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Purpose: Inherited retinal diseases (IRDs) are a group of degenerative disorders of the retina, that can be potentially associated with
changes in the anterior segment, but their prevalence and impact are not known. Exploring these concomitant ophthalmologic changes
with biomechanical assessment may help identify other non-retina causes of vision loss in these patients, such as corneal ectasia or
susceptibility to glaucoma. This study aimed to measure and compare corneal biomechanics in patients with and without IRDs.
Methods: A total of 77 patients (154 eyes) with IRD were recruited as the study group. The control group consisted of 77 healthy
adults (154 eyes) with matched age and sphere equivalents. All participants underwent a comprehensive assessment including corneal
tomography (Pentacam®) and biomechanical assessment (Corvis ST®). A total of 4 second-generation biomechanical parameters and 3
indexes were collected: Ambrosio Relational Thickness (ARTh), Deflection Amplitude Ratio Max (DARM), Integrated Radius (IR)
and Stiffness Parameter at Applanation (SP-A1), the final deviation value D of the Belin/Ambrosio Enhanced Ectasia Display (BAD-
D), Corvis Biomechanical Index (CBI) and Tomographic Biomechanical Index (TBI).

Results: For IRD patients, there was a higher DARM (p < 0.001), lower ARTh (p < 0.001), higher CBI (p < 0.001), higher TBI
(p<0.001), and higher BAD-D (p < 0.001) compared to the control group. Regarding discrimination of healthy subjects and IRD
patients, ARTh was the most sensitive parameter.

Conclusion: The results showed that IRD patients tend to have softer corneal behaviour, compared to eyes without pathology, which
may predispose patients to corneal ectasia or glaucoma development. ARTh could be used to screen IRD patients if a non-retina cause
of vision loss is suspected.
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Introduction
Inherited retinal diseases (IRDs) are a group of degenerative disorders of the retina, characterized by clinical and genetic
heterogeneity.' Despite this heterogeneity, overall, retinal findings have been well characterized.”> Associations with
other non-retina findings, such as cataracts, open-angle glaucoma, keratoconus and uveitis, have also been reported.®"!
However, their prevalence and impact are not known. Exploring these concomitant ophthalmologic changes may help
identify other non-retina causes of vision loss in these patients.

In recent years, there has been interest in corneal biomechanics, primarily for early keratoconus screening and for the
safe selection of patients for refractive surgery. Another clinical application is to improve intraocular pressure measure-
ment in glaucoma patients.'”> Corneal biomechanics can also reflect the vulnerability of the optic nerve head to
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glaucoma.'® Furthermore, it is believed that the elastic properties of the cornea reflect the overall elasticity of collagen
fibres in the entire eyeball, making corneal biomechanics as an indicator of overall globe biomechanical properties.'*'?

Exploring the biomechanical properties of biological tissue can also be important to improve our understanding of
disease pathogenesis, staging, and optimise the surgical manipulation of tissues and, potentially, the design and properties
of implantable prostheses and other therapies.'®

To this date, no studies have been published in the literature presenting the results of the corneal biomechanical
assessments in IRDs. In the same way that keratoconus can be potentially associated with anatomical and functional
changes in the posterior segment,'” IRDs can be potentially associated with changes in the anterior segment, including
changes in cornea biomechanical behaviour.

The aim of this study was to measure and compare corneal biomechanics in patients with and without IRDs. This can
help to understand if there is a higher risk of corneal ectasia or glaucoma development in these patients.

Methods

Study Design

An observational cross-sectional study was performed, and it included a group of patients with a diagnosis of IRDs
(Group 1) and a comparison group of healthy patients (Group 2) observed at the Ophthalmology department at the
Unidade Local Saude de Santo Antonio (ULSSA) between November 2022 and November 2023. The study complied
with the tenets of the Declaration of Helsinki for biomedical research. Institutional Review Board (IRB)/Ethics
Committee approval was obtained from the Departamento de Ensino, Formacdo e Investigacdo (DEFI) of Centro
Hospitalar Universitario de Santo Antonio (CHUdSA) with reference number 2021.269 (216-DEFI/224-CE). Written
informed consent was obtained from all patients.

Participants
The inclusion criteria for Group 1 were a clinical diagnosis of IRD, known genetic testing results and collaborative
ability to undergo the complementary diagnostic exams mentioned in the parameters section.

The inclusion criteria for Group 2 were: patients similar in age and sphere equivalent (within = 1.5D) to the study
group and absence of known ocular and systemic pathology (microvascular, neurological, inflammatory, infectious,
metabolic, or genetic).

Eyes with amblyopia, keratoconus, uveitis, glaucoma, or underwent prior intraocular surgeries were excluded. The
following IRD diagnostic subgroups with 5 or fewer patients were excluded for more reliable analysis: Pattern dystrophy
(ORPHA 63454), Best vitelliform macular dystrophy (ORPHA 1243), X-linked retinoschisis (ORPHA 792),
Achromatopsia (ORPHA 49382), and Choroideremia (ORPHA 180).

Parameters
This study analysed:

-demographic characteristics of the study’s population: gender, age at the visit, and clinical diagnosis based on
classification covered by the national, web-based IRD registry (IRD-PT);'®

-clinical features: spherical equivalent (SE);

-dynamic corneal response second-generation parameters assessed through ultra-high-speed Scheimpflug imaging
during noncontact tonometry (Corvis ST, OCULUS®): Ambrosio Relational Thickness (ARTh), Deflection Amplitude
Ratio Max (DARM), Integrated Radius (IR) and Stiffness Parameter at Applanation (SP-A1);

-indexes obtained by a Scheimpflug camera (Pentacam and Corvis ST, OCULUS®): the final deviation value D of the
Belin/Ambrosio Enhanced Ectasia Display (BAD-D), corvis biomechanical index (CBI) and tomographic biomechanical
index (TBI)].

-anatomic features: axial length (AL) measured by a high-resolution swept-source OCT (ANTERION®) and central
corneal thickness (CCT) measured by Corvis ST, OCULUS®.
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Statistical Analysis

Statistical analysis was performed using the SPSS program (IBM SPSS Statistics, version 28.0.1.0 for Mac). The
normality of the variables was evaluated by the Kolmogorov—Smirnov test. Descriptive statistics are shown as mean +
standard deviation. For categorical variables, descriptive statistics are presented as absolute and relative frequencies.
Linear mixed-effects models, using patient identification number as a random effect to correct for the inclusion of both
eyes of all participants, were used to test the differences among tomographic and biomechanical parameters between
groups, adjusting for age, axial length and corneal thickness. The comparison between categorical variables was
performed using the chi-square test. Spearman’s bivariate correlation test was used to study linear correlations. For
interpretation, a correlation coefficient was considered “very weak” if between 0 and +0.19, “weak” if between £0.20 and
+0.39, “moderate” if between +0.40 and +0.59, “strong” if between +0.60 and +0.79 and “very strong” if between +0.80
and +£1.00. To assess the discriminative ability of each parameter, we performed receiver operating characteristic (ROC)
curves and calculated the area under the curve (AUC) and the ideal cutoff points. P values lower than 0.05 were
considered statistically significant.

Results

Demographic Data
This study included 154 patients (308 eyes), 46.1% male and 53.9% female, aged 8 to 79 years, with a mean age of 43.9
+ 17.5 years.

Group 1 included 77 patients (154 eyes), from 77 families, 55.8% diagnosed with Non-syndromic Retinitis
Pigmentosa (NS-RP) (ORPHA 791), 20.8% with Cone-rod dystrophy (CRD) (ORPHA 1872), 11.7% with Syndromic
Retinitis Pigmentosa (S-RP) (ORPHA 519325) and 11.7% with Stargardt Disease (STGD) (ORPHA 827). S-RP
subgroup included patients with Usher syndrome (n = 4), Bardet—Biedl syndrome (n = 2), Neuropathy, ataxia, and
retinitis pigmentosa (NARP) syndrome (n=2) and Congenital disorder of glycosylation type Ia (n = 1). Disease-causing
genotypes were distributed across 26 different genes. The 3 most frequently implicated genes were as follows: ABCA4
(12.9), RHO (7.8%), and EYS (5.2%). The average age was 44.0 + 17.5 years and 54.5% were female.

Group 2 included 77 patients (154 eyes). The average age was 43.9 &+ 17.5 years and 53.2% were male. There was no
statistically significant difference in the comparison of age (p = 0.943), gender (p = 0.909), SE (p = 0.860), AL
(p=0.880), or CCT (p = 0.156) between the groups (Table 1).

Biomechanical Properties and Indexes

The results of the comparison study of biomechanical parameters and indexes between the group 1 (study group) and
group 2 (control group) can be seen in Figure 1. Differences were seen in DARM, ARTh, CBI, TBI and BAD-D
parameters (p < 0.001 for all).

Table | Global Characterization of the Sample

Group | (n=154) Group 2 (n=154) p value
Age (years)
Mean 44.0+17.5 43.9+175 0.943
Interval 8-79 8-79
Gender
Male 70 (45.5%) 72 (46.8%) 0.909
Female 84 (54.5%) 82 (53.2%)
Disease NS-RP = 55.8% 100% Healthy
CRD=20.8%
S-RP=11.7%
STGD=11.7%
(Continued)
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Table | (Continued).

SE (diopters)
Mean —1.5 +4.2 —1.3+4.0 0.860
Interval —24.6 to 8.0 —22to 4.5

Axial length
Mean 23.5+1.6 24.5%2.1 0.880
Interval 19.9-29.6 21.4-31.8

CCT
Mean 559.4+37.8 564.9+27.2 0.156
Interval 465-676 503-637

Abbreviations: CCT, central corneal thickness; CRD, Cone-rod dystrophy; NS-RP, Non-
syndromic Retinitis Pigmentosa; SE, Sphere equivalent; S-RP, Syndromic Retinitis Pigmentosa;
STGD, Stargardt Disease.

The comparison of tomographic and biomechanical parameters and indexes between subtypes of IRDs and control
group can be seen in Table 2.

RP patients, both syndromic and non-syndromic, presented significantly lower values of ARTh (p = 0.023 for NS-RP
and p = 0.046 for S-RP) and higher values of CBI (p < 0.001 for NS-RP and p = 0.007 for S-RP) compared with healthy
subjects. NS-RP also had higher values of TBI (p = 0.037). CRD patients displayed higher values of TBI (p = 0.018) and
BAD-D (p = 0.020) compared with healthy subjects. No differences were found for the STGD group.

Table 3 presents the performance of tomographic and biomechanical parameters studies to discriminate groups 1 and 2.
CBI, TBI and BAD-D presented the highest values of specificity and AUC whereas ARTh was the most sensitive parameter.

Discussion

This pioneering study is the first to evaluate biomechanical properties for IRDs. Overall, this study found that IRD
patients can have different biomechanical behaviours compared to healthy patients depending on the IRD subtype.
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Figure | Biomechanical parameters and indexes by study groups. Values represent the 95% Cl for mean. p-values are presented for comparison between groups (group | vs
group 2). ARTh, Ambrosio Relational Thickness (horizontal 8 mm); BAD-D, the final deviation value D of the Belin/Ambrosio Enhanced Ectasia Display; CBI, corvis
biomechanical index; DARM, Deflection Amplitude Ratio Max; IR, integrated radius; IRDs, Inherited Retinal Dystrophies; SP-Al, stiffness parameter at applanation |; TBI,

tomographic biomechanical index.
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Table 2 Comparison of Tomographic and Biomechanical Parameters and Indexes Using Mixed-Effects Regressions Models
Adjusted for Age, Axial Length and Central Corneal Thickness

Group | Group 2
NS-RP (n=86) S-RP (n=18) CRD (n=32) STGD (n=18) N=154
Dependent variable Coefficient P-value Coefficient P-value Coefficient P-value Coefficient P-value
2" generation Biomechanical parameters
DARM (Imm) 0.297 £ 0.177 0.095 0.239 +0.325 0.463 0.026 + 0.229 0.908 —0.115 + 0.284 0.685 Reference
ARTh —85.00 + 37.30 0.023 —133.43 £ 66.74 0.046 —29.30 + 4751 0.537 —14.28 + 58.39 0.807 Reference
IR (mmA-1) 0.112 £ 0315 0.724 —0.324 + 0.567 0.568 0.138 £ 0.404 0.732 —0.267 + 0.496 0.590 Reference
SP-Al —2.984 + 3.598 0.407 —6.891 + 6.441 0.285 —-3.078 + 4.592 0.503 4.627 + 5.638 0.412 Reference
Indexes
CBI 0.156 + 0.043 <0.001 0.207 £ 0.077 0.007 0.087 + 0.055 0.112 0.049 + 0.067 0.467 Reference
TBI 0.115 £ 0.055 0.037 0.080 £ 0.097 0411 0.166 + 0.070 0.018 0.059 + 0.085 0.486 Reference
BAD-D 0.252 + 0.231 0.275 0.500 + 0.411 0.224 0.680 + 0.292 0.020 0.081 + 0.360 0.821 Reference

Notes: Gray box represents a statistically significant softer biomechanical behaviour compared to controls.

Abbreviations: ARTh, Ambrosio Relational Thickness (horizontal 8 mm); BAD-D, the final deviation value D of the Belin/Ambrosio Enhanced Ectasia Display;
CBI, corvis biomechanical index; CRD, Cone-rod dystrophy; DARM, Deflection Amplitude Ratio Max; IR, integrated radius; NS-RP, Non-syndromic Retinitis
Pigmentosa; SD, standard deviation; SP-Al, stiffness parameter at applanation |; S-RP, Syndromic Retinitis Pigmentosa; STGD, Stargardt Disease; TBI,
tomographic biomechanical index.

Table 3 Performance of Tomographic and Biomechanical Parameters for Discrimination
of Healthy Subjects and IRD Patients

Location Optimal cut-off point | Sensitivity (%) | Specificity (%) AUC
2"? generation Biomechanical parameters
DARM (Imm) 1.53 60 60 0.60
ARTh 642.39 68 58 0.63
IR (mmA-1) 8.66 55 49 0.52
SP-Al 111.95 60 52 0.56
Indexes
CBI 0.13 52 80 0.66
TBI 0.21 54 82 0.68
BAD-D 0.87 59 74 0.66

Abbreviations: ARTh, Ambrosio Relational Thickness (horizontal 8 mm); BAD-D, the final deviation value D of
the Belin/Ambrosio Enhanced Ectasia Display; CBI, corvis biomechanical index; DARM, Deflection Amplitude Ratio
Max; IR, integrated radius; SD, standard deviation; SP-Al, stiffness parameter at applanation |; TBI, tomographic
biomechanical index.

NS-RP and S-RP patients showed significantly softer behaviour in the same second-generation biomechanical
corneal parameter (ARTh). The difference between them was in indexes. CBI was worse in both subgroups than the
control group, meaning that both had biomechanical changes supporting the ectasia and glaucoma risk. However,
TBI was only significantly worse in NS-RP. TBI is calculated using an artificial intelligence approach by combining
tomographic data with biomechanical data to improve sensitivity and specificity in the detection of patients with
risk for ectasia.'” This can mean that NS-RP patients can have a higher risk than S-RP for ectasia. We don’t know if
it is related to genetic or environmental factors (such as rubbing habits) or a combination of both (neither of which
were considered in the analysis in this study). It was already known that NS-RP patients may have glaucoma and
corneal morphological disorders and aberrations that can affect vision.''°?' We found that corneal biomechanics
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changes may also be present and these changes can be extended to S-RP patients, although apparently in
a lighter way.

CRD patients showed no significant biomechanical differences compared to the control group, but they scored worse
on two indexes: BAD-D and TBI. This can mean that in this case, glaucoma risk is similar to non-IRD patients and the
higher ectasia risk may be primarily attributed to tomographic changes and not biomechanics, some of which have only
been previously described in isolated case reports.”*>

STGD patients showed biomechanical behaviour and tomographic indexes similar to the control group, which means
an equal ectasia and glaucoma risk.

Regarding discrimination of healthy subjects and IRD patients, ARTh was the most sensitive parameter, and it could
be used to screen these patients if a non-retina cause of vision loss is suspected.

One of the strengths of this study is the biomechanical assessment with an ultra-high-speed Scheimpflug camera that takes
140 horizontal 8mm frames throughout 33ms, allowing a more detailed evaluation of the deformation process compared to the
Ocular Response Analyzer (ORA) (Reichert Ophthalmic Instruments, Buffalo, NY).'? Another strength is the quality of the
control group used, as it presents similar age, gender and anatomical characteristics compared to the study group, namely AL,
SE and CCT. These factors can influence biomechanical results.”> 2® Additionally, there is no known association between
atopy and these IRD types, highlighting that these results are not influenced by this factor. Furthermore, we included a wide
range of ages, meaning indirectly the possibility of various stages of disease.

However, this study has some limitations. This study did not include an analysis among genotypes, as these subgroups
were not sufficiently representative. This would be important to understand whether there is a genotype more susceptible
to these changes. Another limitation was the inclusion of only four IRD types. While the included IRD types were among
the most frequent and therefore more representative, it’s important to note the presence of a potential sample bias.
Additionally, some patients were excluded because they did not have the capacity to perform exams due to syndromic
characteristics (such as anatomic limitations, development delay, or intellectual development disorder), eye problems
(unstable fixation as nystagmus, very low vision as light perception or hand motion) and age (child, elderly). We also did
not ask patients about chronic eye-rubbing habits, which are a major risk factor for corneal changes. However, there is no
known association between atopy and these IRD types as we mentioned above, and many people have eye-rubbing habits
and are unaware of it, making the survey unreliable.

In the future, prospective and longitudinal studies will be necessary to validate these changes and determine if there
are differences among different genotypes.

In conclusion, this study revealed that IRD patients showed statistically significant differences in biomechanical
characteristics, compared to eyes without pathology, which may predispose patients to corneal ectasia or glaucoma
development in some IRD subtypes. Thus, biomechanical assessment can help to identify other non-retina causes of
vision loss in these patients.
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