Anterior scleral thickness in Marfan
syndrome: a quantitative analysis
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ABSTRACT

Purpose: To investigate the anterior scleral thickness (AST) in patients with Marfan syndrome (MFS).

Methods: A prospective, cross-sectional study was conducted at the Department of Ophthalmology,
Ghent University Hospital, Ghent including patients with a genetically confirmed clinical diagnosis of
MFS and age-, gender- and axial length-matched controls. Subjects with known corneal, conjunctival or
scleral pathology and a history of ocular surgery, including pars plana vitrectomy, recent contact lens
use, or high-grade astigmatism were excluded. Subjects underwent non-cycloplegic autorefraction,
Scheimpflug-based corneal tomography, axial length measurement and spectral-domain optical
coherence tomography (OCT). AST was manually measured at 1mm (AST1), 2mm (AST2) and 3mm

(AST3) from the scleral spur temporally and nasally.

Results: A total of 56 subjects (28 subjects in the MFS group and 28 matched in the control group) were
included in this study. In patients with MFS, AST was significantly reduced compared to matched
controls, both overall and at every analysed measuring point in the nasal and temporal area (p<0.001).
Central corneal thickness (CCT) and mean keratometry (Kmean) values were significantly lower in
patients with MFS (p<0.05). A positive correlation was found between nasal AST and CCT in patients
with MFS. No correlation was found between AST and Kmean, nor between AST and axial length. In
patients with MFS with ectopia lentis compared to those without, temporal AST3 was significantly lower
(p<0.05). AST was significantly lower in patients with MFS harbouring a variant predicted to cause
haploinsufficiency compared to those with a variant expected to lead to a dominant negative effect for

both nasal and temporal measurements.

Conclusion: Based on anterior segment OCT measurements, AST of patients with MFS is significantly

lower compared to matched controls.
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INTRODUCTION

The sclera plays a vital role in protecting the intraocular structures, blocking off-axis light scatter, and
maintaining optical stability under dynamic conditions imposed by intraocular pressure fluctuations and
eye movements (Boote et al. 2020). Like other connective tissues, the sclera is primarily a scaffold of
fibrous collagen, interspersed with elastic microfibrils, in a hydrated interfibrillar matrix of proteoglycans
and glycoproteins. Mature scleral elastic fibres consist of an amorphous elastin core sheathed by an
aligned scaffold of fibrillin-rich microfibrils (Boote et al. 2020). Marfan syndrome (MFS) is a multisystem,
genetic disorder associated with pathogenic variants in the fibrillin-1 (FBN1) gene. Although diagnosis
is primarily clinical, based on Ghent Il nosology, genetic testing can aid in distinguishing MFS from other
connective tissue disorders (Loeys et al. 2010; Milewicz et al. 2021). Disproportionately long extremities,
aortic root aneurysms, and ectopia lentis are among the most characteristic features (Milewicz et al.
2021). Due to the widespread distribution of fibrillin-1 containing microfibrils throughout the eye, ocular
manifestations in MFS are variable. Many studies have focused on ocular biometry and corneal features
in patients with MFS, whereas research into scleral characteristics — in large part due to the inherent
difficulties in imaging this opaque and peripheral tissue — is scarce. Case reports of spontaneous and
postoperative (early and late onset) scleral perforations in patients with MFS suggest MFS-related
changes to the scleral architecture (Rodriguez-Ares et al. 1999; Deramo et al. 2001; Oyewole et al.
2011; Sharifipour et al. 2013; Turaga et al. 2016; Voulgari et al. 2019; Stanciu et al. 2022). Scleral
thinning in patients with MFS has also been described based on slit-lamp observations (Sharifipour et
al. 2013; Turaga et al. 2016). The increased axial length and higher risk of open-angle glaucoma
observed in MFS cohorts may also reflect fibrillin-related changes to the scleral development and
function (Nemet et al. 2006; Milewicz et al. 2021). One prior study demonstrated significant changes to
the shape of the sclera in patients with MFS (Vanhonsebrouck et al. 2021), yet scleral thickness in
patients with MFS has not been studied in further detail. The sclera is, however, a frequently targeted
area for surgical interventions in patients with MFS, resulting in a need for further understanding of the
scleral characteristics in these patients. The introduction of spectral-domain optical coherence
technology (SD-OCT) with anterior segment modules has enabled non-contact, high-resolution imaging
of ocular structures including the anterior sclera (Wojtkowski et al. 2004). The aim of this study was to
evaluate OCT-based anterior scleral thickness (AST) in patients with MFS as compared to age- and
axial length matched controls. As a secondary analysis, correlations between scleral thickness and the

clinical and genetic characteristics of MFS were explored.



MATERIALS AND METHODS

A cross-sectional, case-control study was conducted at the Department of Ophthalmology of Ghent
University Hospital, Belgium. The study group consisted of patients with MFS and age-, gender- and
axial length-matched controls. The diagnosis of MFS was based on clinical features using the Ghent |l
diagnostic criteria, genetic confirmation through FBN1 pathogenic variant analysis, or both. Exclusion
criteria included the presence of corneal, conjunctival, or scleral pathology, and a history of scleral
surgery including pars plana vitrectomy. Subjects with any history of ocular surgery, known corneal
diseases (e.g. keratoconus, pellucid marginal degeneration, corneal scars, corneal dystrophy), recent
use (<14 days) of rigid gas permeable or soft contact lenses, known connective tissue disorder, and
astigmatism greater than 3.5 dioptre were excluded. The study protocol was approved by the institutional
Ethics Committee and all participants provided written informed consent before commencement of the
study.

The following procedures were performed during a single visit in all patients: non-cycloplegic
autorefraction (Nidek Ark-510A, Nidek Co., Ltd, Aichi, Japan), Scheimpflug-based corneal tomography
(Pentacam HR; Oculus, Wetzlar, Germany), ocular biometry (IOLMaster 700; Carl Zeiss Meditec AG,
Oberkochen, Germany) and SD-OCT (Spectralis Anterior Segment Module, Heidelberg Engineering,
Dossenheim, Germany). Perilimbal scleral OCT scans were acquired in sclera mode with the enhanced-
depth imaging (EDI) mode active. Volume scans with eleven sections were acquired with the OCT image
scan angle set at 15°. The images had a resolution of 768 x 496 pixels. Measurements were taken at 3-
and 9-o'clock positions, for which the participants were asked to look at an external fixation point
opposite to the examined scleral area. These fixation marks were established on the wall prior to the
measurements at an angle of 45° from the central axis of the device. The external fixation allowed image
acquisition encompassing the limbus and the sclera up to 3mm posterior to the scleral spur while
ensuring stable and consistent fixation. Patients were asked to firmly fixate the chin and forehead to the
device to minimize any eye or head position changes during image acquisition. Scleral thickness was
measured manually at 1 mm (AST1), 2 mm (AST2) and 3 mm (AST3) from the scleral spur,
perpendicularly to the conjunctival surface. The apex of the scleral spur, where the sclera protrudes
slightly and the ciliary muscle inserts, served as the reference point for measurements (see Figure 1).
To validate the measurement procedure, a repeatability analysis was conducted: three measurements
were taken by the same examiner from single right eyes of thirty additional healthy participants, who
were not included in the control group of the study. Participants were instructed to reposition before
each measurement, allowing a brief break in between measurements. The coefficient of variation (CV)
was calculated as an indicator of repeatability. We opted to analyse full-thickness measurements, as
applied in the study by Kommula and associates, for the following reasons: discrimination of the different
layers (conjunctival/episcleral/sclera) is not commercially available at present, there is uncertainty
regarding the correct definitions of the different layers on OCT images and reproducibility analysis of
layer discrimination in recent research has demonstrated only moderate reproducibility (Kommula et al.
2023; Teeuw et al. 2023).



Variants of FBN1 were identified and their level of pathogenicity determined according to the adjusted
American College of Medical Genetics and Genomics and the Association for Molecular Pathology
(ACMG/AMP) guidelines (Muifio-Mosquera et al. 2018). Subsequently, (likely) pathogenic variants in
the FBN1 gene were categorised into missense, in-frame, nonsense, frameshift, and splice-site variants.
Variants were also classified based on their anticipated impact on fibrillin-1. Nonsense and frameshift
variants not affecting exon 65 or the last 50 nucleotides of exon 64 were considered to have a
haploinsufficient effect (Muifio-Mosquera et al. 2020). Haploinsufficiency results in a decreased quantity
of functional protein. The other nonsense and frameshift variants and all missense variants were
considered to lead to abnormal or shorter yet stable protein, thus exerting a dominant negative effect.
This classification approach aligns with the framework established by Muifio-Mosquera et al. (Muifio-
Mosquera et al. 2020). Splice-site variants cause alterations that commonly result in a frame-shift,
premature termination codon, and ultimately nhonsense mediated decay (Holbrook et al. 2004; Linde &
Kerem 2008; Popp & Maquat 2016). Splice-site variants were therefore considered to exert a

haploinsufficient effect.

Statistical analysis was performed using SPSS software (version 28, SPSS, Inc). Descriptive data were
assessed for normality using the Shapiro-Wilk test, followed by independent Student’s t-tests. To
compare AST between MFS and control groups, a three-way repeated measures ANOVA was
conducted to examine the effects of group (Marfan vs. control), area analysed (nasal vs. temporal), and
distance from the scleral spur (Imm, 2mm, and 3mm), as well as their interactions. Assumptions of
normality, sphericity (Mauchly's test), and homogeneity of variances (Levene's test) were met. Post-hoc
comparisons were performed using the Bonferroni test. For subsequent sections, independent or paired
Student’s t-tests were used for normally distributed data, while the Mann-Whitney U test was used for
skewed data. The effect of different FBN1 (likely) pathogenic variants on AST was analysed using one-

way ANOVA and the Bonferroni post-hoc test. A significance level of 0.05 was used.

RESULTS

A total of 56 subjects (28 subjects in the MFS group and 28 matched in the control group) were included
in the main analysis. Study group characteristics are shown in Table 1 and clinical and genetic data of
the MFS group are listed in Table 2. To eliminate interocular correlations, one eye per patient was
included for statistical analysis. In all subjects, right eyes were included, expect for two controls and
three Marfan patients, in which the left eye was included. There were no significant differences between
patients and controls in age (p=0.45), gender (p>0.999), axial length (p=0.94) or spherical equivalent
(p=0.35), as determined by independent t-tests. Prior to the study, repeatability of the OCT-
measurement protocol was assessed as described above. The CV values were below 1% for all cases,
indicating very good repeatability. Specifically, the CV values were 0.92%, 0.74%, and 0.79% for AST1,
AST2, and AST3 in the nasal region, and 0.68%, 0.75%, and 0.63% for AST1, AST2, and AST3 in the

temporal region for the right eyes.



When assessing the entire group, AST was significantly thinner in the temporal region (670 = 90 ym)
compared to the nasal region (711 £ 85 uym) (three-way ANOVA, F(1, 167)=23.97, p<0.001, ny2=0.07).
With increasing distance to the scleral spur, AST also increased (1mm: 678 £ 86um, 2mm: 683 £ 87 um,
3mm: 712 £ 93 ym) (three-way ANOVA, F(2, 222)=6.15, p=0.002, ny?>=0.04). Moreover, the increase in
AST with distance was more pronounced in the nasal area compared to the temporal area (three-way
ANOVA, F(2, 222)=4.98, p=0.01, np?>=0.03). The Bonferroni post-hoc test indicated a significant
difference in AST between 1mm and 3mm (p=0.004), between 2mm and 3mm (p=0.018), but no

significant difference between 1mm and 2mm (p>0.999).

The AST values for the MFS and control groups are presented in Table 3. Overall, eyes with MFS had
significantly lower AST values (652 + 82 um) compared to control eyes (729 + 80 ym) (three-way
ANOVA, F (1, 167) = 84.98, p<0.001, np?=0.21). The difference in AST values was statistically significant
at every measuring point (AST1, AST2 and AST3), both nasally and temporally. No significant
interactions were found between the variables group (Marfan or control) and area (nasal or temporal)
(three-way ANOVA, F(1, 167)=3.40, p=0.07, np?=0.01), or between the variables group and distance
from the spur (three-way ANOVA, F(2, 222)=0.13, p=0.87, np?=0.001).

No significant correlations were detected between AST and axial length, neither in the overall study
group, nor in the MFS and control groups. For AST and spherical equivalent, only one statistically
significant correlation was observed. In the MFS group, a positive correlation was observed between
the spherical equivalent and AST1 on the temporal side (Pearson r=0.402, p=0.047). Patients with
ectopia lentis (n=18) exhibited lower AST values compared to those without ectopia lentis (n=10) (Figure
2). This difference was statistically significant for AST3 on the temporal side (independent t-test,
p=0.023). In patients with MFS, a positive correlation was observed between central corneal thickness
(CCT) (Pentacam HR values) and AST for AST2, AST3, and mean AST on the nasal side (Spearman
r=0.437, p=0.020; r=0.399, p=0.036; r=0.427, p=0.023; respectively for AST2, AST3 and mean AST)
and for AST3 on the temporal side (Spearman r=0.417, p=0.030). In contrast, no correlation between
AST and CCT was found in the control group.

In patients with a (likely) pathogenic variant associated with haploinsufficiency, AST tended to be
lower compared to patients with a variant associated with a dominant negative effect (independent t-
test; p=0.069, p=0.162, p=0.235, p=0.036 for mean AST, AST1, 2 and 3 temporally and p=0.025,
p=0.071, p=0.023, p=0.038 for mean AST, AST1, 2 and 3 nasally respectively). Patients with a splice-
site (n=1) and missense variant with cysteine loss (n=1) were excluded from further subgroup analysis.
On the nasal side, patients with a frameshift variant had significantly lower AST compared to patients
with a missense variant resulting in cysteine loss (p=0.010 for AST1, p=0.026 for AST2 and p=0.031 for
AST3 nasally). Findings on the temporal side were non-significant. The relationship between scleral

thickness and the type of (likely) pathogenic variant is depicted in Figure 3.



DISCUSSION

In this case-control study, quantitative OCT-based analysis was performed to objectively assess the
anterior scleral thickness in patients with MFS. At all measuring points, temporally and nasally, the
anterior sclera was significantly thinner in patients with MFS compared to matched controls. Corneal
features, including thinning and flattening of the central and peripheral cornea, in patients with MFS
have been well-documented in previous studies (Konradsen et al. 2012; Drolsum et al. 2015; Kinori et
al. 2017). Findings of this study confirm that MFS-related thinning of the outer collagenous coat of the
eye is not limited to the transparent cornea but occurs in the anterior sclera as well. Of note, anterior
scleral thickness also correlated with central corneal thickness in patients with MFS in this study,
particularly at the 2- and 3-mm mark. These findings add to a growing knowledge of the scleral and
ciliary body characteristics in patients affected by MFS. A prior study of our group demonstrated that the
anterior scleral curvature was significantly flatter in patients with MFS as compared to matched controls
(Vanhonsebrouck et al. 2021). A recent study from Jia and associates also documented a significant
thinning of the ciliary body in patients with MFS with the use of ultrasound biomicroscopy (Jia et al.
2023). In the past, corneal thinning in MFS has been attributed to global eye enlargement — resulting in
overall thinning of the outer collagenous coat — or structural disorganisation within the tissue due to
shortage of normal fibrillin-1 (Sultan et al. 2002). Both in this study, and in the beforementioned study
by Jia et al., no correlation between scleral and ciliary body thinning respectively and axial length was
found (Jia et al. 2023). The observed alterations in scleral architecture might stem from intrinsic
disorganisation within the scleral tissue itself, be the result of eye elongation, or represent an interplay
of both. Within connective tissue, fibrillin-1 deficiency results in dysregulation of TGF-beta signaling,
which in turn induces high expression of matrix metalloproteinases and causes proteolytic microfibril

degradation of connective tissues, such as the sclera (Wheatley et al. 1995; Neptune et al. 2003).

Similar to the observed association between ciliary body biometry and ectopia lentis (Jia et al. 2023),
this study also revealed reduced scleral thickness values among patients with MFS-associated ectopia
lentis. Reduced anterior scleral and ciliary body thickness, in addition to a flatter scleral curvature,
suggests that zonular fibres need to bridge a larger distance from the ciliary epithelium up to the lens
equator in MFS eye (Vanhonsebrouck et al. 2021)). Jia and associates additionally found the most likely
direction of lens (sub)luxation to occur in the opposite direction of the thinnest area of the ciliary body
(Jia et al. 2023). One could hypothesise that ectopia lentis is more likely to occur opposite to the area
of anterior scleral and ciliary thinning, particularly if that region additionally has a flatter curvature. In this
study, anterior scleral thickness in the vertical and oblique meridians was not assessed, neither was the
sulcus-to-sulcus distance, yet it would be of value to include these items in future research, particularly

in relation to ectopia lentis.

As in previous reports, the majority of (likely) pathogenic FBN1 variants in this study were missense
variants (61%), whereas 39% were predicted to exhibit a haploinsufficient effect (Robinson et al. 2002;

Milewicz et al. 2021). Haploinsufficiency-associated variants resulted in lower AST values than variants



considered to have a dominant negative effect, both nasally and temporally. This finding suggests a
genotype-phenotype association, with variants causing quantitative effects, potentially via its effect on
TGF-beta signalling, leading to lower scleral thickness compared to those causing qualitative effects.
No significant differences in AST were found when comparing specific subdivisions of (likely) pathogenic
variants, except for a significantly lower nasal AST in patients with MFS with frameshift variants
compared to those with missense variants resulting in cysteine loss. However, due to the limited number

of patients in each category, these findings should be interpreted cautiously.

In both controls and MFS, the anterior sclera was thinner temporally than nasally, which is in agreement
with prior research by Fernandez-Vigo and associates, who assessed AST using swept-source OCT in
a healthy study population (Fernandez-Vigo et al. 2022). Scleral thickness exhibited an increase in
thickness with distance from the scleral spur in both groups, with a significantly thicker sclera at 3 mm
from the limbus compared to 1mm and 2mm. Additionally, lower temporal scleral thickness
measurements were detected in patients with ectopia lentis as compared to MFS patients without lens
(sub)luxation. As MFS-associated ectopia lentis often requires corrective surgery, these biometric
characteristics should be taken into account (Fuchs 1997). Scleral-fixated intraocular lenses are
frequently used to provide optical correction in these cases and are typically positioned 2 mm posterior
to the limbus (Jacob et al. 2020). As the anterior sclera is significantly thicker at the 3 mm point in
patients with MFS, placement of sutured scleral-fixated intraocular lenses at the 3 mm position may
improve stability and safety of these lenses in patients with MFS.

This study had several limitations. Findings of this single-centre study should be validated by a
multicentre study with larger sample sizes. In this study, full-thickness measurements were analysed in
both healthy controls and patients with MFS. Future research would ideally include delineation of
episcleral and scleral tissue, to assess MFS-related changes in further detail. At the execution of this
study, there was no consensus in literature on how to reliable delineate the different layers using SD-
OCT. Recent research of Teeuw et al. does indicate promising results to allow this in the future. Only
the horizontal plane (nasal and temporal) was assessed in this study. To further investigate the link
between lens subluxation, scleral and ciliary body thickness, analysis of both the anterior sclera in four
axes, particularly the oblique axis, would be of particular interest. Patients with MFS who had a history
of scleral surgery were excluded, which may have excluded the more severe phenotypes requiring such
surgeries. Including these patients in future studies would be interesting, although the potential influence
of sclerotomies on scleral thickness should be considered. As a secondary analysis, correlations
between scleral thickness and clinicogenetical characteristics was conducted. The limited sample size
precluded a more extensive analysis. Given the findings of significant changes in AST between Marfan
patients and controls, future studies including additional inter-group analyses with larger sample sizes
would be of particular benefit.



In conclusion, anterior segment OCT measurements revealed a significant reduction in AST among
patients with MFS compared to age-, gender-, and axial length-matched controls. Additionally, patients
with MFS and ectopia lentis and specific genetic variants exhibited lower AST values. These findings

expand the current knowledge of ocular characteristics in patients with MFS.
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FIGURES

Figure 1. Anterior segment OCT scans, which demonstrates the acquisition (a) and measurement of
AST1, AST2 and AST3, shown in yellow (b). Scans were obtained from the temporal and nasal sclera,
with fixation in the opposite direction. The measurement of scleral thickness included the conjunctiva
and episclera as shown in the photograph. AST1, AST2 and AST3 = anterior scleral thickness at 1, 2

and 3mm from the scleral spur. The scleral spur is indicated with a white arrow.
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Figure 2. Mean AST (um) on temporal and nasal side, measured 1, 2, and 3mm posterior to the scleral
spur in 18 eyes of patients with MFS patients with ectopia lentis compared to 10 eyes of patients with
MFS patients without ectopia lentis. Error bars with the standard error are shown. Significance (p<0.05)

is represented by an asterisk.
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Figure 3. Mean AST (um) on temporal and nasal side, measured 1, 2, and 3mm posterior to the
scleral spur in 11 eyes of patients with MFS patients with a (likely) pathogenic variant associated with
haploinsufficiency compared to 17 eyes of patients with MFS patients with a (likely) pathogenic variant
considered to exhibit a dominant negative effect. Error bars with the standard error are shown.

Significance (p<0.05) is represented by an asterisk.
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TABLES

Table 1. Demographic and clinical data of patients with MFS and controls

MFS Controls

Number of patients 28 28
Age (y), mean * SD 34.1+129 31.8+94
Eye, n right/left 25/3 26/2
Sex, n (%)

Male 13 (46.4%) 13 (46.4%)

Female 15 (53.6%) 15 (53.6%)
Axial length (mm), mean * SD * 244+15 24413
Spherical equivalent (D), mean * -3.36 -2.16
Central corneal thickness (CCT; pm) 526.1 £42.1° 552.4 + 30.2
Mean anterior keratometry (Kmean; D) 41.0+1.6°° 43.3+1.6

y = year, SD = standard deviation, D = dioptres

* Values of the included eyes (one eye per patient) are reported.

¢ statistically significantly lower CCT in MFS (Mann-Whitney U test, p=0.003) (Pentacam HR values)
°° statistically significantly lower Kmean in MFS (independent t-test, p<0.001) (Pentacam HR values)



Table 2. Clinical and genetic data of MFS group

Feature N (%)
Ectopia lentis
Absent 10 (35.7%)
Present 18 (64.3%)
Aortic root dilatation
Absent 4 (14.3%)
Present 24 (85.7%)
Systemic score
<7 6 (21%)
27 15 (54%)
Data unavailable 7 (25%)
FBNL1 variants
Haploinsufficiency 11 (39%)
Nonsense * 2 (7%)
Frameshift * 8 (29%)
Splice-site 1 (4%)
Dominant negative effect 17 (61%)
Nonsense ** 0 (0%)
Frameshift ** 0 (0%)
In-frame 0 (0%)
Missense 17 (61%)
Cysteine loss 9 (32%)
Cysteine addition 1 (4%)
No cysteine changes 7 (25%)

* nonsense and frameshift variants with no effect on exon 65 or the last 50 nucleotides of exon 64
** nonsense and frameshift variants with an effect on exon 65 or the last 50 nucleotides of exon 64

Table 3. Anterior scleral thickness (AST) in MFS and control group

AST (um) AST (um)

Area Distance from spur MES Control p-values
lmm 648 + 73 712 £ 69 <0.001
Nasal 2mm 677 +74 742 + 67 <0.001
3mm 716 + 89 772 +78 0.008
Total 680 + 83 742 +75 <0.001
Imm 627 £ 73 724 + 88 <0.001
2mm 609 £ 70 704 £ 82 <0.001
Temporal 3mm 635 + 71 722 + 80 <0.001
Total 624 + 71 716 + 83 <0.001
lmm 638 + 73 71879 <0.001
Total 2mm 643 £ 79 723 £ 77 <0.001
3mm 677 £ 90 747 1 82 <0.001
Total 652 + 82 729 1 80 <0.001

Mean values * standard deviation of AST in different areas of analysis (nasal/temporal) and distance
from the scleral spur are listed. P-values were calculated using independent Student’s t-tests.
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