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Backcrounp. We investigated the corneal biomechanical properties and their genotype—
phenotype correlation correlations in patients with Marfan syndrome (MFS) and ectopia
lentis (EL).

MerHops. Patients with MFS with EL underwent panel-based next-generation
sequencing in this retrospective cohort study. The FBN1 genotypes were categorized into
the dominant-negative (DN) group and the haploinsufficiency (HD) group. The DN
variants were further subclassified based on the affected residues and their locations.
Corneal biomechanical parameters were measured using dynamic Scheimpflug-based
biomechanical analysis (CorVis ST). The correlations between corneal biomechanical
properties and FBN1 genotype or nongenetic factors were analyzed. The differences
between patients with MFS and normal control were also evaluated after matching
confounding factors.

Resurrs. One hundred one consecutive MFS probands participated in this study, with
a median age of 6 years. Patients with HI and DN variants affecting critical residues,
namely the DN (—Cys + CaB) variants, exhibited significantly higher deformation
amplitude ratios (P = 0.029) and lower stress—strain index values (P = 0.007) compared
with those in the DN (others) group, indicating lower corneal stiffness in the former
group. DN variants in the FUN-EGF3 region were associated with lower deformation
amplitude ratios (P = 0.011) and higher stress-strain index values (P = 0.002), whereas
those in the DN-CD region exhibited the opposite pattern. Compromised corneal
stiffness was significantly associated with HI and DN (—Cys + CaB) variants (b = —0.184;
P = 0.01) and variants located outside the FUN-EGF3 region (b = 0.256; P = 0.001),
after adjusting for confounding factors. Compared with matched controls, patients with
MFS demonstrated significantly higher deformation amplitude ratios (P = 0.023), further
confirming decreased corneal stiffness in this population.

Concrusions. The FBN1 genotype impacts the corneal biomechanical properties of
patients with MFS and EL. Corneal biomechanics provide a novel platform to study the
genotype—-phenotype correlation of MFS.

Keywords: corneal biomechanics, FBN1, corneal visualization Scheimpflug technology,
Marfan syndrome, ectopia lentis

ibrillin microfibrils are expandable macromolecules that
F can serve as a structural scaffold for elastin deposition or
form polymers alone, endowing connective tissue with elas-
ticity and resilience in areas such as arteries, skin, zonules,
and ligaments.! A spectrum of diseases resulting from a defi-
ciency of fibrillin has been termed fibrillinopathies, with
Marfan syndrome (MFS) being the most well-known.? MFS is
caused by variants of the fibrillin 1 (FBN1) gene and presents
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with varying manifestations in the cardiovascular, ocular,
and musculoskeletal systems.> The mechanism behind the
divergent phenotypes resulting from the same mutated
gene remains largely elusive. Although growing evidence
of genotype—phenotype correlations has been revealed in
the cardiovascular system of MFS, little is known about
these correlations in the ocular system, especially concern-
ing properties other than ectopia lentis (EL).*
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The cornea is the major refractive component of the eye,
with its optical properties determined by both transparency
and curvature. Experimental studies have confirmed the
presence of both elastin-contacting and elastin-free microfib-
ril bundles in the corneal stroma, indicating a fundamen-
tal role of FBN1 in providing elasticity and strength to
the cornea.>® Significant alterations in corneal biometry
have been demonstrated in the eyes of patients with MFS,
including a flatter curvature,” higher astigmatism,? increased
light reflectivity,” and lower spherical aberration.'” However,
research into the biomechanical properties of the cornea
has received less attention in this rare condition. With the
advent of noncontact and dynamic corneal biomechanics
devices, such as CorVis ST (Oculus Optikgerite, Wetzlar,
Germany),!! the biomechanical properties of the cornea can
now be obtained in vivo, offering opportunities to detect the
effects of FBN1 mutations on intact elastic tissue.

This study evaluates the corneal biomechanical parame-
ters obtained by Corvis ST in patients with MFS, compares
them with those of the normal population, and explores
their correlation with the FBN1 genotypes. We believe that
the cornea has the potential to become a direct observa-
tion platform for broader biomechanics for MFS and related
fibrillinopathies.

METHODS
Patient Eligibility

This study was approved by the Eye & ENT Hospital of
Fudan University (ChiCTR2000039132) and conducted by
the principles of the Declaration of Helsinki. Between 2021
and 2024, patients with MFS and EL were selected based on
the following criteria: (1) diagnosis of EL via slit-lamp exam-
ination, (2) fulfillment of Ghent 2 nosology criteria for MFS
or potential MFS,'? (3) identification of a pathogenic or likely
pathogenic FBNI mutation, and (4) availability of compre-
hensive clinical information. The exclusion criteria were
(1) a history of ocular trauma or ocular surgery, (2) complex
mutations involving multiple loci, (3) coexisting mutations
associated with other ocular diseases, (4) poor cooperation
with Corvis ST examination or failure to meet quality control
standards, and (5) comorbidities such as retinal detachment,
glaucoma, uveitis, or phthisis bulbi. Considering the binoc-
ular correlation, one eye was selected randomly for patients
with bilateral EL. Only the proband of each pedigree was
analyzed to minimize selection bias from family clustering.
To avoid potential bias, the control group included healthy
patients matched by age, sex, and axial length (AL) accord-
ing to previous studies.!3~1

Ocular Examination

A thorough ophthalmic examination was conducted, includ-
ing slit-lamp biomicroscopy, best-corrected visual acuity, and
IOP measurement (Canon TX-20, Canon Medical Systems
USA, Otawara, Tochigi, Japan). The severity of EL was quanti-
fied by measuring the angle between the pupil ring and lens
ring under full pupillary dilation and classified as follows:
severe (¢ > 270°), moderate(180 < o < 270°), and mild
(¢ < 180°).!7 Ocular biometric parameters were obtained
using partial coherence interferometry (IOLMaster 700, Carl
Zeiss Meditec AG, Jena, Germany), including anterior cham-
ber depth, AL, lens thickness, keratometry (K) in both the flat
(K1) and steep K (K2), corneal astigmatism, and white-to-
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white. The corneal biomechanical properties were captured
using a dynamic high-speed Scheimpflug camera (CorVis
ST) and analyzed in conjunction with geometric topography
obtained by Pentacam (Oculus Optikgerite GmbH, Wetzlar,
Germany).

The corneal biomechanical parameters were broadly clas-
sified into three categories. (1) The first category includes
common CorVis ST indicators: the time of the first and
to the second applanation (A1T and A2T), the length of
the flattened segment in the first applanations and the
second applanation (A1L and A2L), velocity of corneal
movement during the two applanations (A1V and A2V),
peak distance (PD) at the highest concavity, and deforma-
tion amplitude at the highest concavity (deformation ampli-
tude [DA)]). (2) The second category comprises compound
biomechanical screening parameters, which are derived
from the previously mentioned indicators: stiffness param-
eter at the first applanation (SP Al), integrated radius
(IR), Ambrosio’s relational thickness horizontal (ARTh), DA
ratio max (2 mm), and stress—strain index (SSI). (3) The
third category includes corneal ectasia indicators, such as
the Belin/Ambrésio deviation (BAD D), Corvis Biomechan-
ical Index, and tomographic biomechanical index (TBD).
The definitions of these corneal biomechanical indica-
tors are detailed in Supplementary Table S6. Additionally,
certain morphological parameters indicative of corneal ecta-
sia obtained via Pentacam were also included, such as
K max, inferior minus superior value, and Pentacam random
Forest index.

Genotyping Process

Peripheral venous blood was collected from all partici-
pants. The sequenced DNA libraries underwent enrichment
using an EL-specific panel-based next-generation sequenc-
ing, developed in collaboration with Amplicon Gene (Shang-
hai, China) using the Illumina Novaseq 6000 (Illumina,
San Diego, CA, USA) platform.”” The customized NGS
panel of 41 genes for MFS and congenital EL is shown
in Supplementary Table S1. The Ensembl Variant Effect
Predictor 105, an integrated in silico toll, was used to
predict splicing sites, annotate allele frequencies, and assess
the pathogenicity of missense variants, using the reference
sequence NM_000138.5. Candidate variants were confirmed
through Sanger sequencing, which also facilitated genotype—
phenotype co-segregation analysis among family members.
For patients suspected of MFS in whom no likely pathogenic
variant was detected, multiplex ligation-dependent probe
amplification was conducted as a supplementary analysis.
All mutations were evaluated according to the guidelines of
the American College of Medical Genetics and Genomics'®
and the FBN1-specific criteria outlined in the revised Ghent
nosology.'?

We classified FBNI mutations into two main groups:
dominant negative (DN) and haploinsufficiency (HI). The
DN group included missense variants and in-frame deletions
or insertions, while the HI group encompassed frameshift
variants, nonsense variants, splicing variants, and intra-
genic deletions or duplications. The DN variants were
further subclassified based on their impact on specific
residues. Missense variants affecting key structures, such as
cysteine residues involved in disulfide bridge formation and
conserved motifs crucial for calcium binding in cb epidermal
growth factor-like domains, were categorized as DN (—Cys +
CaB). Variants not affecting these critical residues were clas-
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sified as DN (others).!” Additionally, DN variants were classi-
fied according to their exon locations: the N-terminal region
(exons 1-21), a C-terminal region (exons 43-65), and the
middle region (exons 22-42).' Specific functional regions
or previously reported regions were also analyzed, including
the FUN-EGF3 region (exons 1-11), neonatal region (exons
24-32), TGF-B regulatory sequence (exons 43-65), and DN-
CD region (exons 25-36 and 43-49), were also explored.!”
The DN mutations were also categorized according to their
location in the protein domain referring to the UMD-FBN1
database (http://umd.be/FBN1/).

Statistical Analysis

The distribution of continuous parameters was assessed for
normality using the Shapiro-Wilk test. Demographic data
were presented as mean =+ standard deviation for continuous
variables with a normal distribution, as median (interquar-
tile range) for continuous variables without normal distri-
bution, and as frequencies (%) for categorical variables.
Comparisons of corneal biomechanical indicators among
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different genotype groups were conducted using the Student
t test, one-way ANOVA, Mann-Whitney U test, or Kruskal-
Wallis test, as appropriate. Pearson’s or Spearman’s corre-
lation was calculated to evaluate the relationships between
ocular biometric characteristics and corneal biomechanical
indicators. Variables with a P value of less than 0.10 in
univariate analysis or those with clinical relevance were
included in the multivariate analysis. The MFS group was
matched to the control group for potential confounding
factors. Statistical analyses were performed using SPSS
version 27.0 software (SPSS Inc., Chicago, IL, USA), with a
two-sided P value of less than 0.05 considered statistically
significant.

REsuLrs
Demographic Profile

A summary of the study workflow is illustrated in Figure 1.
A total of 101 patients with MFS and EL were recruited,
with a median age of 6.00 years (interquartile range,

FBN1 genotype Corneal biomechanical properties

PETiGmwith CorVis ST Common Parameters J Defor
MFS and EL ‘ Amplitude
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Other Variant Probands with
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FiGure 1.

Schematic diagram of the workflow. This project is structured into three stages. In the first stage, we enrolled patients with MFS

and EL who had confirmed FBN1 variants and comprehensive clinical profiles. The FBN1 genotypes were categorized based on mutation
effects and locations. In the second stage, corneal biomechanical data were collected using CorVis ST technology, with the indicators
classified into three groups: common, compound, and corneal expansion indicators. Finally, we analyzed the correlation between corneal
biomechanical properties and FBN1 genotype, and adjusted potential confounding factors. CBI, Corvis Biomechanical Index; DN (—Cys),
DN variants eliminating the disulfide-bridge forming cysteines; DN (CaB), DN variants affecting the conserved calcium-binding motif; DN

(others), DN variants affecting other residues; SSI, stress—strain index.
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TaBLe. Demographic and Ocular Characteristics
Mean + SD,
Characteristics Median (IQR), or No. (%)

Demographic characteristics
Age, years
Female sex

6.00 (4.00 to 14.50)
45 (44.6%)

Ocular biometric parameters

Right eye 57 (56.4%)

AL (mm) 23.54 (22.67 to 25.47)

IOP (mmHg) 16.50 (15.00 to 18.15)

ACD (mm) 3.31 (3.01 to 3.58)

K1 (D) 40.11 & 1.65

K2 (D) 41.96 (40.53 to 42.94)

Cyl (D) —1.70 (—2.28 to —1.14)

LT (mm) 3.86 (3.62 to 4.34)

CCT (mm) 544.53 + 43.55

WTW (mm) 12.15 + 0.53
CorVis ST common indicators

PD (mm) 4.82 4+ 0.43

6.61 (5.89 to 7.52)
1.00 (0.92 to 1.09)

Radius (mm)
Deform Amplitude (mm)

CorVis ST compound parameters

SP Al 108.07 £ 23.05

IR (mm™1) 8.48 + 1.41

ARTh 550.20 (484.15 to 667.40)
DA Ratio (in 2 mm) 4.11 £ 0.42

SSI 0.93 (0.78 to 1.07)

Corneal ectasia parameters

CBI 0.10 (0.04 to 0.34)

TBI 0.35 (0.13 to 0.56)
BAD D 0.68 + 0.82

Morphological parameters indicating corneal ectasia

K Max(D) 42.26 + 1.73
1-S Value 0.35 + 0.83
PRFI 0.14 (0.07 to 0.30)

ACD, anterior chamber depth; ARTh, Ambrosio rational thick-
ness horizontal; BAD D, Belin/Ambrosio index; CBI, Corvis Biome-
chanical Index; Cyl, corneal astigmatism; I-S value, inferior—-superior
value; K Max, maximal keratometry; K1, flat K; K2, steep K; LT, lens
thickness; PD, peak distance; PRFI, Pentacam random Forest index;
SP Al, stiffness parameter Al; SSI, stress—strain index; TBI, tomo-
graphic biomechanical index; WTW, white to white.

4.00-14.50 years) at the time of examination (Supplemen-
tary Table S2). The distribution of ocular biometric and
biomechanical parameters is detailed in Table. Approxi-
mately 80% of the FBN1 variants were missense mutations,
with a tendency to cluster in the N-terminal region (Fig. 2A).
Among the DN variants, the highest proportion was DN
(—Cys), followed by DN (others) and DN (CaB) (Fig. 2B,
Supplementary Table S5).

The Correlation Between Corneal Biomechanical
Properties and Genotype

Corneal biomechanical parameters were analyzed across
different genotype categories. Patients in the DN group and
HI group manifested similar corneal biomechanical proper-
ties (Supplementary Table S3). When the DN variants were
subdivided, patients with HI or DN (—Cys + CaB) variants
showed significantly higher DA Ratio (P = 0.029) and lower
SSI (P = 0.007) compared with those in the DN (others)
group (Fig. 3A). In the genotype classification based on vari-
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ant location, the DA Ratio was significantly higher in patients
with variants in the DN-CD region (P = 0.021), but lower
in those with variants in the FUN-EGF3 region (P = 0.011).
Conversely, the SSI value was lower in the DN-CD region
group (P = 0.018), but higher in the FUN-EGF3 region
group (P = 0.002). Additionally, patients with variants in
the DN-CD region had significantly larger PD (P = 0.014),
although the difference was insignificant in the other two
groups (Fig. 3A).

The Correlation Between Corneal Biomechanical
and Biometrical Parameters

The relationship between corneal biomechanical properties
and other factors was also investigated (Fig. 3B). Generally,
most corneal biomechanical parameters were influenced by
sex, age, IOP, AL, K, and central corneal thickness (CCT).
Males exhibited higher ARTh and BAD D compared with
females but had lower Corvis Biomechanical Index values.
Age showed a negative correlation with the TBI, SSI, and IR,
and positively correlated with SP Al. IOP was correlated
negatively with IR and DA ratio but positively correlated
with SP Al. AL was negatively correlated with TBI, SSI, and
IR. CCT was associated with most factors, except for SSI and
inferior-superior value. Additionally, K2 was found to corre-
late with more biomechanical parameters than K1. Further-
more, white-to-white was negatively correlated with BAD
D and positively correlated with ARTh. The severity of EL
did not significantly affect corneal biomechanical properties
(Fig. 3B).

Multivariate Analysis

Given that both genetic and demographic characteristics
influence corneal biomechanical parameters, multivariate
analysis was conducted for the DA Ratio (Fig. 4), SSI (Supple-
mentary Fig. S1), and inferior-superior value (Supplemen-
tary Fig. S2). K2 was included in the multivariate regression
model owing to its strong correlation with various biome-
chanical parameters. The HI + DN (Cys + CaB) genotype
(b = —0.184; P = 0.01), K2 (b = 0.076; P < 0.001), IOP
(b = —0.065; P <0.001), and CCT (b = —0.003; P < 0.001)
were significantly correlated with the DA Ratio. The FUN-
EGF3 region genotype (b = —0.256; P = 0.001), IOP
(b = —0.056; P < 0.001), and CCT (b = —0.005; P < 0.001)
were also significantly correlated with the DA ratio. Addi-
tionally, within the DN-CD region group, IOP (b = —0.053;
P < 0.001) and CCT (b = —0.005; P < 0.001) continued to
affect the DA Ratio (Fig. 4) significantly.

Comparison With Matched Controls

To determine whether the observed genotype-phenotype
correlations in patients with MFS represent distinct features
or broader variations within the general population, we
compared the corneal biomechanical properties of the MFS
group with those of a normal control group. After matching
for age, gender, and AL, a subset of 29 patients with MFS and
27 healthy controls were included in the analysis (Supple-
mentary Table S4). The patients with MFS manifested signif-
icantly lower SP_A1 (P = 0.03), lower ARTh (P = 0.017),
and higher DA ratio (P = 0.023) compared with the normal
controls.
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Ficure 2. Genetic spectrum of the MFS cohort. (A) Frequency of FBN1 mutations per exon (upper panel) and intron (lower panel). Mutations
are mapped to the corresponding regions: N-terminal (exons 1-21), middle (exons 22-42), and C-terminal (exons 43-65). (B) Distribution
of genotype subgroups classified by mutation effect (left) and location (bottom). The HI subgroup includes PTC and splicing mutations.
The DN subgroup is further subdivided into DN (CaB), DN (—Cys), and DN (Others) based on the affected residue. DN variants are also
categorized by their location in the N-terminal, middle, and C-terminal regions, with specific focus on the FUN-EGF3 region (exons 1-11),
neonatal region (exons 24-32), and TGF-8 regulatory sequence (exons 43-65). DN, dominant negative; DN (—Cys), DN variants eliminating
the disulfide-bridge forming cysteines; DN (CaB), DN variants affecting the conserved calcium-binding motif; DN (others), DN variants
affecting other residues; EGF, epidermal growth factor; PTC, premature termination codon.

DiscussIoN

With the advancement of in vivo biomechanics measurement
instruments, the biomechanical properties of the cornea
have been investigated in both normal and pathological
conditions. As a biological tissue, the cornea exhibits char-
acteristic mechanical properties that are essential for main-
taining its curvature and resisting external forces.?® Alter-
ations in these biomechanical properties not only assist

in diagnosing corneal deformities, but also provide funda-
mental insights into the underlying pathogenesis.?! In this
study, we used a dynamic high-speed Scheimpflug camera,
the CorVis ST, to assess the corneal biomechanical proper-
ties in patients with MFS, to compare them with healthy
controls, and to explore their correlation with the FBN1
genotype. This approach offers novel insights into the phys-
iological role of FBN1 in the cornea and the effects of its
mutations.
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depth; CBI, Corvis Biomechanical Index; Cyl, corneal astigmatism; DA ratio, deflection amplitude ratio; LT, lens thickness; SP-A1, stiffness

parameter Al.

In addition to the cardinal ocular feature of EL, the
cornea in MFS has been observed to be flatter, thinner, and
exhibiting higher astigmatism compared with the general
population.?? Ultrastructural studies in FbnI-deficient mice
have revealed a significantly reduced density, disorganized
micro fibrillin bundles, increased spacing between colla-
gen fibers, and decreased glycosylated protein aggregation
in the corneas.?> However, these characteristics, although
statistically significant among patients with MFS, have
limited diagnostic value owing to substantial individual
variability. Previous research has indicated that approxi-
mately 25% of patients with MFS have a K value exceed-
ing 42 D, and approximately 40% of them have a CCT
of >500 um.?* Although our study demonstrated compro-
mised corneal stiffness in patients with MFS, the litera-
ture on corneal biomechanical changes in patients with
MFS remains inconsistent. Beene et al.'¥ reported reduced
resistance of the cornea to bending in patients with MFS,
whereas Jin et al.!® found the opposite; Kara et al?
observed no significant differences between patients with
MFS and matched controls. These discrepancies may stem
from the allelic heterogeneity of FBNI1. Previous studies
have shown that the FBN1 genotype can impact the EL
severity,?® CCT,*” AL?® and its growth rate among patients
with MFS.!” However, the correlation between the FBN1
genotype and corneal biomechanical properties remained
unexplored. This study identified several genotype clusters
with significantly different corneal biomechanical proper-
ties, reinforcing the hypothesis that the corneal features
in MFS are influenced by the varying effects of FBNI
mutations.

Based on their effects, FBN1 variants can be broadly cate-
gorized into HI variants with decreased expression and DN
variants having a normal expression but compromised struc-
ture. Previous studies have indicated that HI variants are
linked to a higher risk of aortic dilation and a shortened
lifespan compared with DN variants.?® When subclassifying
DN variants based on the residues affected, DN (—Cys +
CaB) variants, which impact critical disulfide-bond-forming
cysteines and the conserved calcium-binding motifs in the
tandem cb epidermal growth factor-like domains, have been
shown to correlate with more severe MFS.? Some studies
also extract the DN (—Cys) variants from the DN group and
combine them with HI variants when assessing aortic risk in
patients with MFS.*® Consequently, in this study, we grouped
HI variants and DN (—Cys + CaB) variants together, poten-
tially representing a more severe MFS cluster. Patients with
these FBN1 variants exhibited significantly lower SSI but
higher DA Ratio compared with those with the DN (others)
variants, indicating the more severely compromised cornea
stiffness in the former group. This finding aligns with previ-
ous research suggesting that the corneas of patients with
MFS with higher systemic scores exhibited reduced resis-
tance to external stimuli.!> Meanwhile, a prior study showed
that FBN1 variants in the DN-CD region are associated
with larger aortic root Z-scores and a higher risk of aortic
events.”® This study also revealed that the variants in this
region correlated with a higher PD, lower SSI, and higher DA
ratio, although these correlations did not persist in multivari-
ate analysis. Furthermore, variants in the FUN-EGF3 region,
a newly defined region critical for the end-to-end assem-
bly of FBNT located at its extreme N-terminus,>! were asso-
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Variable Unstandardized B (95% CI) P value
DN (Others) reference
HI+DN (Cys+CaB)  —e— | -0.184 (-0.323, -0.046) 0.01*
K2 e 0.076 (0.038, 0.113) <0.001**
IOP | -0.065 (-0.081, -0.049) <0.001**
CCT | . | -0.003 (-0.005, -0.002) <0.001**
04 02 00 02
Variable Unstandardized B (95% CIl) P value
O Non-FUN region reference
S FUN-EGF3region , ., | -0.256 (-0.407, -0.105) 0.001**
oY K2 o 0.026 (-0.016, 0.067) 0.217
< IOP o -0.056 (-0.072, -0.04) <0.001**
O CCT ¢ -0.005 (-0.007, -0.003) <0.001**
04 -02 00 O.
Variable Unstandardized B (95% CI) P value
Non-DN CN region reference
DN CN region — e 0.089 (-0.083, 0.261) 0.302
K2 ot 0.041 (-0.002, 0.085) 0.064
IOP o | -0.053 (-0.071, -0.036) <0.001**
CCT -0.005 (-0.007, -0.003) <0.001**

-02 00 02 04

FiGure 4. Multivariate analysis of DA ratio. Forest plot illustrating the multivariate analysis of the DA Ratio. The analysis revealed significant
associations between DA Ratio and the FBN1 genotype within the HI+DN(—Cys+CaB) and FUN-EGF3 region groups. Additionally, IOP
and CCT were identified as significant factors influencing the DA ratio. Asterisks denote statistical significance: *P < 0.05, **P < 0.01.
CCT, central corneal thickness; DN (—Cys+ CaB), DN variants eliminating the disulfide bridge-forming cysteines or affecting the conserved

calcium-binding motif; K2, steep meridian.

ciated with increased corneal stiffness even after adjusting
for nongenetic characteristics. This observation supports the
notion that FBN1 variants in the extreme terminus are linked
to milder and atypical phenotypes.> Our study demonstrated
reduced corneal stiffness in patients with MFS and suggested
a correlation with more severe FBNI mutations. Given this
genetic basis, corneal biomechanical properties could poten-
tially be used to predict cardiac involvement in future
studies.

Considering the widespread expression of FBNI in vari-
ous ocular tissues, biomechanical changes in the cornea
may reflect generalized alterations throughout the entire eye.
The sclera, which has structural continuity with the cornea,
both originating from the mesoderm, contains both elastin-
contacting and elastin-free microfibrillin. Previous studies
have suggested that corneal biomechanics can serve as an
indicator of the mechanical characteristics of the sclera and,
to some extent, the lamina cribrosa. This relationship has
been used to predict the progression of myopia and glau-
coma.’*3? Our previous research identified that the FBN1
HI or DN (—Cys + CaB) patients also exhibited higher base-
line AL and accelerated AL growth rate after lens surgery.!’
These findings align with the current study, which demon-
strated that these mutation types are associated with reduced
corneal stiffness in multivariate analysis. Therefore, this
genotype—phenotype correlation underscores a genetic basis
for using corneal biomechanical properties to predict AL

growth in pediatric patients after lens surgery in further
studies.

Because patient demographics and biometric parame-
ters also influence corneal biomechanical characteristics,
this study further examined the impact of nongenotype
factors. We found significant correlations between corneal
biomechanics and variables such as gender, age, IOP, AL,
CCT, and K, consistent with previous studies.>*3> The litera-
ture presents conflicting findings regarding the relationship
between EL severity and corneal biomechanical properties.
For example, Jin et al.!> revealed an increased corneal stiff-
ness in MFS with severe EL, whereas Kara et al.®> found
the opposite. This study did not observe any significant
correlation between EL severity and corneal stiffness. The
zonules apply tensile forces to the eye wall against IOP,
and their weakening or rupture could indirectly affect the
eye’s external dimensions and corneal sphericity.?® However,
this influence is complex, affected by factors such as the
direction of lens tilt and the progressive nature of EL,
and therefore requires further investigation. The indicators
for corneal ectasia, including Corvis Biomechanical Index,
BAD D, and TBI, were mainly associated with CCT, K,
and corneal astigmatism, rather than FBN1 genotype. This
finding is reasonable, given that corneal ectasia is rare in
cohorts patients with MFS.*” In this study, although the
PD, SSI, and DA ratios initially showed associations with
the FBN1 genotype, only the DA ratio maintained signif-
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icant genotype—phenotype correlations after adjusting for
confounding factors, independent of age or AL. This robust
association underscores the potential of the DA ratio as a
reliable biomarker for FBN1-related corneal biomechanical
alterations. The DA ratio, which reflects intrinsic tissue prop-
erties through dynamic deformation analysis, is particularly
sensitive to changes in extracellular matrix composition and
microfibril structure—key features affected by FBN1 muta-
tions. Its independence from age and AL further enhances
its clinical usefulness, making it a promising indicator for
assessing corneal biomechanical integrity in FBN1-related
connective tissue disorders. This finding aligns with previ-
ous research establishing the DA ratio as a valuable diagnos-
tic parameter in keratoconus,*® and our findings extend its
application to FBN1-related disorders.

Several limitations should be considered when inter-
preting these results. First, corneal biomechanical prop-
erties were not measured routinely in the healthy and
young patients who simultaneously had long AL, limiting
the comparison between patients with MFS and controls to
a relatively small sample size. However, this study prioritized
investigating the inherent variations in corneal biomechan-
ical properties among patients with MFS, offering a more
practical approach to controlling confounding factors. In
addition, the genotype classification used in this study was
based mainly on DNA sequences and lacked validation at
the RNA and protein levels. Further functional analysis of
these mutations is needed to establish a more precise corre-
lation between the effects of FBN1 mutations and changes
in corneal stiffness.

CONCLUSIONS

The corneal biomechanical properties were associated
significantly with the FBN1 genotype. The CorVis ST tech-
nology presents a novel in vivo platform for assessing
the impact of FBNI mutations, laying the groundwork for
further investigation into the relationship between corneal
biomechanics and ocular or systemic manifestations in
patients with MFS. This study not only opens new avenues
for research, but also offers promising directions worth
exploring.
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