the thickening of the posterior cortex as the degree of myopia increased.

In our previous study, we observed significant age-related alterations in Brillouin morphological metrics, but
correlations between SE and the Brillouin metrics of the crystalline lens were not found.'* In the present study,
a correlation between SE and Brillouin metrics did not exist in the low-medium myopia group, which is consistent
with our previous results.'* However, when we expanded the patient recruitment parameters and the range of the degree
of myopia, we identified a significant correlation between the Brillouin morphological metrics and SE. Considering the
potential correlation between lenticular refractive power and SE, further investigations into alterations in the components
associated with the degree of myopia based on their biomechanical characteristics are warranted.'>'” Additionally, since
we and Besner et al demonstrated that age affects Brillouin metrics, participant age was controlled to ensure statistically
significant differences did not exist between the low-medium and high myopia groups.'®'* Since BM inherently
minimizes confounding factors, such as CCT and IOP, this study primarily focused on potential influencing factors,
such as AL, ACD, and ACV.!*18:19

BM provides a novel approach for the assessment of the biomechanics of the living crystalline lens, specifically the
Height parameter. Therefore, we investigated potential stiffening or increased viscoelasticity of the crystalline lens in
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individuals with high myopia.?’?* In our study, we conducted a comparison of biomechanical metrics of the lenticular
nucleus between the high myopia (3.381 £ 0.041 GPa) and low-medium myopia (3.375 £ 0.045 GPa) groups, finding no
significant difference (P = 0.328). We hypothesized that the degree of myopia would not significantly affect the
biomechanical properties of the crystalline lens. However, due to the strong scattering properties of cataractous lenses,
the current version of Brillouin microscopy in the present study is limited in its application to the biomechanical
assessment of cataractous lenses, despite its potential for future investigation into early cataract screening based on
possible changes in viscoelasticity.> >

The morphological Brillouin metrics of the lens cortex, including the WBP, B-T, SPC, and SAC, exhibited significant
SE-related discrepancies and alterations. For instance, SPC negatively correlated with SE but positively correlated with
the degree of myopia. This suggests that as the degree of myopia increased, the SPC also increased, indicating an
increased thickness of the posterior cortex. With lower SE values, thickening of the posterior cortex and the total lens
may occur; however, no correlation was observed between the WTP and SE. Previous studies have reported that the
entire lens thickens as the degree of myopia increases.'>**?’ However, with aging, the remaining anterior segment (from
the cornea to the posterior lens surface) undergoes changes such as thickening of the posterior cortex and an anterior
displacement of the lens center.”*° Therefore, we hypothesized that the degree of myopia may contribute to posterior
cortical thickening and anterior lens movement. Our study demonstrated that the lens thickening associated with myopia
was mainly manifested by an increase in posterior cortical thickness, but the nuclear thickness did not change. Given the
current application of biomechanical stratification in lens analysis, future research could focus on longitudinal changes in
the posterior cortex of the lens.”’

We also found that the degree of myopia may contribute to the discrepancy in the anterior cortex based on the SAC
measurements (Table 1). Although a significant correlation between SAC and the degree of myopia was observed,
a significant correlation between SE and SAC was not observed after adjusting for age, suggesting that age primarily
influenced the anterior cortex and further affected SE. Moreover, cortex growth is linear throughout life, and increasing
age is associated with a slight forward movement of the lens center, which may also be associated with the thickening of
the anterior cortex.’>*' Our previous study highlighted that age, ACD, and ACV comprehensively influence SAC,
whereas ACD and ACV are also affected by age.'® Therefore, we propose that age may exert a more substantial influence
on the thickening of the anterior cortex than SE, leading to SAC disparities.

Given the rapid rise in myopia prevalence in China, early screening and regular monitoring of both emmetropic and
myopic individuals are essential.**> Brillouin microscopy holds promise for these applications; however, studies on
children’s lens characteristics using this technique remain limited, primarily due to lengthy scanning durations. This
study reveals relatively stable biomechanical properties of the lens nucleus and progressive thickening of the posterior
cortex, findings that may enhance our understanding of refractive development and guide future research.

This study has some limitations. First, we did not recruit older participants because of concerns about the potential
impact of presbyopia and cataracts on accommodation, which may affect the lenticular biomechanics and morphology
measurements.*® Second, given the significant increase in the biomechanic metrics for cataract lenses, our study
focused on transparent lenses or possible alterations in lenticular biomechanics induced by high myopia. Additional
research is required to investigate the biomechanical and morphological properties of Brillouin aging-related or
cataract lenses.**

Conclusion

This study compared the Brillouin metrics of the crystalline lens in participants with low-to-medium and high myopia,
revealing SE-related thickening of the posterior cortex and the entire lens. However, significant biomechanical or
morphological discrepancies related to the crystalline lens nucleus were not observed. Age plays a crucial role in
Brillouin analysis of the crystalline lens, particularly regarding anterior cortex thickening.

Data Sharing Statement
The datasets generated and/or analyzed during the current study are not publicly available due to funding requirement but
are available from the corresponding author (Jing Zhao, zhaojing med@]163.com) on reasonable request.
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