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Editorial

New Advances and Perspectives in Ophthalmology: Progress
and Modern Challenges Toward Personalized Eye Care

Livio Vitiello

Eye Unit, “Luigi Curto” Hospital, Azienda Sanitaria Locale Salerno, 84035 Polla, Italy; livio.vitiello@gmail.com

1. Recent Developments in Ophthalmology

Over the past two decades, ophthalmology has been reshaped by the convergence
of high-resolution multimodal imaging, pharmacological innovation and the broader
paradigm of personalized medicine. Swept-source optical coherence tomography (OCT),
OCT angiography, ultra-widefield retinal imaging and high-frequency ocular ultrasound
now enable in vivo, micrometer-scale phenotyping of virtually every ocular structure [1],
while artificial intelligence (AI) and deep learning turn these imaging outputs into quanti-
tative biomarkers suitable for automated risk stratification [2,3]. In parallel, the therapeutic
armamentarium has expanded from intravitreal anti-VEGF biologics—now available in
longer-acting formulations and individualized treat-and-extend regimens [4]—to gene and
cell therapies for inherited retinal dystrophies [5,6], and to increasingly refined cataract,
refractive and oculoplastic platforms. Underlying these advances is a conceptual shift: oph-
thalmic diseases are no longer treated as homogeneous entities, but rather as heterogeneous
clusters of phenotypes, each with their own risk profiles and optimal management.

2. Knowledge Gaps Addressed by This Special Issue

Despite this progress, several important gaps remain: real-world long-term data
on individualized anti-VEGF regimens are still limited; ROP screening is inequitably
distributed and logistically demanding; AI-based screening tools often lack prospective
validation and safe-failure mechanisms [7]; IOL calculation remains problematic in post-
refractive eyes [8]; predictors of surgical success in strabismus are poorly standardized;
postural and dynamic components of intraocular pressure (IOP) are rarely integrated into
routine glaucoma risk assessment; ocular imaging biomarkers of systemic disease are still
being defined [9]; subclinical dysfunction in “inactive” orbitopathy is underdiagnosed;
and the nutritional management of age-related macular degeneration (AMD) has evolved
beyond the original AREDS framework without a consensus on individualized protocols.
The sixteen contributions collected in this Special Issue directly address these gaps and
sketch a coherent roadmap toward more personalized ophthalmic care.

3. Key Findings and Contributions

3.1. Retinal Vascular Disease and Anti-VEGF Personalization

Diabetic retinopathy (DR) remains a paradigmatic setting for personalized medicine.
Zhou et al. (contribution 1) report 1-year outcomes of the VOYAGE extension study:
in patients who had completed the PANORAMA trial and received 2 mg intravitreal
aflibercept every 16 weeks as needed, less frequent dosing between PANORAMA exit
and VOYAGE enrollment was associated with a measurable deterioration of the Diabetic
Retinopathy Severity Scale score, best-corrected visual acuity and central subfield thickness,

J. Pers. Med. 2026, 16, 333 https://doi.org/10.3390/jpm16060333
1



J. Pers. Med. 2026, 16, 333

which subsequently stabilized or improved once regular, individualized treatment resumed.
These findings are real-world evidence that anti-VEGF schedules must be tailored to
ongoing disease activity. Ivanescu et al. (contribution 2) profiled 105 patients with type
1 or type 2 diabetes (77 with diabetic macular edema) in Western Romania, describing a
high-risk cohort with median age 65 years, 15-year mean disease duration, HbA1c 7.5%
and universal comorbidities (hypertension 100%, dyslipidemia 62.3%)—reinforcing the
need for screening pathways integrated with systemic risk stratification.

3.2. Retinopathy of Prematurity: From Universal Screening to Tailored Pathways

Two complementary studies address retinopathy of prematurity. Christodoulou et al.
(contribution 3) evaluated incidence, treatment patterns and risk factors for type 1 ROP
in a national tertiary NICU in Cyprus, translating local epidemiology into a personalized
screening-to-therapy pathway. Al-Abaiji et al. (contribution 4) demonstrated the feasibility
of telescreening in Denmark using the ICON GO® widefield camera operated by a non-
physician healthcare professional: across 415 sessions in 165 neonates, on-site/off-site
agreement was almost perfect for overall outcome (κ = 0.82) and substantial for stage and
disease (κ = 0.69), with treatment needed in 3.6% of children. These findings provide
evidence that delegated, tele-supported screening is safe, scalable, and a concrete step
toward equitable neonatal care.

3.3. Artificial Intelligence and Glaucoma Screening

Hitzl et al. (contribution 5) leveraged a longitudinal dataset of 6889 subjects, with
585 completing an average 11.1-year follow-up period, to train two neural-network models
equipped with a “reject option” that allows the algorithm to withhold a prediction in
ambiguous cases. The clinical and economic rationale is to identify, already at baseline, the
large proportion of screened individuals who remain free of open-angle glaucoma for up
to 10 years and can therefore safely be excluded from intensive monitoring—a concrete
translation of precision screening into everyday practice.

3.4. Precision in Refractive, Cataract and Strabismus Surgery

Tailored surgical planning is the focus of two studies. Lin et al. (contribution 6)
compared the calibration accuracy of the Symfony extended depth-of-focus (EDOF) in-
traocular lens in eyes with and without previous LASIK, combining optical biometry with
the SRK/T formula in non-LASIK eyes and Haigis-L in post-LASIK eyes—a clinically
actionable framework for IOL power selection in complex refractive histories. Lino, de
Aguiar and Cunha (contribution 7) retrospectively analyzed 258 children (mean age 11.2
years) with basic-type intermittent exotropia or divergence excess who underwent bilateral
lateral rectus recession, identifying pre-operative predictors of post-operative alignment
stability and refining the individualized surgical dosing needed to improve on the historical
∼75% success rate.

3.5. Intraocular Pressure, Biometrics and Glaucoma Biomechanics

De Bernardo et al. (contribution 8) measured IOP across sitting, supine, prone and
standing postures in 124 eyes of 62 healthy subjects: the prone–supine differential was
the largest (+2.24 mmHg; p < 0.001), followed by supine–sitting (+1.30 mmHg), while
standing produced a significant IOP decrease relative to supine (−1.43 mmHg). Such
postural profiles, which a single in-office measurement cannot capture, argue for a more in-
dividualized interpretation of IOP in selected glaucoma suspects. Gioia et al. (contribution
9) correlated the corrected axial length—a refinement addressing the systematic biometric
error of cataractous eyes—with choroidal thickness, refining the quantitative framework
for myopic and degenerative risk stratification.

https://doi.org/10.3390/jpm16060333
2



J. Pers. Med. 2026, 16, 333

3.6. Imaging Biomarkers and the Ocular–Systemic Interface

Three contributions use imaging biomarkers as windows onto systemic disease.
Isleyen et al. (contribution 10) applied swept-source OCT to 67 patients with vasova-
gal syncope versus 61 controls, demonstrating a significantly thicker choroid in affected
subjects without changes in peripapillary retinal nerve fiber layer (RNFL), showing that
the choroidal vasculature is sensitive to autonomic dysregulation. Lixi et al. (contribution
11) reviewed the spectrum of ocular manifestations of patent foramen ovale, from transient
visual disturbances and migraine with aura to oculomotor deficits and rare endogenous
endophthalmitis from paradoxical embolism, reinforcing the need for a multidisciplinary
ophthalmology–cardiology–neurology pathway. In 67 patients with inactive Graves’ or-
bitopathy, Lixi, Giannaccare and co-authors (contribution 12) combined orbital ultrasound
with the Red Filter Test and detected latent diplopia in 49.25% of subjects despite no re-
ported double vision—a strong case for sensitivity-based reassessment in a disease too
often labeled “burnt out”.

3.7. Genomics and Precision Medicine in Inherited Retinal Disease

Two contributions address the genomic frontier of personalized ophthalmology. Dhiva-
garan et al. (contribution 13) provide a comprehensive review of precision medicine in
inherited retinal diseases (IRDs), tracing the evolution from clinical phenotyping to next-
generation sequencing (NGS)-based diagnostics and mutation-specific therapies. The
review details how NGS has transformed the diagnostic landscape by enabling precise
identification of causative variants across the more than 300 genes implicated in IRDs,
and examines the patient-selection protocols—integrating genetic confirmation, structural
retinal evaluation and genetic counseling—that underpin targeted interventions such
as voretigene neparvovec (Luxturna) for RPE65-related disease. The authors also map
the remaining barriers to broader adoption: high costs, uneven access to specialist ser-
vices, and the interpretive complexity of variants of uncertain significance. Bakhamees
et al. (contribution 14) complement this perspective with a cross-sectional survey of
115 ophthalmologists across Saudi Arabia, assessing knowledge, attitudes and practices
toward genomic medicine. While 99% correctly recognized autosomal recessive inheritance
and 90% endorsed the clinical value of genetic testing, confidence in practical tasks such
as test selection and pre-test counselling was low (mean 4.7/10), and only 9% answered
DNA base-pairing questions correctly. Taken together, these two contributions delineate
a critical gap between the rapid maturation of genomic tools and the readiness of the
clinical workforce to deploy them—and underscore the urgency of integrating genetics
into ophthalmology training programs.

3.8. Diagnostic Imaging and Tailored Medical Therapy

Two narrative reviews complete this Special Issue. Coppola et al. (contribution 15)
synthesized the literature on ocular ultrasound for optic neuropathies, emphasizing its
bedside availability and particular value in patients unable to undergo magnetic resonance
imaging, while acknowledging the methodological heterogeneity that still characterizes
the field [10–12]. D’Angelo et al. (contribution 16) reviewed the evolving evidence on oral
supplementation in AMD—the third leading cause of global visual impairment—mapping
the interplay between oxidative stress, neuroinflammation and ocular ischemia, and dis-
cussing AREDS-based formulations alongside emerging compounds such as astaxanthin
and melatonin. Their synthesis supports the move from one-size-fits-all supplementation
toward individualized antioxidant strategies.

https://doi.org/10.3390/jpm16060333
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4. Future Research Directions

The contributions collected here open several avenues that will shape the next phase
of personalized ophthalmology. First, imaging biomarkers—from choroidal thickness
and RNFL to corrected axial length and extraocular muscle measurements—need cross-
platform standardization, with consensus on acquisition protocols, reference ranges and
reproducibility thresholds, before they can reliably guide individual decisions. Second,
machine learning models should undergo prospective, multicenter validation in ethnically
and demographically heterogeneous populations, ideally with confidence-aware outputs
and human-in-the-loop oversight. Third, the integration of telemedicine, AI and portable
imaging must be evaluated not only for diagnostic accuracy but also for cost-effectiveness
and equity of access, particularly in vulnerable populations. Fourth, evidence on pos-
tural IOP, subclinical ocular motility dysfunction and ocular signs of systemic disease
calls for the systematic integration of ophthalmology into cardio-, neuro- and endocrine-
ophthalmology pathways. Fifth, pharmacological and nutritional management should
move beyond population-average recommendations toward genotype-, phenotype- and
biomarker-guided regimens for anti-VEGF therapy in DR/DME, IOL selection in complex
refractive histories and antioxidant supplementation in AMD. Finally, patient-reported
outcomes and adherence metrics must be prospectively incorporated into personalized
protocols, so that success is defined not only by anatomical and functional endpoints but
also by what matters most to patients.

5. Concluding Remarks

Collectively, the sixteen contributions in this Special Issue trace a coherent trajectory for
contemporary ophthalmology: broader and earlier screening underpinned by telemedicine
and AI; finer phenotyping supported by multimodal imaging and advanced biometrics; and
more individualized therapeutic choices, from anti-VEGF regimens and IOL calculations to
surgical dosing and antioxidant supplementation. The work presented here offers concrete
building blocks for a genuinely personalized ophthalmic practice—and a clear agenda for
the studies that will follow.
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Abstract

Background/Objectives: Inherited retinal diseases (IRDs) represent a group of rare condi-
tions characterized by significant clinical and genetic heterogeneity. Historically, the diag-
nosis of these conditions relied primarily on clinical presentation and imaging techniques.
This literature review aims to discuss the current state of progress and ongoing challenges
in applying precision medicine approaches to IRDs and to examine how advances in genetic
testing have transformed diagnostics and opened new therapeutic avenues. Methods: This
review examines the application of genetic testing methods to IRDs, with particular focus
on next-generation sequencing (NGS) technologies. The review also evaluates current
patient selection protocols that combine genetic confirmation, retinal structural evaluation,
and detailed genetic counselling to achieve optimal therapeutic outcomes. Results: The
implementation of NGS has significantly enhanced diagnostic capabilities for IRDs by
enabling precise identification of specific genetic mutations. This advancement has paved
the way for targeted therapeutic strategies, exemplified by Luxturna for RPE65-related
IRDs. However, several barriers to broader adoption of precision medicine persist, includ-
ing high costs, varied access to services, and complexities in interpreting genetic variants.
Conclusions: While the continued development of innovative therapeutic modalities of-
fers promise for expanding treatment options for IRDs, fully harnessing the potential of
current and emerging therapeutic technologies requires addressing existing economic,
technological, educational, and infrastructural challenges.

Keywords: precision medicine; inherited retinal diseases gene therapies; retina

1. Introduction

Inherited retinal diseases (IRDs) are a group of rare, progressive conditions that
can result in visual deficits or blindness due to dysfunction, degeneration, or abnormal
development of the photoreceptors or the retinal pigment epithelium. IRDs encompass
a wide range of disorders that differ in severity, age of onset, and rate of progression.
They may affect central or peripheral vision and can present from early childhood to late
adulthood. Although individually rare, IRDs are collectively important because of their
chronic nature and long-term impact on vision and quality of life [1].
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IRDs show significant clinical and genetic heterogeneity. For example, two patients
with the same clinical diagnosis may experience different ages of onset, rates of progression,
and severity of symptoms, while others with similar clinical presentations may have entirely
different genetic mutations underlying their disease. These differences can come from
principles such as allelic heterogeneity, where different mutations in the same gene can
cause similar conditions, or locus heterogeneity, where mutations in different genes result
in the same disease. This variability demonstrates why IRDs require a precision medicine
approach [1].

In recent years, genetic testing has improved, changing the way clinicians approach
IRDs. Rather than only relying on clinical features and imaging, there is now an increasing
emphasis on identifying the genetic basis of disease in order to inform the diagnostic plan
for the patient. This shift is one of the goals of precision medicine. Because IRDs are
caused by a wide range of mutations across many genes, gene therapy aims to overcome
this heterogeneity by targeting specific, disease-causing variants, either by replacing the
defective gene, correcting the mutation, or modulating gene expression. This precision-
based strategy enables more targeted and potentially effective treatments for patients [2].

The application of precision medicine for the treatment of IRDs is especially promising.
However, understanding the results of genetic testing when variants of uncertain signifi-
cance are involved is more challenging for doctors and patients. Exploring the techniques
and methods used for interpreting IRDs and understanding the difficulty of linking genetic
information with clinical outcomes is essential for advancements in precision medicine [2].

2. Background

The following section briefly outlines examples of IRDs to show this variability in
clinical presentation and genetic mechanisms.

2.1. Retinitis Pigmentosa (RP)

Early signs of RP often include trouble seeing in low light (nyctalopia) and peripheral
vision loss, which can later affect central vision as well. However, the age of onset and
severity vary widely, and patients may also experience photophobia, near-sightedness, or
colour vision defects. With over 80 genes implicated, RP can be inherited in autosomal
dominant (20–25%), autosomal recessive (15–20%), or X-linked (10–15%) patterns, and
rare cases of digenic inheritance have been reported. Even within the same gene, different
mutations may have differing clinical presentations. For example, ABCA4 and BEST1
mutations can cause RP alongside other retinal dystrophies, and the same pathogenic
variant can also present in a variety of ways across families [3].

2.2. Leber Congenital Amaurosis (LCA)

This IRD is a severe early-onset retinal dystrophy, which typically presents with visual
impairment or blindness in infancy, though the severity of the disease and its symptoms,
such as nystagmus, photophobia, or refractive errors, differ between patients. Additionally,
fundus appearance and progression can differ, and extra-ocular features may occasionally
be present in some patients. The condition is genetically diverse, with at least 20 genes
involved, including CEP290, CRB1, GUCY2D, and RPE65. These genes affect different
retinal pathways, such as phototransduction or ciliary function. Most cases are inherited in
an autosomal recessive manner, though some rare forms follow an autosomal dominant
pattern. This variation makes diagnosis complex, but also allows for new approaches to
gene-specific therapy [4].
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2.3. Stargardt Disease (STGD)

STGD is the most common inherited macular dystrophy, varying in the age of onset,
severity, fundus appearance, and progression [5]. Some individuals present in childhood
with rapid vision loss and impairments, while others are diagnosed in adulthood with
slower decline [6]. Yellow-white pisciform flecks and macular atrophy may be absent early
on, complicating diagnosis. Furthermore, full-field ERG and imaging findings differ across
patients [6]. STGD is most commonly caused by mutations in ABCA4, but even among
patients with similar mutations, phenotypes can vary [3].

Due to the high level of variability seen among different genotypes implicated in IRDs
and how the condition clinically presents, precision medicine is a promising method of
therapy for these unique conditions [3].

3. Genetics (WES/WGS, VUS)

Diagnosing inherited retinal diseases has become more reliant on genetic testing, as
these diseases usually have mutations across a wide range of genes. With the growing
availability of gene panels, whole-exome sequencing (WES), and whole-genome sequenc-
ing (WGS), clinicians now have more methods to uncover the molecular basis of retinal
degeneration. Moreover, the cost of sequencing, particularly for WGS, has decreased
dramatically in recent years, falling from over $4000 to approximately $200 per genome,
thereby increasing its accessibility for clinical diagnostic use. However, these advances have
challenges, especially when genetic findings do not clearly explain a patient’s symptoms.
Variants of uncertain significance (VUS) further add to this complexity, making it hard to
distinguish between benign variation and disease-causing mutations. At the same time,
improved genetic resolution plays an important role in identifying patients eligible for
new gene therapies, many of which are designed to target specific mutations or pathways
involved in IRDs [7].

Gene panel sequences curated a list of genes known to be associated with IRDs.
They are cost-effective and good for detecting known pathogenic variants, especially in
populations with well-characterized mutation spectra. However, Panels can miss novel
or rare variants outside the selected genes, which limits their use in highly heterogeneous
populations or for discovering new disease genes [8].

WES sequences all protein-coding regions, capturing both known and novel variants
across hundreds of IRD-associated genes [9]. WES is particularly valuable in genetically
diverse populations or when initial gene panel testing is inconclusive [9]. It enables the
discovery of new disease-causing genes and expands the mutation spectrum, which is seen
in many IRD cohorts. However, WES may not detect deep intronic or regulatory variants
and structural rearrangements [9].

WGS covers the entire genome, including coding, non-coding, and regulatory regions,
and can identify variants which goes undetected by other methods [9]. WGS is being used
more frequently for unresolved cases after panel or WES testing, although cost and data
analysis still pose challenges [9].

Identifying clear links between different genetic variants and clinical features, known
as genotype-phenotype correlations, is an important step in understanding inherited retinal
diseases [10]. These correlations can allow researchers to understand how a disease might
progress and help shape genetic counselling for families [10]. For example, individuals who
carry two copies of a disease-causing mutation (homozygous variants) often present with
more extreme symptoms or earlier onset when compared to individuals with only one copy
(heterozygous) [10]. This pattern has been seen across multiple IRDs, including retinitis
pigmentosa (RP), Leber congenital amaurosis (LCA), and Stargardt disease [10]. However,
the relationship between genotype and phenotype is not always straightforward [10].

https://doi.org/10.3390/jpm16060292
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Certain genes, such as PROM1, USH2A, and ABCA4, have been associated with a wide
range of clinical outcomes [9]. Sometimes, the same gene can lead to differing conditions,
which are dependent on the specific mutation involved and whether it is inherited in a
dominant or recessive manner [9]. Despite the growing availability of genetic testing,
strong genotype-phenotype matches are still only found in a fraction of patients [9]. One
large study conducted in an Indian population, for example, reported clear correlations in
just 35% of cases, which shows the ongoing challenges in interpreting gene data and the
influence of other factors, such as modifier genes or environmental exposures, on clinical
presentation [9]. A major hurdle in the genetic diagnosis of IRDs is the high number of
variants that are classified as variants of uncertain significance (VUS) [11]. These are genetic
changes for which there is not enough evidence to determine whether they are actually
involved in causing disease or are simply benign differences [11]. In one study, nearly 45%
of all IRD-related variants were categorized this way, emphasizing how often clinicians
are left with ambiguous results [11]. This uncertainty complicates not only how clinicians
approach diagnosis but also how they support patients in making sense of their results, as
it is challenging to offer confident answers about prognosis, recurrence risk, or eligibility
for gene-specific therapies [11]. Sometimes, added steps like functional assays, segregation
studies in relatives, or analysis of variant frequency in populations that are diverse can help
clarify whether a VUS is likely to be harmful [11]. Still, these follow-up investigations are
not always possible, especially in resource-limited environments or when family members
are unavailable [11].

Beyond VUS, several other factors make genetic diagnosis of IRDs complex. Many
IRDs share overlapping clinical features, making it hard to tell them apart just from
symptoms alone. At the same time, extensive genetic heterogeneity means that mutations
in dozens to hundreds of different genes can lead to similar retinal findings. The situation
becomes harder to untangle when considering population genetics. For example, genetic
differences might be more frequently observed in specific communities or in areas with
high rates of consanguinity, which affects both how common the disease is and how it
appears in individuals. Despite growing reliance on newer sequencing technologies, a
portion of IRD cases remain without a clear genetic explanation. This points to missing
genes still to be discovered, deep intronic or structural variants not captured by standard
tests, or more complex modes of inheritance that are not fully understood as of right now,
and need further research [8].

4. Therapies and Trials

Luxturna (voretigene neparvovec), developed by Spark Therapeutics, is the first gene
therapy approved by the FDA for any inherited disease, specifically targeting vision loss
caused by biallelic mutations in the RPE65 gene [11]. This therapy is indicated for patients
with Leber congenital amaurosis (LCA) and certain forms of retinitis pigmentosa (RP) due
to RPE65 mutations [11].

With regard to its mechanism of action, Luxturna uses an adeno-associated viral
(AAV2) vector to insert the RPE65 gene into retinal cells via subretinal injection, restoring
the ability to produce the critical enzyme required for the visual cycle [11]. In clinical trials,
Luxturna led to significant and durable improvements in functional vision, light sensitivity,
and visual function, with benefits persisting for at least three years [11]. Many patients were
able to get back some independence, such as navigating without canes and recognizing
faces [11]. The FDA approved Luxturna in December 2017 following unanimous advisory
committee support, representing a major turning point in the treatment of inherited retinal
diseases [12]. The approval of Luxturna has accelerated progress for therapies for other
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IRDs. Several promising clinical trials are underway for genes implicated in RP, LCA, and
related disorders:

RPGR (Retinitis Pigmentosa GTPase Regulator) mutations are a leading cause of X-
linked retinitis pigmentosa. Multiple clinical trials are evaluating AAV-mediated gene
replacement therapies for RPGR-associated RP [13]. Early results have shown some gains
in visual function and safety, although long-term efficacy is still being assessed [14].

CEP290 mutations are the most common cause of LCA. Efforts to treat CEP290 include
both gene augmentation and antisense oligonucleotide approaches [14]. Notably, antisense
therapy (such as sepofarsen) aims to correct splicing defects, and clinical trials have shown
some improvement in vision in treated patients [14].

CRB1 mutations cause severe early-onset retinal dystrophies, including LCA and
RP [14]. Preclinical studies and early-phase research trials are currently testing AAV-based
gene replacement strategies for CRB1-related diseases [14].

Additional gene therapy trials are also happening for genes such as CHM (choroi-
deremia), USH2A (Usher syndrome), ABCA4 (Stargardt disease), and RS1 (X-linked
retinoschisis) [15]. Many of these therapies use AAV vectors, but alternative delivery
systems and gene-editing approaches (such as CRISPR/Cas9) are also being looked into
for genes with large coding sequences or dominant negative effects [15].

While challenges still remain for these therapies, as previously mentioned, precision
medicine is a promising field of healthcare that could help better address the complications
and complexities seen in IRDs and how individualized the condition is due to both its
clinical and genetic heterogeneity seen among patients [15]. A summary of existing gene
therapy preclinical and clinical trials is in Table 1.

Table 1. Clinical and Preclinical Trials for Gene Therapies in Inherited Retinal Diseases.

Trial/Program Condition Gene Target Stage/Status
Organization/

Scientists
Trial/Literature

Reference

AAV-RPE65
preclinical
proof-of-concept
(Briard dog)

RPE65-associated
Leber congenital
amaurosis/
inherited retinal
degeneration

RPE65

Preclinical
large-animal
proof-of-concept;
supported human
translation

University of
Pennsylvania/Cornell
investigators

Acland et al., Nat
Genet 2001 [16]

RPE65 Phase I
gene transfer

RPE65-associated
LCA/inherited
retinal
degeneration

RPE65 Completed Phase 1
NEI/University of
Pennsylvania/CHOP
and collaborators

NCT00481546;
NCT00516477

Luxturna
(voretigene
neparvovec-rzyl;
AAV2-hRPE65v2)

Biallelic RPE65
mutation-
associated
inherited retinal
disease

RPE65
FDA approved
Dec. 2017; pivotal
Phase 3 completed

Spark Therapeutics
NCT00999609;
Russell et al.,
Lancet 2017 [17]

Voretigene
neparvovec
long-term
follow-up

Prior recipients of
AAV2-hRPE65v2 RPE65

Long-term
observational
follow-up

Spark Therapeu-
tics/Novartis

NCT03602820;
NCT03597399

RPGRORF15
canine
proof-of-concept

X-linked retinitis
pigmentosa model RPGR

Preclinical
large-animal
rescue study

University of Pennsyl-
vania/collaborators

Beltran et al.,
PNAS 2012 [18]

Codon-optimized
AAV8-RPGR

X-linked retinitis
pigmentosa
models

RPGR
Preclinical
mouse-model
optimization

University of
Oxford/collaborators

Fischer et al., Mol
Ther 2017 [19]
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Table 1. Cont.

Trial/Program Condition Gene Target Stage/Status
Organization/

Scientists
Trial/Literature

Reference

AAV5-
RPGR/botaretigene
sparoparvovec
Phase 1/2

RPGR-associated
X-linked retinitis
pigmentosa

RPGR

Completed Phase
1/2; safety and
efficacy signals
reported

MeiraGTx/Janssen

NCT03252847;
Michaelides et al.,
Am J Ophthalmol
2024 [20]

BIIB112/cotoreti-
gene toliparvovec
Phase 1/2

RPGR-associated
X-linked retinitis
pigmentosa

RPGR Completed Phase
1/2 Nightstar/Biogen NCT03116113

LUMEOS Phase 3
RPGR-associated
X-linked retinitis
pigmentosa

RPGR

Phase 3; did not
meet primary
endpoint reported
in 2025

Janssen/MeiraGTx NCT04671433

AGTC-
501/laruparetigene
zovaparvovec
Phase 1/2
(SKYLINE)

RPGR-associated
X-linked retinitis
pigmentosa

RPGR Phase 1/2 clinical
data published

AGTC/Beacon
Therapeutics

NCT03316560;
Yang et al., Am J
Ophthalmol
2025 [21]

VISTA pivotal trial
of AGTC-501/laru-
zova

RPGR-associated
X-linked retinitis
pigmentosa

RPGR
Randomized piv-
otal/registrational
trial

Beacon Therapeutics NCT04850118

LANDSCAPE
bilateral-
administration
study

RPGR-associated
X-linked retinitis
pigmentosa

RPGR
Phase 2 open-label
bilateral-treatment
study

Beacon Therapeutics NCT07174726

Sepofarsen/QR-
110/AON-3
Phase 1b/2

CEP290-associated
LCA10 due to
c.2991+1655A>G
(p.Cys998X)

CEP290

Completed Phase
1b/2 antisense
oligonucleotide
study

ProQR/Laboratoires
Thea/Sepul Bio

NCT03140969;
Russell et al., Nat
Med 2022 [17]

ILLUMINATE
sepofarsen
Phase 2/3

CEP290-associated
LCA10 CEP290 Completed Phase

2/3 ProQR NCT03913143

HYPERION
sepofarsen Phase 3

CEP290-associated
LCA10 CEP290

Phase 3; first
participant dosed
reported in 2025

Sepul Bio/
Laboratoires Thea NCT06891443

EDIT-101
BRILLIANCE

LCA10 due to
CEP290
c.2991+1655A>G/
IVS26 mutation

CEP290

Completed Phase
1/2 in vivo
CRISPR-Cas9
editing trial

Editas Medicine

NCT03872479;
Pierce et al., N
Engl J Med 2024
[22]

AAV2-REP1
first-in-human
choroideremia
gene therapy

Choroideremia CHM/REP1 Completed Phase
1/2 dose-escalation

University of
Oxford/Nightstar

NCT01461213;
MacLaren et al.,
Lancet 2014 [23]

STAR:
BIIB111/AAV2-
REP1/timrepigene
emparvovec

Choroideremia CHM/REP1
Completed Phase
3; primary
endpoint not met

Nightstar/Biogen
NCT03496012;
Bergland et al., Nat
Med 2023 [24]

BIIB111 bilateral-
administration
safety study

Choroideremia CHM/REP1 Completed safety
study Nightstar/Biogen NCT03507686

BIIB111 long-term
follow-up

Prior
BIIB111-treated
choroideremia
participants

CHM/REP1
Long-term safety
and efficacy
follow-up

Biogen NCT03584165
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Table 1. Cont.

Trial/Program Condition Gene Target Stage/Status
Organization/

Scientists
Trial/Literature

Reference

4D-110 intravitreal
CHM gene therapy Choroideremia CHM/REP1 Phase 1

dose-escalation

Four-dimensional
Molecular
Therapeutics/Roche

NCT04483440

STELLAR: QR-
421a/ultevursen

Usher syndrome
type 2A/nonsyn-
dromic RP due to
USH2A exon
13 mutations

USH2A
Completed Phase
1/2 RNA
exon-skipping trial

ProQR NCT03780257

SIRIUS: ultevursen
Advanced RP due
to USH2A exon
13 mutations

USH2A

Phase 2/3; termi-
nated/transitioned
after program
changes

ProQR NCT05158296

CELESTE:
ultevursen

Early-to-moderate
RP due to USH2A
exon 13 mutations

USH2A

Phase 2/3; termi-
nated/transitioned
after program
changes

ProQR NCT05176717

LUNA: ultevursen RP due to USH2A
exon 13 mutations USH2A

Recruiting Phase
2b, randomized
sham-controlled

Sepul Bio/
Laboratoires Thea NCT06627179

SAR422459/EIAV-
ABCA4

ABCA4-associated
Stargardt disease ABCA4

Completed Phase
1/2a lentiviral
gene therapy

Sanofi/Oxford
BioMedica/OHSU/
Quinze-Vingts

NCT01367444;
Parker et al., Am J
Ophthalmol
2022 [25]

ASTRA: SB-007
dual-AAV
protein-splicing
therapy

ABCA4-associated
Stargardt disease ABCA4

Ongoing Phase
1/2;
dose-expansion
initiated

SpliceBio NCT06942572

CELESTE:
AAVB-039
dual-AAV ABCA4
therapy

ABCA4-associated
Stargardt disease ABCA4

Phase 1/2,
multicenter
open-label
dose-escalation

AAVantgarde Bio NCT07161544

VG801 mRNA
trans-splicing gene
therapy

ABCA4 mutation-
associated
recessive retinal
dystrophy/
Stargardt disease

ABCA4
Phase 1/2
first-in-human
dose-exploration

VeonGen/ViGeneron NCT07002398

OCU410ST/AAV5-
hRORA modifier
gene therapy

Stargardt
disease/ABCA4-
associated
retinopathy

ABCA4
pathway
modifier, not
ABCA4
replacement

Phase 2/3 pivotal
modifier-gene trial Ocugen NCT05956626

AAV8-RS1 ocular
gene transfer

X-linked
retinoschisis RS1

Completed Phase
1/2a intravitreal
trial; safety/
tolerability focus

National Eye Institute
NCT02317887;
Cukras et al., Mol
Ther 2018 [26]

rAAV2tYF-CB-
hRS1

X-linked
retinoschisis RS1

Completed Phase
1/2 intravitreal
trial; no
measurable
treatment effect

AGTC/OHSU and
collaborators

NCT02416622;
Pennesi et al.,
Ophthalmol Retina
2022 [27]

AAV2/4-RS1 X-linked
retinoschisis model RS1

Preclinical Rs1-KO
mouse rescue
study

University of
Florida/collaborators

Scruggs et al., Mol
Ther Methods Clin
Dev 2022 [28]
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Table 1. Cont.

Trial/Program Condition Gene Target Stage/Status
Organization/

Scientists
Trial/Literature

Reference

LIGHTHOUSE:
ATSN-201

RS1-associated
X-linked
retinoschisis

RS1

Phase 1/2/3;
pivotal Phase 3
cohort underway
in 2026

Atsena Therapeutics NCT05878860

PIONEER: GS030-
DP/ChrimsonR
optogenetic
therapy

Advanced
nonsyndromic
retinitis
pigmentosa

Mutation-
independent
optogenetics;
retinal
ganglion-cell
ChrimsonR

Phase 1/2a; first
reported partial
functional
recovery

GenSight Biologics/
Institut de la Vision

NCT03326336;
Sahel et al., Nat
Med 2021 [29]

ChR2 optogenetic
preclinical studies

Rodent/canine
retinal
degeneration
models

Mutation-
independent
optogenetics;
ChR2

Preclinical
proof-of-concept

Multiple academic
groups

Gaub et al., PNAS
2014 [30]

ChrimsonR
nonhuman-
primate
proof-of-concept

Late-stage retinal
degeneration
platform
development

Mutation-
independent
optogenetics;
ChrimsonR/
ChrimsonR-
tdT

Preclinical
nonhuman-
primate safety and
functional-
expression study

GenSight/Sorbonne/
Institut de la Vision
collaborators

Gauvain et al.,
Commun Biol
2021 [31]

RESTORE/MCO-
010 optogenetic
therapy

Advanced retinitis
pigmentosa

Mutation-
independent
optogenetics;
bipolar-cell
MCO

Phase 2b
randomized
sham-controlled
study; positive
durability reports

Nanoscope
Therapeutics

NCT04945772;
Lam et al., Nat
Med/PMC
2025 [32]

5. Patient Selection

Clinically using gene therapy in IRDs requires a balance of eligibility and ethical
considerations [33]. Precision medicine begins with patient selection protocols that are both
biologically and ethically justified, all while managing patients and their families regarding
the complexity, limitations and implications of therapy [33].

Eligibility for gene therapy requires, first, a genetic confirmation of disease etiology,
primarily in the form of biallelic pathogenic variants in a causative gene [33]. As previ-
ously discussed, treatment with Luxturna requires two disease-causing mutations in the
RPE65 gene, as established by FDA and EMA criteria [34]. Diagnoses often utilize NGS
gene panels due to their efficiency and broad coverage across the genetic spectrum of
IRDs [33]. The American Academy of Ophthalmology (AAO) recommends the inclusion of
syndromic genes in all IRD panels, given the possibility of delayed systemic involvement,
which further leverages the strength of NGS [33]. To reiterate, panels of patients with
nonsyndromic presentations also include testing for syndromic genes, as systemic features
such as hearing loss in Usher syndrome may emerge only later in life [33]. Furthermore,
the accurate interpretation of results, especially in VUS, depends on the analytic sensitivity,
quality of the reference database, and expert interpretation, underscoring the importance
of collaboration among ophthalmologists, molecular laboratories, and certified genetic
counsellors [35].

In addition to the presence of relevant genetic mutations, candidates may also need to
demonstrate some level of preserved retinal architecture, as gene therapy cannot regenerate
lost photoreceptors [36]. At this stage of testing, optical coherence tomography (OCT)
is used to evaluate retinal structure, specifically assessing the continuity of the ellipsoid
zone and central retinal thickness [36]. These measures are surrogates for photoreceptor
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viability and have been correlated with improved visual outcomes following subretinal
gene delivery [37]. Full-field electroretinography (ERG) is also used to assess the function
of rods and cones, supporting diagnosis and disease staging [37]. The quantitative readout
provided by full-field ERG is crucial in confirming retinal involvement, especially in
conditions such as LCA and RP [33]. This is an especially sensitive and vital test: even
in patients with localized macular involvement, full-field ERG can detect subclinical,
widespread degeneration that may affect outcomes and eligibility [33]. Furthermore,
kinetic and static visual field testing can be used to help determine disease severity and
baseline function, identifying patients who fall within regulatory or trial criteria, such as
thresholds for legal blindness [33]. This can also serve as a measure of functional outcomes
in trials [33]. Finally, fundus autofluorescence (FAF) and infrared reflectance imaging
may support the identification of metabolically active RPE; however, FAF should be used
with caution in macular dystrophies such as Stargardt disease, where short-wavelength
exposure poses a theoretical risk of light toxicity [38].

Due to the progressive and irreversible loss of photoreceptors in IRD, treatment timing
is critical, and regulatory approvals provide age-specific frameworks [38]. As explored
earlier, Luxturna is currently intended for patients 12 months of age and older [39]. This
is based on Phase 3 trial data and long-term follow-up studies, which indicate better
visual outcomes in younger patients with less advanced disease [39]. Most ongoing
trials in IRDs set age limits to account for the reliability of the test, disease progression
and surgical risk [39]. For pediatric candidates, additional considerations include the
feasibility of sedated imaging and ERG, as well as the challenges in assessing visual
acuity and fields [39]. Clinical trials of different gene therapies may apply more stringent
inclusion criteria [39]. The ongoing EDIT-101 trials for CEP290-related Leber congenital
amaurosis (LCA10) include only individuals with a certain margin of residual retinal
structure, as assessed by OCT [40]. Similarly, clinical trials targeting RPGR, CRB1, and
CHM genes may also incorporate additional requirements, such as visual acuity thresholds,
preservation of macular function, or exclusion of individuals who have undergone prior
ocular surgeries [40].

Beyond initial selection, patients who are candidates for gene therapy require struc-
tured long-term follow-ups to assess safety, functional outcomes and disease progres-
sion [33]. Retinal imaging, ERF and visual field testing are periodically repeated to monitor
the effect of treatment and detect late-onset complications [33]. These can include in-
flammation and subretinal fibrosis [33]. Clinicians, then, should prepare patients for
immediate procedure and a lifelong trajectory of follow-up, re-evaluation and emotional
adaptation [33].

This leads to a final, and perhaps most important, aspect of patient selection: com-
prehensive genetic counselling [33]. The importance of genetic counselling cannot be
overstated as an essential and ethical part of patient selection [33]. In both trials and clinical
use, patients express both hope and anxiety regarding gene therapy decisions [33]. As
such, patients and families may assume curative outcomes. Instead, counselling helps
reframe expectations towards stabilization or modest improvement [33]. For instance, in
the Luxturna trials, although improved functional vision was observed in many patients,
outcomes varied depending on age, disease stage, and baseline function [41]. Genetic
counselling is especially vital in IRD, where VUS are frequently encountered and more than
80 genes can contribute to overlapping phenotypes [41]. Here, results require careful and
nuanced interpretation and explanation to avoid inappropriate exclusion of false hope [41].
The AAO recommends that post-test counselling be conducted by clinicians or geneticists
familiar with ocular genomics and ideally be reoffered throughout life as new therapies and
variant classifications evolve [33]. Counselling must address psychosocial dynamics that
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patients and patient families often grapple with, such as feelings of hope, fear, guilt, and
grief [33]. These may emerge both pre- and post-therapy, especially in families navigating
decisions for children or those living with a progressive disability [33]. Support must not
end with the disclosure of test results, and longitudinal counselling (and re-counselling)
align with the best ethical practices to support informed and supported autonomy [33].

6. Barriers

Although gene therapy holds promising advancements for IRDs, several barriers must
be overcome before it can be widely implemented [33]. These barriers span economic,
infrastructure, technical and informational aspects [33].

6.1. Economic

Firstly, the high cost of gene therapy presents a significant barrier to access [42]. In the
United States, Luxturna is priced at approximately $850,000 for both eyes, posing challenges
at both the system and patient levels [42]. From the insurers’ perspective, health technology
assessments are complicated by the high upfront cost coupled with uncertain outcomes [42].
These problematize payers’ coverage and affect access to gene therapy [43]. However, even
when insurance is available, IRD patients often face restrictive costs, especially within the
broader scope of the economic burden associated with IRDs [43]. Children with IRDs have
40% higher health expenses than their peers, owing mainly to increased outpatient eye
care and psychiatric services [44]. The lifetime cost per person with IRD was estimated
at $5.2 million in Australia, with 87% of the cost arising from societal costs, including
loss of income for both patients and their caregivers [45]. Unfortunately, such financial
burdens and patterns often persist into adulthood for those with IRDs as well [45]. While
employment rates for adults with IRDs in Singapore are similar to those of the general
population, the income for those with IRDs remains significantly lower [46]. In Canada,
individuals with IRDs are 24% less likely to hold paid employment compared to the
national average [47]. Furthermore, the estimated per-person societal costs associated with
IRDs in Canada range from US$16,470 to over US$275,000 annually [47]. Lost productivity,
diminished quality of life, and informal caregiving responsibilities contribute to up to 98%
of these costs [48]. Thus, financial inaccessibility encompasses not only the high price of
treatment but also the broader economic vulnerability experienced by individuals living
with IRDs [48].

6.2. Infrastructural

Furthermore, the actual availability and distribution of centres and trained profession-
als vary globally and influence accessibility [49]. In Portugal, for example, genetic testing
was found to be only available in 54.5% of centres, and of the 26 centres studied, only four
actually used the national IRD registry [49]. Moreover, 83.4% of IRD patients experienced a
turnaround time of 4 to 9 months for genetic test results [49]. Similarly, in Italy, patients
with RPE65-related IRDs often consulted up to 10 healthcare professionals before finding
an appropriate specialized centre [49]. This highlights that even when a centre is available,
in the absence of a well-organized referral network, barriers to diagnosis and treatment
persist [50]. Such a trend is also prevalent in Canada, where a study of 408 patients and
caregivers found challenges in accessing genetic testing and specialized care, with many
patients reporting delays in diagnosis and treatment [51]. While there are more specialized
centres for IRD gene therapy in the United States, access remains uneven [51]. Centres
such as the Bascom Palmer Eye Institute and the Massachusetts Eye and Ear Infirmary
are concentrated in specific regions, which may lead to disparities in access for patients
residing in rural or underserved areas [51].
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6.3. Technical

Even once a centre is located, certain barriers persist [52]. The success of gene therapy
in IRDs is dependent on the precise delivery and sustained expression of the therapeutic
gene. As touched on briefly, variability in vector transduction efficiency, potential immune
response and need for viable target cells can complicate treatment outcomes [52]. For
example, the efficiency of AAV vectors can be affected by the presence of pre-existing
neutralizing antibodies that can vary among individuals [52]. In some cases, the introduc-
tion of viral vectors can activate the immune response and cause inflammation, leading
to a potential reduction in efficacy [52]. In the context of IRDs, these immune reactions
can exacerbate retinal degeneration and present as gene therapy-associated uveitis (GTU),
which has been reported in clinical trials [53]. In regard to the aspect of viable target cells,
identifying patients early is crucial for the effective implementation of therapy. Leber
congenital amaurosis and achromatopsia, for example, present preserved retinal structure
for extended periods and are more ideal candidates for gene therapy when compared to an
IRD such as retinitis pigmentosa, which presents with rapid retinal degeneration [54–56].

Informational

On a broader level, a lack of awareness and a clear understanding of gene therapy
among patients and healthcare providers can further impede its implementation [57]. Mis-
conceptions and limited access to accurate information may lead to barriers at a societal
and mental level [57]. An Australian survey by Mack et al. probing the perspectives of indi-
viduals with IRDs found that only 28.3% of participants agreed they have good knowledge
of gene therapy [57]. Though 86.9% were able to differentiate between an experimental
treatment and an approved therapy, 52.9% incorrectly believed that gene therapy and stem
cell therapy are the same. In a study with similar themes by Britten-Jones et al., only 37%
of participants correctly responded that gene therapy for the eye is not suitable for all
stages of the disease, and only 48% knew that the primary goal of the therapy is to slow
the progression of the disease [58]. Such knowledge gaps are also observed in healthcare
providers themselves [58]. A survey of optometrists in Australia and New Zealand found
that only 38% of participants correctly identified the primary goal of gene therapy (slowing
the progression of disease), and 81% indicated a lack of clarity on referral pathways as a
key barrier [59].

Knowing this, efforts to address informational gaps are crucial for supporting decision-
making and improving the implementation of gene therapy [58]. Britten-Jones et al. also
found that individuals who self-reported good knowledge of genetic therapy were approxi-
mately three times more likely to feel confident in managing their own or their dependent’s
eye care following testing [58]. One resource to enhance patient education is the Foundation
Fighting Blindness annual VISION conference for patients and families [47]. The conference
offers a place to connect with the community, learn about the latest research and treatments
and explore new clinical trials and products within a supportive environment [47].

7. Future Directions

Gene therapy, as an emerging technology, still faces some degree of limitations—whether
that be immunogenicity, restricted vector capacity or concerns about long-term efficacy—and
so fosters a centre for further innovation. CRISPR-Cas9 gene editing, antisense oligonu-
cleotides (ASOs), optogenetics and multi-omics approaches all hold potential, with each
technology harbouring its own advantages and challenges, a few of which are discussed
below [60].
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7.1. CRISPR-Cas9

CRISPR-Cas9 is a two-component genome-editing system founded on a single-guide
RNA (sgRNA) directing a Cas9 endonuclease to specific DNA sequences in order to
generate a site-specific double-strand break (DSB) [60]. This break is then repaired by the
cell and results in targeted insertions, deletions or precise replacements [60].

Applying CRISPR-Cas9 to IRDs has accelerated, originally beginning with using
animal models with relevant mutations to aid in developing therapeutics that can edit
photoreceptor or RPE cells in vivo [61]. A landmark preclinical study by Maeder et al.
explored EDIT-101, an AAV-delivered CRISPR-Cas9 system aiming to edit the mutation
responsible for LCA10 [61]. EDIT-101 achieved sustained editing rates, even exceeding the
presumed therapeutic threshold and restoring regular transcript expression for photorecep-
tor structure and function [61].

Since then, a Phase ½ clinical trial (BRILLIANCE) has been evaluating the safety and
tolerability of subretinally delivered EDIT-101 in LCA10 patients [22]. Early interim data
thus far have indicated on-target editing in patient-derived retinal cells and no serious
adverse events. Though final data is pending, these findings support the feasibility of
CRISPR-Cas9 therapeutics in the field of IRDs [22].

At its ideal, CRISPR-Cas9 for IRDs can include the potential for permanent correction
of recessive or dominant-negative mutations with a single intervention, standing to elimi-
nate the need for repeat dosing [62]. Furthermore, the programmable nature of sgRNAs
offers precise targeting of mutations across diverse IRD-implicated genes [62]. However,
off-target cleavage remains a concern: unintended DSBS can cause changes in nontarget loci
with variable downstream effects [62]. Preexisting or induced immune responses against
the bacterial Cas9 protein could also reduce efficacy and lead to retinal inflammation [62].
Finally, efficient delivery to photoreceptors or RPE cells requires optimized vectors, and the
current usage of AAV introduces constraints for the inclusion of larger Cas9 orthologs [63].

That being said, CRISPR-Cas9 editing in other genetic diseases, such as sickle cell
disease, has demonstrated reliable on-target gene correction and clinical benefit [64]. For
applicable translation to IRDs, general improvements in the CRISPR field can also be
applied, such as engineering high-fidelity Cas9 variants, smaller Cas9 orthologs with AAV
and the development of non-viral delivery methods [65].

7.2. ASOs

Antisense oligonucleotides, or ASOs, are short synthetic strands of nucleic acids
that can hybridize with specific pre-mRNA sequences to modulate splicing [66]. In IRDs,
ASOs aim to bind to mutated exons and induce exon skipping, allowing the synthesis of a
truncated but partially functional protein [66]. Dulla et al. demonstrated that an intravitreal
delivery of ASOs in a murine retinitis pigmentosa model successfully skipped the mutated
exon [66]. This resulted in a 35–45% restoration of full-length transcription and partial
preservation of photoreceptor function [66].

Several ASO candidates for CEP290-related LCA are in the early stages of clinical devel-
opment [67]. AON-3, now formulated as QR-110 or sepofarsen, targets the c.2991+1655A>G
CEP29-mutation and was found to restore normal CEP290 mRNA in patient-derived reti-
nal organoids [67]. Based on these findings, a first-in-human trial is evaluating safety
and tolerability in LCA10 patients [67]. Interim data describe dose-dependent editing in
patient-derived retinal cells and no serious adverse events attributable to Cas9 editing [17].

ASOs offer high specificity, and they can be designed with single-nucleotide preci-
sion [17,67]. Unlike permanent gene editing, the effects of ASO are reversible; ASO gradu-
ally degrades over weeks, allowing for dosing adjustments if adverse effects arise [17,67].
On the flip side of the same coin, however, ASO therapy requires repeated intravitreal
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injections to maintain therapeutic levels, leading to increased procedural burden and
risks [17,67]. It is also worth noting that exon skipping often yields retention of only partial
function, and off-target splicing effects are also possible [17,67]. However, in IRDs, even
partial preservation could maintain functional vision for years, and thus, ASOs present a
compelling intermediate between gene supplementation and permanent editing [17,67].

7.3. Optogenetics

Optogenetics aims to repurpose surviving inner retinal neurons (typically bipolar or
ganglion cells) into light detectors by using microbial opsin genes [29]. Sahel et al. report a
successful case [29]. A patient presenting with retinitis pigmentosa received an intravitreal
injection with an AAV2 vector encoding a red-shifted channelrhodopsin, ChrimsonR, under
a bipolar-cell-specific promoter [29]. When the patient then wore specifically designed
amber-filtered goggles, he was able to locate and count objects, detect moving people, and
recognize high-contrast shapes, regaining abilities he had lost prior to treatment [29]. These
abilities persisted at six months without significant inflammation or adverse events [29].

Preclinical work in nonhuman primates has confirmed that bipolar-cell-specific ex-
pression of ChrimsonR via AAV2 can yield stable mutation-independent photorecep-
tion [68]. A canine model of progressive rod-cone degeneration found that intravitreal
delivery of AAV2-ChR2 restored light-driven pupillary reflexes and coordination to moving
stimuli [68].

It is worth noting that while intravitreal injection is less invasive than subretinal
surgery, visual acuity remains low, and bulky goggles are required to deliver sufficiently
intense, wavelength-specific light [29,68]. Device calibration and patient training can take
several weeks to achieve reliable performance [29,68]. However, optogenetics offers one of
the few viable near-term options for patients lacking residual photoreceptor functions and
could be combined with future cell-replacement or gene-correction approaches [29,68].

7.4. Multi-Omics

Multi-omics integrates multiple molecular layers (genome, transcriptome, proteome,
metabolome and epigenome) to build a comprehensive molecular picture of disease [69].
In IRDs, multi-omics has been employed to elucidate complex genotype-phenotype rela-
tionships and identify novel biomarkers for diagnosis and stratification [69]. Liang et al.
generated a single-nucleus multi-omics atlas of adult human retinas, combining transcrip-
tomics and chromatin accessibility profiles from more than 250,000 nuclei [69]. Integrating
this data revealed a core module of IRD-associated genes, including photoreceptor-specific
transcription factors and metabolic enzymes, which had not been apparent from genetics
alone [69]. Similarly, Lei et al. applied proteomic and metabolomic profiling to the vitreous
samples of RP patients to identify elevated oxidative stress markers and dysregulated lipid
pathways, suggesting potential targets for neuroprotection [70].

Advantages of multi-omics include the sensitive detection of subclinical disease stages,
the refinement of patient subgroups for clinical trials, and the discovery of drug-target path-
ways [69,70]. However, this approach is resource-intensive, comprising sample collection,
high-throughput sequencing, mass spectrometry, and computational integration [69,70].
From a patient’s perspective, multi-omics can yield personalized prognoses and inform the
tailoring of future therapies [69,70]. However, broad implementation hinges on developing
streamlined and cost-effective assays [69,70]. In practice, multi-omics is thus an emerging,
realistic adjunct to genetic testing, with the power to accelerate the diagnosis of unsolved
IRDs and prioritize patients for mutation-specific interventions [69,70].

Lastly, prior to implementing precision medicine in IRD therapeutic strategies, safety
and procedural risks should be explored and addressed [71]. A recent systematic review
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and meta-analysis found that AAV ocular gene therapy had a cumulative serious adverse
event incidence of 8%, with most adverse events attributable to the surgical procedure used
to deliver the vector [71]. Ocular inflammation related to high-dose ocular gene therapies
was found to be generally transient and resolved upon administration of corticosteroids [71].
Despite these findings, adverse event reporting in ocular gene therapy trials is inconsistent,
suggesting that adverse events may occur at a higher rate than reported [71]. Future
trials should investigate methods for safe dose selection and optimal delivery, such as
intraoperative assistance with optical coherence tomography, to avoid off-target exposure,
inflammation, and mechanical injury to the retina [71].

8. Conclusions

Over the past decade, precision medicine has transformed the IRD landscape: NGS
panels and complementary imaging modalities now enable genetic diagnoses in the major-
ity of patients, and multi-omics approaches and functional assays deepen our understand-
ing of variant pathogenicity. Informed patient-selection protocols have already yielded
tangible clinical benefits, and treatments are increasingly emerging and becoming available.

Despite these advancements, certain challenges persist. A marked subset of IRD
cases remains genetically unresolved due to the presence of deep-intronic, structural, or
non-coding variants that elude standard assays. Long-term safety and efficacy data for
gene-based intervention are still maturing, and high costs, bioinformatic needs and regional
disparities continue to limit broad, equitable access.

To bridge these gaps, the field must develop efficient and effective technology
pipelines, in addition to forging international consortia to harmonize patient registries,
trial eligibility, and post-market surveillance. Sustaining collaboration among geneticists,
clinicians, health economists, patient advocates, and policymakers, the promise of precision
medicine can be leveraged to translate into durable, accessible treatment; ultimately, to
give the gift of sight to as many IRD patients as possible.
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The following abbreviations are used in this manuscript:

Abbreviation Full Term
AAV Adeno-associated virus
ABCA4 ATP Binding Cassette Subfamily A Member 4
AON Antisense oligonucleotide
ASO Antisense oligonucleotide
BEST1 Bestrophin 1
CEP290 Centrosomal Protein 290
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CHM Choroideremia
CRB1 Crumbs Cell Polarity Complex Component 1
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
DNA Deoxyribonucleic acid
ERG Electroretinography
FAF Fundus autofluorescence
FDA Food and Drug Administration
GUCY2D Guanylate Cyclase 2D
IRDs Inherited retinal diseases
LCA Leber congenital amaurosis
NGS Next-generation sequencing
OCT Optical coherence tomography
PROM1 Prominin 1
RNA Ribonucleic acid
RP Retinitis pigmentosa
RPE65 Retinal pigment epithelium-specific 65 kDa protein
RPGR Retinitis Pigmentosa GTPase Regulator
RS1 Retinoschisin 1
STGD Stargardt disease
USH2A Usherin
VUS Variants of uncertain significance
WES Whole exome sequencing
WGS Whole genome sequencing
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Abstract

Background/Objectives: To assess the knowledge, attitudes, and practices of ophthalmolo-
gists in Saudi Arabia towards genomic medicine and genetic testing, in light of the growing
significance of genomics in ophthalmology and the national transition towards precision
medicine. Methods: A cross-sectional, questionnaire-based survey was conducted among
ophthalmologists, including consultants, specialists, fellows, and residents, across Saudi
Arabia. The questionnaire included four domains: demographics, knowledge of genomic
principles and gene therapy, self-rated confidence in genetic tasks (scored 1–10), and atti-
tudes toward genetic testing. Data were analyzed using descriptive and inferential statistics,
with subgroup comparisons performed using chi-square tests and t-tests/ANOVA. Results:
A total of 115 ophthalmologists participated (46% male, 54% female; mean age 34 years;
mean post-board experience 4 years). Most were consultants (40%) and practiced in Riyadh
(52%). Knowledge was variable: 92% correctly identified human chromosome count, and
99% recognized autosomal recessive inheritance, but only 9% answered DNA base-pairing
correctly, and 54% recognized mitochondrial inheritance. Confidence was highest for
referral to specialists (mean 7.3/10) and lowest for test selection and counseling (4.7/10).
The internet was the primary knowledge source among our sample (65%). The majority
of individuals had positive attitudes towards genomic medicine: 90% believed testing
was beneficial, 89% considered it enhanced health outcomes, and 89% indicated they
would undergo testing themselves. On the other hand, 77% indicated difficulty in access,
91% strongly concurred on the significance of privacy and confidentiality, and more than
half expressed concerns regarding misuse and bias. Conclusions: Ophthalmologists in
Saudi Arabia acknowledge the importance of genetics. Yet, there are substantial gaps in
knowledge and familiarity with genomic medicine and genetic testing. To overcome these
challenges, it is essential to integrate genetics into ophthalmology curricula.

Keywords: knowledge; attitude; practices; genomic medicine; ophthalmologists
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1. Introduction

Genomic medicine is an evolving part of healthcare today and integrates genetic and
molecular data into clinical decision-making to improve disease prevention, diagnosis,
and treatment. In ophthalmology, genomic medicine improves diagnostic accuracy and
facilitates the adoption of a personalized approach for numerous diseases that have a
genetic basis, such as retinal dystrophies, congenital glaucoma, and hereditary corneal dis-
orders. Despite these developments in the medical field, research from different countries
continues to show significant gaps in the understanding of this field amongst healthcare
professionals [1–4]. Such gaps in understanding genomic medicine might affect patient
care through delayed referrals to ophthalmic genetic services, delayed genetic testing,
and absent or deficient counseling for family members against consanguinity. Surveys of
medical students and physicians in the Arab countries revealed predominantly favorable
opinions towards genomic medicine, although they highlighted a lack of formal education
and practical training. In these studies, healthcare professionals recognized insufficient
training and interpretative abilities as significant obstacles in integrating genomics in their
practice [5]. Research in Saudi Arabia has demonstrated similar observations; pharma-
cists and physicians have shown positive attitudes about genetic medicine, but exhibited
confusion regarding the application of test results in clinical practice [6,7]. In ophthalmol-
ogy, genetic testing and gene-based therapies are rapidly evolving, making it critical that
physicians in these specialties have a good background and understanding of this rapidly
evolving field. Ophthalmologists need to be aware that gene therapy is transforming the
treatment of various ophthalmic conditions by addressing the root causes of debilitating
diseases like inherited retinal dystrophies [8]. In addition, ophthalmology is one of the
leading specialties in the clinical applications of gene therapy, and appropriate referral by
ophthalmologists for genetic testing directly impacts eligibility for emerging treatments. In
a country with high rates of consanguinity like Saudi Arabia, the accessibility to ophthalmic
genetic services and the availability of genetic testing with meaningful interpretation might
reflect positively on medical care for affected patients, as well as for other family members
through early prevention and premarital genetic counseling. Ethical, legal, and societal
issues—such as the proper use of genetic information, possible discrimination, and patient
confidentiality—however, remain important considerations [9,10]. In the era of person-
alised medicine, identification of gaps in the knowledge and understanding of genomic
medicine among physicians and ophthalmologists facilitates the transition to personalised
medicine. The availability of more genomic information and molecular mechanisms of
inherited diseases leads to a better understanding of disease and higher-quality care pro-
vided to patients. Improving the practices and applications of genomic medicine among
ophthalmologists through proper identification of patients, utilization of genetic testing
to yield comprehensive genomic information, and appropriate patient referral represent
integral steps towards personalised patient care. Our study aims to evaluate the knowledge,
attitudes, and practices of ophthalmologists in Saudi Arabia towards genomic medicine
and genetic testing, given the evolving significance of genomics in ocular care. It also
assesses demographic factors, understanding of genetics and gene therapy, self-reported
trust in genetic counseling and testing, and perspectives on the clinical and ethical aspects
of genetic medicine.

2. Materials and Methods

This study was a cross-sectional, questionnaire-based study among ophthalmologists
in Saudi Arabia. Eligible participants were ophthalmology consultants, specialists, fellows,
and residents. The survey was distributed electronically to ensure accessibility across all
regions of the Kingdom. The study was approved by IRB at KKESH as the Saudi Ophthal-

https://doi.org/10.3390/jpm16050267
26



J. Pers. Med. 2026, 16, 267

mology Society (SOS) has no IRB. The SOS has ophthalmologists’ contacts, not the collected
data, because data collection was performed based on the response from ophthalmologists
in this study. The questionnaire (Table S1) was modified from recognized questionnaires
used to evaluate knowledge, attitudes, and practices in genomic medicine and tailored
for the ophthalmology domain. It consisted of four domains: (1) demographics, (2) under-
standing of genetic principles, inheritance mechanisms, and gene therapy, (3) self-rated
confidence in performing genomics-related tasks such as family history assessment, test
interpretation, and counseling, and (4) attitudes and perceptions regarding genomic testing,
its availability, benefits, and ethical concerns. To test the understanding of genetic princi-
ples, inheritance mechanisms, and gene therapy, questions were modified from a survey
that was provided for healthcare professionals [11]. To test self-rated confidence to perform
genomics-related tasks, questions were modified from a survey that was provided for
primary care physicians [12]. Both sets of questions were modified to more appropriately
address ophthalmologists. The face validity of the survey was assessed by ten ophthalmol-
ogists to ensure the clarity and the premise of each question. The survey was then piloted
for content, design, readability, and comprehension by ten different ophthalmologists.
The required amendments were made based on the feedback to develop the final survey.
The survey was distributed using professional ophthalmology email lists and contacts
between June and August 2025. All ophthalmologists who had active memberships in
the Saudi Ophthalmology Society (SOS) were invited to participate in the study. Ophthal-
mologists who did not have active SOS memberships were excluded. The total number
of ophthalmologists who were invited was 429 ophthalmologists. Informed consent was
obtained electronically prior to survey completion. The data extraction from the responses
was performed electronically through predefined variables and was then transferred to
the IBM Statistical Package for Social Sciences (SPSS). The SPSS version 30.0.0 was used
to perform the statistical analysis. Descriptive statistics were generated for categorical
variables (frequencies, percentages) and continuous variables (means, standard deviations,
medians, ranges). Knowledge questions were analyzed for correctness; confidence scores
are summarized as mean ± SD. Attitudinal responses are reported as proportions.

3. Results

A total of 115 ophthalmologists participated in our study, and the response rate was
26.8%. Of these, 53 (46.1%) were male, and 62 (53.9%) were female (Figure 1). The mean
age of respondents was 34.4 years (SD ± 7.6; range: 26–60), with a median of 32 years.
The mean post-residency clinical experience was 4.3 years (SD ± 5.6; range: 0–30), with a
median of 2 years. In terms of professional grade, 45 respondents (39.8%) were consultants,
11 (9.7%) specialists, 35 (31.0%) fellows, and 24 (21.2%) residents (Figure 2). The majority of
participants had their ophthalmology practice based in Riyadh (52%), followed by Jeddah
(9.6%), Alkhobar (7.8%), Dammam (7.0%), and Dhahran (7.0%).

Knowledge questions revealed variable levels of accuracy. Almost all participants
correctly identified that humans do not have 50 chromosomes (92%), and 99% recognized
misconceptions in statements about autosomal recessive inheritance. In addition, 86%
recognized misconceptions in statements about autosomal dominant inheritance. Similarly,
85% understood that not all genetic variants cause disease. Importantly, 85% of ophthalmol-
ogists confirmed that gene therapy is no longer confined to research purposes only (85%).
However, only 9% correctly answered the DNA base pairing question, and 54% recognized
the maternal inheritance pattern of mitochondrial diseases. Sources of information were
primarily through the internet (65%), followed by books (14%) and medical school (12%).

https://doi.org/10.3390/jpm16050267
27



J. Pers. Med. 2026, 16, 267

Figure 1. Gender distribution among respondents.

Figure 2. Professional grades of ophthalmologists who responded to the survey.

Confidence scores indicated moderate overall confidence. The highest mean scores
were reported for referral to specialists (mean 7.3 ± 2.3) and obtaining family history (mean
6.6 ± 2.3). Clinical evaluation scored moderately (mean 5.5 ± 2.3). In contrast, confidence
in deciding appropriate genetic tests (mean 4.7 ± 2.8), discussing prenatal diagnosis (mean
4.8 ± 2.8), and providing detailed counselling was low. This pattern highlights the reliance
on referral networks rather than independent genetic decision-making).

The majority of participants considered genetic testing to be beneficial (90%) and
reported that it has a favorable impact on health and well-being (89%). A substantial
proportion (89%) were in favor of having genetic evaluations if recommended. Nonethe-
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less, 77% believed that testing is not readily accessible to the public. Ninety-one percent
displayed great agreement with the importance of confidentiality and privacy. Forty-nine
percent of individuals expressed concern regarding the potential misuse of genetic data,
while 51% indicated apprehension about the possibility of genetic data resulting in dis-
crimination in employment, insurance, or healthcare. Most participants (89%) predicted
that genetic testing would become more prevalent in the future. Figure 3 illustrates that
individuals exhibited the highest confidence in recommending someone to an expert, while
they demonstrated the lowest confidence in selecting a test or providing advice. Figure 4
illustrates that the majority of individuals perceived testing as beneficial; nonetheless,
numerous concerns around privacy, accessibility, and potential misuse were prevalent.

Figure 3. Self-rated confidence in performing clinical tasks that are related to the genomic
medicine practice.

Figure 4. Attitudes and perceptions of ophthalmologists towards genetic testing.
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4. Discussion

This study explored the knowledge, attitudes, and practices of ophthalmologists
in Saudi Arabia regarding genomic medicine and genetic testing. To the best of our
knowledge, this is the first study to address the gap in understanding genomic medicine
and genetic testing in the field of ophthalmology in our region. Based on our survey
analysis, our findings indicate significant deficiencies in knowledge, limited confidence in
clinical application, and generally positive attitudes toward genetic ophthalmic illnesses.
These results, when applied in the context of regional and global data across various
medical specialties, suggest the need for comprehensive training, improved infrastructure,
and amendments to medical school curricula to enable the effective integration of genetics
into ophthalmic service and care.

Despite the advancements in the Human Genome Project [2] and the expanding global
understanding and application of genomic medicine [1], our findings reveal ongoing knowl-
edge gaps among ophthalmologists. Participants demonstrated a good understanding of
inheritance patterns; yet, some errors related to molecular genetics were found, such as
DNA base pairing and mitochondrial inheritance mechanisms. These results support the
previous findings highlighting similar deficiencies in knowledge among medical students
and pharmacists in Saudi Arabia, as well as physicians who demonstrated uncertainty in
the application of pharmacogenomics despite acknowledging its clinical relevance [6,7].
These results also show that while ophthalmologists retained certain background infor-
mation about human genetics, they were not exposed to more sophisticated material in
molecular genetics and special types of inheritance. As only a minority (12%) retained their
information from medical school, more in-depth exposure to genomic medicine during
medical school, and more importantly, at later stages of their careers, is needed to expand
the knowledge of ophthalmologists about genomic medicine.

The consequences of deficient knowledge about genomic medicine are particularly
relevant in ophthalmology more than in other specialties. The abundance of inherited
retinal diseases, which are associated with an increasing number of genetic variants in
disease-causing genes [3], makes the knowledge about genomic medicine and ophthalmic
genetics essential for appropriate diagnosis and referrals. The emergence of gene-based
therapies further emphasizes the critical importance of early diagnosis and referrals for
centers that provide genetic therapy trials.

Notably, our findings were in alignment with international studies demonstrating that
non-genetic specialists in other medical specialties—including cardiologists, oncologists,
and neurologists—report inadequate training and poor preparedness for genomic applica-
tions in clinical practice [13–15]. A comprehensive survey in Australia confirmed that while
clinicians recognize genomic relevance, most feel unprepared to implement these tools
without substantial additional training [15]. The low correct response rate for the DNA
base pairing (9%) in our study, in contrast to the high correct responses for the numbers of
chromosomes and the modes of inheritance, reflects the lack of depth in knowledge about
genomic medicine despite the good understanding of the general concepts of the subject.

Confidence levels among our participants varied significantly across different genomic
medicine applications. Participants expressed the highest confidence in referring patients
to genetics specialists but expressed lower confidence in ordering tests independently,
interpreting results, and providing genetic counseling. Similar patterns of resorting to
referral pathways rather than developing one’s own genomic competencies have been
widely reported in the literature [15–17]. Similar findings were found among cardiology
and oncology studies, where clinicians admitted to avoiding direct genomic decision-
making due to a lack of confidence [14]. These patterns have been observed throughout
Middle Eastern and Arab countries, where clinicians might lack the appropriate exposure
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to genomic medicine during training and require improvements in genetic services [6,16].
Although referring patients to genetic specialists might be an appropriate decision when
dealing with patients with inherited eye diseases, the referral to ophthalmic geneticists
might not be easy for some patients who resort to performing genetic testing in the most
accessible facility. Ophthalmologists who are confident in interpreting genetic testing
might make a difference in the management of these patients through careful monitoring
of patients with syndromic or nonsyndromic pathological myopia or appropriate referrals
for other specialties for syndromes that involve multiple organs, like Usher syndrome and
Bardet–Biedl syndrome [18]. The National Genomic Initiative might need to address these
gaps in knowledge and confidence through continuous medical education activities and
workshops for ophthalmologists.

Our results highlight that informal educational resources, which include online mate-
rials and presentations, served as primary sources of genomic knowledge. These findings
indicate broader learning patterns among health care professionals that extend beyond
structured, comprehensive education [5–7,16]. Such reliance on informal learning might
contribute to incomplete and insufficient understanding and reinforces the critical need for
specialty-specific genomic curricula.

The majority of participating ophthalmologists demonstrated positive attitudes toward
genetic testing, with nearly 90% expressing willingness to undergo testing themselves if
clinically advised. This optimism is supported by the recent advances and the introduction
of precision medicine and individualized patient care [1,4,19]. However, participants
identified substantial barriers to implementation, including limited service availability,
high costs, and insufficient institutional readiness. These concerns align with issues raised
throughout the Middle East [6] and persist even in Western countries where limitations in
infrastructure and challenges in reimbursement remain significant obstacles [11,19].

Participants expressed significant concerns regarding data confidentiality, genetic
discrimination, and the potential for misuse of genetic information. These ethical chal-
lenges were not confined to Saudi Arabia, as similar apprehensions were expressed across
Canada, the United States, and Europe [10,19]. DuBois et al. specifically reported that both
patients and clinicians emphasize the fundamental importance of trust, privacy safeguards,
and comprehensive informed consent in the implementation of genomic medicine [19].
Knoppers and Beauvais similarly argued that ethical considerations are inseparable from
successful clinical integration of genomic medicine [9].

Our findings suggest that ophthalmologists in Saudi Arabia are not yet adequately
prepared for the integration of genomic medicine into their routine practice, despite recog-
nizing its substantial clinical value. This readiness gap is particularly concerning given that
precision medicine has been designated as a national health priority, with Saudi Arabia
making significant investments in genomics infrastructure and workforce development [17].
For ophthalmology specifically, strengthening genomic literacy is essential to support effec-
tive integration of genomic medicine in clinical practice and optimal uptake of emerging
therapies for inherited eye diseases today and in the future.

This study is the first study assessing the genetic competencies of ophthalmologists
in Saudi Arabia, which provides specialty-specific evidence to the regional literature. In
addition, it provides a foundation for educational and policy reforms that could enhance
public preparedness for genomics. Limitations of this study include dependence on self-
reported data, which may inadequately represent actual competencies, and the cross-
sectional design, which restricts causal inference. About half of the study participants
were from Riyadh, and this might have resulted in overestimation or underestimation of
knowledge and confidence. In addition, this geographical distribution might limit the
generalizability of results and might have resulted in a sampling bias. The relatively small
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sample size and unknown response rate further affect representativeness. Additionally,
the cross-sectional design might limit the causal inference. This design cannot determine
whether increased training would directly improve confidence or practice.

5. Conclusions

This study demonstrates that while ophthalmologists in Saudi Arabia generally rec-
ognize the importance of genomic medicine and express positive attitudes toward its use,
significant knowledge gaps, limited confidence in clinical application, and systemic barriers
hinder its integration into practice. These findings mirror international trends and empha-
size the urgent need for structured genomic education, improved infrastructure, and clear
legislative frameworks to ensure safe and effective implementation. Strengthening genomic
knowledge and confidence among ophthalmologists might be critical not only for accurate
diagnosis and timely referral but also for enabling the successful adoption of emerging
gene-based therapies and advancing precision medicine in Saudi Arabia. Concrete steps
that support this direction include higher exposure for ophthalmic genetics among oph-
thalmology residents, establishing multidisciplinary clinics with genetic counselors, and
developing national guidelines for genetic testing in ophthalmology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jpm16050267/s1, Table S1: Knowledge, Attitude and Practices
towards Genomic Medicine among Ophthalmologists in Saudi Arabia.

Author Contributions: Conceptualization, W.B.; Methodology, W.B. and H.A.; Software, H.B.A.
and N.M.A.; Formal analysis, W.B., N.M.A. and Y.A.A.; Data curation, M.S.M.; Writing—original
draft, W.B. and H.B.A.; Writing—review & editing, W.B., H.A., H.B.A., N.M.A., Y.A.A. and M.S.M.;
Visualization, W.B. and H.A.; Supervision, W.B., H.A. and H.B.A.; Project administration, W.B. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of King Khaled Eye Specialist Hospital
(KKESH); reference: 45148-P. 3/11/2024.

Informed Consent Statement: Informed consent was obtained electronically from the participants
after explaining the aims of the study.

Data Availability Statement: All the data presented in this manuscript are available on request.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

KAP knowledge, attitudes, and practices

References

1. Collins, F.S.; Morgan, M.; Patrinos, A. The Human Genome Project: Lessons from large-scale biology. Science 2003, 300, 286–290.
[CrossRef]

2. Daiger, S.P.; Sullivan, L.S.; Bowne, S.J. Genes and mutations causing retinitis pigmentosa. Clin. Genet. 2013, 84, 132–141. [CrossRef]
3. Haga, S.B.; O’Daniel, J.M.; Tindall, G.M.; Lipkus, I.R.; Agans, R. Survey of US public attitudes toward pharmacogenetic testing.

Pharmacogenom. J. 2012, 12, 197–204. [CrossRef]
4. Olwi, D.; Merdad, L.; Ramadan, E. Knowledge of Genetics and Attitudes toward Genetic Testing among College Students in

Saudi Arabia. Public Health Genom. 2016, 19, 260–268. [CrossRef] [PubMed]

https://doi.org/10.3390/jpm16050267
32



J. Pers. Med. 2026, 16, 267

5. Alzoubi, A.; Kanaan, H.; Alhazaimeh, D.; Gharaibeh, S.; Mukattash, T.L.; Kheirallah, K. Knowledge, attitude, future expectations,
and perceived barriers of medical students and physicians regarding pharmacogenomics in Jordan. Int. J. Clin. Pract. 2020,
75, e13658. [CrossRef]

6. Alrabiah, Z.; Syed, W.; Babelghaith, S.D.; Al Arifi, M.N. Clinical Knowledge, Attitude, and Perceptions of Community Pharmacists
Towards Pharmacogenomics—A Cross-Sectional Study from Saudi Arabia. Pharmacogenom. Pers. Med. 2023, 16, 433–441.
[CrossRef] [PubMed] [PubMed Central]

7. Alsanosi, S.M.; Al Eissa, M.M. Awareness of pharmacogenomic capabilities among physicians and pharmacists in Saudi Arabia
within current clinical practice. J. Umm Al-Qura Univ. Med. Sci. 2025, 11, 1. [CrossRef]

8. AlEissa, M.M.; Alhawsawi, A.A.; Alonazi, R.; Magharbil, E.; Aljahdali, A.; AlBalawi, H.B.; Alali, N.M.; Hameed, S.; Abu-Amero,
K.K.; Magliyah, M.S. Advances in Precision Therapeutics and Gene Therapy Applications for Retinal Diseases: Impact and Future
Directions. Genes 2025, 16, 847. [CrossRef]

9. Knoppers, B.M.; Beauvais, M.J.S. Three decades of genetic privacy: A metaphoric journey. Hum. Mol. Genet. 2021, 30, R156–R160.
[CrossRef] [PubMed] [PubMed Central]

10. Manolio, T.A.; Chisholm, R.L.; Ozenberger, B.; Roden, D.M.; Williams, M.S.; Wilson, R.; Bick, D.; Bottinger, E.P.; Brilliant, M.H.;
Eng, C.; et al. Implementing genomic medicine in the clinic: The future is here. Genet. Med. 2013, 15, 258–267. [CrossRef]

11. AlRasheed, M.M.; AlAli, H.; Alsuwaid, A.F.; Khalaf, S.; Ata, S.I.; BinDhim, N.F.; Bakheet, D.; Khurshid, F.; Alhawassi, T.M. Gene
Therapy Knowledge and Attitude Among Healthcare Professionals: A Cross-Sectional Study. Front. Public Health 2021, 9, 773175.
[CrossRef] [PubMed] [PubMed Central]

12. Yu, M.W.C.; Fung, J.L.F.; Ng, A.P.P.; Li, Z.; Lan, W.; Chung, C.C.Y.; Li, Y.; Liu, Y.; Chung, B.H.Y.; Wong, W.C.W. Preparing for the
genomic revolution: Attitudes, clinical practice, and training needs in delivering genetic counseling in primary care in Hong
Kong and Shenzhen, China. Mol. Genet. Genom. Med. 2021, 9, e1702. [CrossRef] [PubMed] [PubMed Central]

13. Chow-White, P.A.; Ha, D.; Laskin, J. Knowledge, attitudes, and values among physicians working with clinical genomics: A
survey of medical oncologists. Hum. Resour. Health 2017, 15, 42. [CrossRef]

14. Christensen, K.D.; Vassy, J.L.; Jamal, L.; Lehmann, L.S.; Slashinski, M.J.; Perry, D.L.; Robinson, J.; Blumenthal-Barby, J.; Feuerman,
L.; Murray, M. Are physicians prepared for whole genome sequencing? A qualitative analysis. Clin. Genet. 2016, 89, 228–234.
[CrossRef]

15. Haga, S.B.; Kim, E.; Myers, R.A.; Ginsburg, G.S. Primary care physicians’ knowledge, attitudes, and experience with personal
genetic testing. J. Pers. Med. 2019, 9, 29. [CrossRef] [PubMed]

16. Mawkili, W.A. The future of personalized medicine in Saudi Arabia: Opportunities and challenges. Saudi Med. J. 2025, 46, 19–25.
[CrossRef]

17. AlEissa, M.M.; Alhawsawi, A.A.; Milibari, D.; Schatz, P.; AlBalawi, H.B.; Alali, N.M.; Abu-Amero, K.K.; Hameed, S.; Magliyah,
M.S. Genetics and Clinical Findings Associated with Early-Onset Myopia and Retinal Detachment in Saudi Arabia. Genes 2025,
16, 848. [CrossRef] [PubMed]

18. DuBois, J.M.; Callier, S.L.; Garrison, N.A.; James, C.A.; Henderson, G.E. Attitudes and expectations toward genomics and
precision medicine: Perspectives from medical professionals and patients. BMC Med. Ethics 2021, 22, 41.

19. Katsanis, S.H.; Katsanis, N. Molecular genetic testing and the future of clinical genomics. Nat. Rev. Genet. 2013, 14, 415–426.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jpm16050267
33



Article

Intravitreal Aflibercept for the Treatment of Diabetic
Retinopathy Among Patients Who Completed PANORAMA:
1-Year Outcomes from the VOYAGE Extension Study

Avery W. Zhou 1,†, Gail M. Teagle 1,†, Liisa M. Baumann 1, Jessica A. Cao 1, Andres Emanuelli 2, Allen Y. Hu 3, Adam

S. Berger 4, James C. Major, Jr. 1, Seong Y. Lee 5, Stephen M. Huddleston 6, Victor H. Gonzalez 7,

W. Lloyd Clark 8, David S. Liao 9, Ronald M. Kingsley 10, Howard S. Lazarus 11, John F. Payne 12,

Eric G. Feinstein 13, Annal D. Meleth 14, Sagar B. Patel 1, Kenneth C. Fan 1, Alyson J. Berliner 15, Hadi Moini 15,

Xiaomeng Niu 15, Michael S. Ip 16, SriniVas R. Sadda 16, Hasenin Al-khersan 1 and Charles C. Wykoff 1,*

1 Retina Consultants of Texas, Retina Consultants of America, Bellaire, TX 77401, USA;
gail.teagle@retinaconsultantstexas.com (G.M.T.); liisa.baumann@retinaconsultantstexas.com (L.M.B.);
jessica.cao@utsouthwestern.edu (J.A.C.)

2 Emanuelli Research and Development Center, Arecibo 00612, Puerto Rico
3 Cumberland Valley Retina Consultants, Hagerstown, MD 21740, USA
4 Center for Retina and Macular Disease, Clermont, FL 34711, USA
5 Strategic Clinical Research Group, Willow Park, TX 76087, USA
6 Charles Retina Institute, Germantown, TN 38138, USA; stevehudd@gmail.com
7 Valley Retina Institute, McAllen, TX 78503, USA
8 North Carolina Retina Associates, Retina Consultants of America, Raleigh, NC 27609, USA
9 Retina-Vitreous Associates Medical Group, Los Angeles, CA 90017, USA
10 Dean McGee Eye Institute, Oklahoma City, OK 73104, USA; ronald-kingsley@dmei.org
11 John-Kenyon American Eye Institute, Louisville, KY 40222, USA; hlazarus@johnkenyon.com
12 Palmetto Retina Center, Retina Consultants of America, Columbia, SC 29204, USA
13 Central Florida Retina, Orlando, FL 32806, USA
14 Marietta Eye Clinic, Marietta, GA 30060, USA
15 Regeneron Pharmaceuticals, Inc., Tarrytown, NY 10591, USA
16 Doheny Eye Institute, Pasadena, CA 91103, USA
* Correspondence: charleswykoff@gmail.com; Tel.: +1-713-524-3434
† These authors contributed equally to this work.

Abstract: Background/Objectives: Evaluate outcomes and treatment patterns with 2 mg
intravitreal aflibercept injection among patients who completed the phase 3 PANORAMA
trial and enrolled in the VOYAGE (ClinicalTrials.gov identifier, NCT04708145; 12 January
2021) long-term extension study. Methods: During VOYAGE, patients were evaluated ev-
ery 16 weeks and treated with 2 mg intravitreal aflibercept injection as needed depending
on ophthalmoscopic examination findings. Those with no history of panretinal photo-
coagulation (PRP) received aflibercept if their clinician-determined diabetic retinopathy
severity scale (DRSS) level was ≥47, corresponding to moderately severe non-proliferative
diabetic retinopathy (NPDR). Patients with a history of PRP received aflibercept if active
neovascularization was present. New or worsening diabetic retinopathy (DR) severity
prompted more frequent treatment. Results: 320 patients (1 eye per patient) from 87 sites
completed the PANORAMA trial. Of these, 41 patients (13% of PANORAMA completers)
from 14 sites (16%) enrolled in VOYAGE after a mean interim period of 33.7 months,
and 35 patients (85%) completed study visits through 1 year. At year 1 in VOYAGE, the
mean number of anti-vascular endothelial growth factor (VEGF) injections increased from
1.1 per year during the interim period to 3.4 per year and was associated with stabilization
or improvement in DRSS level in 81% (26/32) of patients. Mean best-corrected visual acuity
(BCVA) remained relatively stable, and mean central subfield thickness (CST) improved by
24.4 μm to 269.5 μm through year 1 of VOYAGE. There were no unexpected safety events.
Conclusions: Following a mean of 3 years of routine clinical care with associated declines
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in DRSS level, CST, and BCVA, stabilization of DRSS level and BCVA with reductions
in CST was achieved through year 1 of the VOYAGE extension study, with a concurrent
increase in aflibercept dosing frequency.

Keywords: aflibercept; diabetic retinopathy; anti-VEGF; extension study

1. Introduction

Diabetic retinopathy (DR) remains a leading cause of global vision loss and is estimated
to affect 9.6 million people in the United States alone [1]. Vision-threatening complications
from DR include proliferative DR (PDR) and diabetic macular edema (DME) [2]. Diabetic
retinopathy severity can be assessed using structured grading of fundus color images based
on the Early Treatment Diabetic Retinopathy Study (ETDRS) severity scale [3]. There are
12 steps within the Diabetic Retinopathy Severity Scale (DRSS): levels 10 and 20 represent
no DR and very mild DR, respectively; levels 35 and 43 represent mild and moderate
non-proliferative DR (NPDR), respectively; levels 47 and 53 represent moderately severe
and severe NPDR, respectively; and levels 60, 61, 65, 71, 75, 81, and 85 represent increasing
severities of PDR [3]. A higher level within the NPDR portion of the ETDRS DRSS is highly
predictive of progression to PDR [4], a finding confirmed in multiple recent prospective
clinical trials [5,6].

Anti-vascular endothelial growth factor (VEGF) pharmacotherapy has demonstrated
the ability to slow DR progression, reduce DME and PDR development, and improve
DRSS levels in a meaningful proportion of patients [6,7]. The randomized, double-masked,
sham-controlled 100-week, phase 3 PANORAMA (NCT02718326) trial evaluated 2 mg
intravitreal aflibercept injection in patients with moderately severe to severe NPDR (DRSS
levels 47 and 53) [6]. In PANORAMA, 402 patients (1 eye per patient) with best-corrected
visual acuity (BCVA) of 20/40 or better were randomized to either sham, aflibercept every
16 weeks following 3 initial monthly doses and one 8-week interval (aflibercept 2q16), or
aflibercept every 8 weeks following 5 initial monthly doses with pro re nata (PRN) dosing in
year 2 if DRSS level was worse than 35 (aflibercept 2q8/PRN). Findings from PANORAMA
revealed a significantly greater proportion of patients in the aflibercept 2q8/PRN and
2q16 groups experienced a ≥ 2-step DRSS level improvement from baseline at week 52
compared with those in the sham group (80% and 65% versus 15%, respectively), and these
improvements were maintained through week 100. Most clinically relevant, fewer patients
treated with aflibercept versus sham experienced development of PDR or DME through
week 100.

For many patients, DR and its associated manifestations is a chronic disease, and
long-term close monitoring and personalized care are needed to achieve optimal clinical
outcomes [8–10]. However, data on long-term outcomes are limited among patients with
NPDR without DME receiving anti-VEGF injections. The VOYAGE phase 4 open-label
PANORAMA extension study was therefore conducted to evaluate the long-term outcomes
of patients who completed PANORAMA after an intervening period of routine clinical care
and help contribute to our understanding of the long-term efficacy and safety of anti-VEGF
treatment among these patients.

2. Materials and Methods

VOYAGE (ClinicalTrials.gov identifier, NCT04708145; 12 January 2021) was a prospec-
tive, phase 4 open-label extension study which included patients who completed the
preceding phase 3 PANORAMA trial. The study protocol was approved by the Advarra
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Institutional Review Board and Ethics Committee at each participating site, and the study
was performed in adherence with the principles of the Declaration of Helsinki and local reg-
ulations [11]. All patients provided written informed consent. Data from patients between
the end of PANORAMA and VOYAGE enrollment (the interim period) were retrospectively
collected to evaluate patterns of treatment and clinical outcomes during this phase. Col-
lected data included demographic information, visit dates, original randomized groups in
PANORAMA, anti-VEGF treatments, laser procedures such as panretinal photocoagulation
(PRP), phakic status, BCVA, central subfield thickness (CST), DRSS level, and glycosylated
hemoglobin (HbA1c) when available.

During VOYAGE, patients were treated with 2 mg intravitreal aflibercept injection
PRN depending on ophthalmoscopic examination findings and investigator-determined
DRSS level. Based on the presence or absence of prior PRP application at VOYAGE
enrollment, patients were categorized into Group 1, eyes without PRP, or Group 2, eyes
with PRP.

Patients with study eyes without PRP (Group 1) were evaluated every 16 weeks and
treated with 2 mg intravitreal aflibercept injection if the clinician-determined DRSS level
was 47 (moderately severe NPDR) or worse; patients with DRSS level < 47 were not treated.
The interval between visits was decreased to every 8 weeks if DRSS level was ≥ 53, there
was ≥2-step DRSS level worsening compared to the last protocol-scheduled 16-week visit,
or if the patient developed active PDR. The patient could then be treated with aflibercept
every 8 weeks until there was no active PDR and DRSS improved to the level observed at
the visit before the patient began being seen at 8-week intervals.

Patients with study eyes with PRP (Group 2) were evaluated every 16 weeks and
treated with 2 mg intravitreal aflibercept injection if the neovascular disease process was
active and stable. If the neovascular process was determined to be inactive, no treatment
was given. If new or worsening neovascular disease was present, patients were treated
every 8 weeks until the process became stable or inactive, at which time the interval
between visits increased to every 16 weeks.

If high-risk PDR (defined as neovascularization of the disc greater than 1/3 disc area or
any neovascularization associated with vitreous or preretinal hemorrhage) developed, PRP
therapy could be applied at the investigator’s discretion, although PRP was not required,
and investigators were allowed to use aflibercept monotherapy for PDR management.
If vitreous or preretinal hemorrhage developed, aflibercept could have been given as
often as every 4 weeks until hemorrhage improved and was no longer considered vision-
threatening. Patients who developed clinically relevant DME (defined as CST > 320 μm
on optical coherence tomography [OCT] or clinically worse than baseline with associated
vision loss) could have been treated with aflibercept every 4 or 8 weeks at the investigator’s
discretion until the DME resolved.

At all visits, patients underwent ETDRS BCVA testing at 4 m, slit lamp and dilated
ophthalmic examination, and spectral-domain OCT imaging. Ultra-widefield fundus
photography was performed every 16 weeks and was used to determine DRSS levels and
presence of center-involving DME by a central reading center (Doheny Image Reading
Center, Los Angeles, CA, USA). Per the reading center protocol, eyes could be graded as
DRSS level < 61 if there were no active PDR signs, regardless of the presence of PRP scars.

The objective of VOYAGE was to assess longitudinal DRSS level changes, and the pri-
mary efficacy endpoint was the proportion of patients achieving DRSS level of 43 (moderate
NPDR) or better at 1 year. Secondary outcomes were the proportion of patients with stable,
worsened, or improved DRSS level; mean and annualized aflibercept injection frequencies;
mean change in ETDRS BCVA; mean change in CST; and incidence of ocular and systemic
adverse events (AEs).
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All analyses used observed data. The denominators for percentages varied depending
on the total data available for that variable. Group comparisons were based on two-
tailed t-tests, paired where applicable, or analysis of variance (ANOVA) for continuous
variables, and chi-square tests for categorical variables. Statistical analyses were performed
using Microsoft Excel 2016 (Microsoft Corp, Redmond, WA, USA) and GraphPad Prism
version 10.6.0 for Windows (GraphPad Software, Boston, MA, USA, www.graphpad.com
[accessed on 25 August 2025]).

3. Results

Of the 87 sites that participated in the core PANORAMA phase 3 trial, 14 sites (16%)
participated in VOYAGE and enrolled patients in the prospective VOYAGE extension study
(full list of participating sites in Table S1). Of the 111 patients completing PANORAMA
at these sites who were potentially eligible for enrollment, 41 patients (37%) enrolled
into VOYAGE from June 2021 to July 2022, constituting 13% of the total 320 patients
who completed PANORAMA (Figure 1). The demographics of the VOYAGE patients
were consistent with those of the overall PANORAMA population, with all 3 original
randomized arms being approximately equally represented within VOYAGE (Table 1). The
total mean (SD) time of follow-up from initial enrollment in PANORAMA to the 1-year
endpoint of VOYAGE was 5.7 years (0.4), or approximately 5 years and 8 months.

Table 1. Demographic and ocular characteristics of patients in VOYAGE and PANORAMA.

Prospective VOYAGE
Enrollment *

PANORAMA Enrollment † Enrollment Baseline Totals

Group 1
(n = 35)

Group 2 §

(n = 6)
Sham

(n = 11)
Q16W ¥

(n = 12)
Q8W

(n = 18)
VOYAGE ‡

(n = 41)
PANORAMA

(n = 402)

Age, mean (SD), yrs 59.4 (12.0) 59.0 (6.3) 63.4 (8.9) 58.1 (14.7) 57.6 (10.0) 59.3 (11.3) 55.7 (10.5)

Male, n (%) 19 (54) 2 (33) 5 (46) 6 (50) 10 (56) 21 (51) 225 (56)

Race, n (%)

White 30 (86) 6 (100) 10 (91) 12 (100) 14 (78) 36 (88) 310 (77)

Black 4 (11) 0 1 (9) 0 3 (17) 4 (10) 41 (10)

Asian 1 (3) 0 0 0 1 (6) 1 (2) 23 (6)

Other 0 0 0 0 0 0 28 (7)

Hispanic or Latino, n (%) 19 (54) 1 (17) 7 (64) 6 (50) 7 (39) 20 (49) Not reported

HbA1c, mean (SD), % 8.6 (2.2) 10.2 (3.0) 8.9 (2.7) 8.4 (2.3) 9.2 (2.3) 8.9 (2.4) 8.5 (1.6)

ETDRS letters, mean (SD) 79.3 (8.7) 65.5 (32.2) 82.2 (6.8) 73.8 (23.8) 76.7 (9.9) 77.3 (14.8) 82.4 (6.0)

Snellen equivalent 20/25 20/50 20/25 20/32 20/32 20/32 20/25

CST, mean (SD), μm 291.9 (67.7) 308.0 (75.4) 279.9 (50.4) 294.9 (42.8) 301.9 (88.4) 293.9 (67.9) 247.4 (34.8)

DRSS level, n (%)

≤43 25 (71) 0 6 (55) 6 (50) 13 (72) 25 (61) 0

47 1 (3) 0 0 1 (8) 0 1 (2) 302 (75)

53 1 (3) 0 0 1 (8) 0 1 (2) 100 (25)

≥60 8 (23) 5 (100) 5 (45) 3 (25) 5 (28) 13 (32) 0

CST = central subfield thickness; DRSS = diabetic retinopathy severity scale; ETDRS = Early Treatment Diabetic
Retinopathy Study; HbA1c = glycosylated hemoglobin; SD = standard deviation. * Patients assigned to Group 1
(no history of panretinal photocoagulation) and Group 2 (history of panretinal photocoagulation) during VOYAGE.
† Patients initially randomized to the sham, every-16-week (Q16W), and every-8-week (Q8W) arms during
PANORAMA. ‡ CST n = 40 due to 1 case of vitreous hemorrhage at VOYAGE baseline; DRSS n = 40 due to 1 case
of DRSS level not measured at VOYAGE baseline. § DRSS n = 5 due to 1 case of DRSS level not measured at
VOYAGE baseline. ¥ DRSS n = 11 due to 1 case of DRSS level not measured at VOYAGE baseline.
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Figure 1. PANORAMA, interim period, and VOYAGE study flow.

3.1. Clinical Course During Interim Period

Among the 41 patients enrolled, the mean length of the interim period from
PANORAMA exit to VOYAGE enrollment was 33.7 months (SD 4.8, range 23.9–44.2).
During this period, 24 patients (59%, 24/41) received no anti-VEGF injections, while the
other 17 patients (41%, 17/41) received a mean of 2.7 anti-VEGF injections per year. Among
all patients, a mean of 1.1 injections per year (SD 1.9) were given during the interim period
(Figure 2). Patients who had been in the combined aflibercept arms within PANORAMA
(n = 30) experienced significant decreases in annualized mean anti-VEGF injections from
5.6 injections per year (SD 1.3) during PANORAMA to 1.0 injections per year (SD 1.6) in
the interim (p < 0.001), whereas sham patients within PANORAMA (n = 11) did not have
significantly different anti-VEGF injection rates during PANORAMA due to the institu-
tion of rescue therapy (2.7 injections per year [SD 3.9]) compared to the interim period
(1.4 injections per year [SD 2.6]) (p = 0.36).

 
Figure 2. Mean injection frequency from PANORAMA enrollment to VOYAGE 1-year, annualized.
The line corresponding to *** signifies statistical significance of <0.001 on a two-tailed t-test.
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Three patients (7%, 3/41) received PRP during the interim period. Nine patients
(22%, 9/41) received focal macular laser during the interim period. One patient (2%, 1/41)
underwent pars plana vitrectomy (PPV) during the interim period for vitreous hemorrhage.

At PANORAMA exit, 73% (8/11) and 89% (24/27) of the sham and combined afliber-
cept arms had DRSS level ≤ 43, respectively. During the interim period, 41% (15/37) of
patients worsened, of which 5 patients worsened 1 step and 10 patients worsened ≥ 2 steps;
13 patients (35%, 13/37) had stable DRSS levels; and 9 (24%, 9/37) improved by 1 or 2 steps
at VOYAGE enrollment compared to PANORAMA exit (Figure 3). Notably, the proportion
of patients with PDR (DRSS level ≥ 60) increased from 5% (2/38) to 33% (13/40), while the
proportion of patients with DRSS level ≤ 43 decreased from 84% (32/38) at the beginning
of the interim period to 63% (25/40) at the end. Additionally, mean HbA1c remained
stable during the interim period (8.9% [SD 1.8] at PANORAMA exit and 8.9% [SD 2.4] at
VOYAGE enrollment). Seven patients (18%, 7/39) had center-involving DME by the end of
the interim period.

 

Figure 3. Diabetic Retinopathy Severity Scale (DRSS) levels from PANORAMA enrollment to
VOYAGE 1-year. (A) Absolute DRSS levels. (B) Step changes in DRSS levels; positive values represent
DRSS step worsening to a greater severity, and negative values represent DRSS step improvements to
a lower severity.
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Sub-analysis of the 22 patients (59%, 22/37) who experienced stable or improved DRSS
levels during the interim period revealed a roughly equal distribution of patients assigned
to PANORAMA Q16W, Q8W, and sham arms (5:10:7); 15 of the 22 patients (68%) had a
PANORAMA baseline DRSS level of 47, and the other 7 patients (32%) had a baseline DRSS
level of 53. Of the patients with stable or improved DRSS levels during the interim period,
20 patients (91%, 20/22) were in Group 1, and the other 2 patients (9%, 2/22) were in
Group 2. This is a similar distribution as that of the 15 patients who experienced worsening
DRSS levels during the interim period, with 87% (13/15) in Group 1 and 13% (2/15) in
Group 2. There was no meaningful difference in the proportion of patients who improved,
remained stable, or worsened during VOYAGE compared with their previous mean anti-
VEGF injection frequency during PANORAMA (one-way ANOVA, p > 0.05). There were
slight differences during the interim period (one-way ANOVA with multiple comparisons,
p = 0.04): 2.1 greater annual injections for patients who improved compared to remained
stable (p = 0.04), and 1.8 greater annual injections for patients who improved compared to
worsened (p > 0.05), while patients who remained stable compared to worsened received
approximately the same number of injections (p > 0.05).

At PANORAMA exit, mean BCVA was not significantly different between the com-
bined aflibercept and sham arms. Mean BCVA decreased during the interim period from
83.8 letters (SD 6.1) to 77.3 letters (SD 14.8) (p = 0.009), representing a mean loss of 6.5 letters
(Figure 4A). BCVA losses during the interim period were most notable among patients
who had been in the combined aflibercept arms, with combined mean BCVA decreasing by
7.8 mean letters, from 83.3 letters (SD 5.9) at PANORAMA exit to 75.5 letters (SD 16.6) at
VOYAGE enrollment (p = 0.02). BCVA losses were less among patients previously enrolled
in the sham arm (85.2 letters [SD 6.6] to 82.2 letters [SD 6.8]). Patients from all of the
PANORAMA arms combined who remained in the NPDR stage (n = 26, DRSS level ≤ 53)
throughout the interim period also experienced a mean 4.3 letter loss from 85.5 letters
(SD 4.2) at PANORAMA exit to 81.2 letters (7.0) at VOYAGE enrollment (paired, p < 0.001).

 

Figure 4. Cont.
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Figure 4. Mean best-corrected visual acuity (BCVA) and central subfield thickness (CST) from
PANORAMA enrollment to VOYAGE 1-year. (A) Mean BCVA from PANORAMA enrollment to
VOYAGE 1-year. (B) Change in BCVA from VOYAGE baseline to VOYAGE 1-year for each patient.
Notably, patients 1, 2, 29, and 35 had a traumatic cataract resulting in 0 letters read at VOYAGE 1-year,
endophthalmitis resulting in a loss of 15 letters by VOYAGE 1-year, cataract extraction resulting in an
improvement of 8 letters at VOYAGE 1-year, and vitreous hemorrhage resulting in 0 letters read at
VOYAGE baseline, respectively. (C) Mean CST from PANORAMA enrollment to VOYAGE 1-year.
ETDRS = Early Treatment Diabetic Retinopathy Study. Line-corresponding * signifies statistical
significance of p < 0.05, and *** signifies statistical significance of p < 0.001 on a two-tailed t-test.

At PANORAMA exit, mean CST was not significantly different between the combined
aflibercept and sham arms. Mean CST during the interim period increased from 235.2 μm
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(SD 39.1) to 293.9 μm (SD 67.9) (p < 0.001) (Figure 4C). Changes in CST during the interim
period were most notable among patients who had been in the combined aflibercept arms,
with combined mean CST increasing by 69.2 μm, from 230.0 μm (SD 32.6) to 299.2 μm
(SD 73.5) (p < 0.001); patients previously enrolled in the sham arm experienced a smaller
increase in mean CST of 30.5 μm, from 249.4 μm (SD 52.4) to 279.9 μm (SD 50.4).

3.2. Clinical Course During VOYAGE

Thirty-five patients (85%, 35/41) completed the VOYAGE 1-year primary endpoint;
2 patients died (due to myocardial infarction (MI) and unknown cause), 2 were lost to
follow-up, and 2 withdrew consent at week 16 and 48 due to hospitalization following a
cerebrovascular accident (CVA) and patient preference, respectively. Of the 164 possible
visits among all patients through the first year, 14 visits (9%) were missed.

Through 1 year of VOYAGE, 7 patients (17%, 7/41) received no 2 mg intravitreal
aflibercept injections and the remaining 34 (83%, 34/41) received a mean of 3.5 injections
(range 1–9 injections); among the entire population, mean injection frequency increased
from 1.1 injections per year (SD 1.9) during the interim period to 3.4 injections per year
(SD 2.6) during VOYAGE (p < 0.001) (Figure 2). Of the patients who had been in the com-
bined aflibercept arms, 2 mg intravitreal aflibercept injection frequency increased from
1.0 injection per year (SD 1.6) during the interim to 3.4 injections per year (SD 2.7) during
VOYAGE (p < 0.001); patients who had been in the sham arm did not experience a signif-
icant change in 2 mg intravitreal aflibercept injection frequency from the interim period
(1.4 injections per year [SD 2.6]) to VOYAGE (3.3 injections per year [SD 2.2]) (p = 0.09).

There were no meaningful differences in the annualized mean injection frequencies
between Groups 1 (3.3 injections per year [SD 2.4]) and 2 (3.7 injections per year [SD 3.5]),
or among patients previously assigned to the sham, Q16W, and Q8W arms (mean of
3.3 injections per year [SD 2.2], 3.3 injections per year [SD 3.3], and 3.5 injections per year
[SD 2.3], respectively) during VOYAGE. One patient (2%, 1/41) received PRP during year 1
of VOYAGE, and 1 patient (2%, 1/41) received PPV for vitreous hemorrhage.

Mean HbA1c decreased from 8.9% (SD 2.4) at VOYAGE enrollment to 8.1% (SD 1.9) at
VOYAGE 1 year. Eleven patients (27%, 11/41) were on glucagon-like peptide-1 receptor
agonists during VOYAGE, with no apparent meaningful differences in baseline or 1-year
outcomes between these patients and the rest of the VOYAGE cohort.

3.2.1. Diabetic Retinopathy Severity Scale Levels

Overall, DRSS levels appeared relatively stable through 1 year of VOYAGE; 53%
(17/32) did not change DRSS level, while 28% (9/32) improved and 19% (6/32) worsened
(Figure 3). The proportion of patients with DRSS level ≤ 43 decreased from 63% (25/40)
to 58% (19/33), and the proportion of patients with DRSS level ≥ 60 increased from 33%
(13/40) to 39% (13/33) from VOYAGE enrollment to year 1.

Of the patients who had PDR (DRSS level ≥ 60; 33%, 13/40) at VOYAGE enrollment,
42% (5/12) improved, 42% (5/12) remained stable, and 17% (2/12) worsened through
1 year. Of the patients who had NPDR (68%, 27/40) at VOYAGE enrollment, 20% (4/20)
improved, 60% (12/20) remained stable, and 20% (4/20) worsened through 1 year. One of
the patients (5%, 1/20) with NPDR progressed to PDR at 1 year. Four (20%, 4/20) of the
patients with NPDR improved by at least 1 step by VOYAGE 1-year. Only 1 patient (3%,
1/32) developed new center-involving DME through VOYAGE 1-year.

The 6 patients (19%, 6/32) with worse DRSS levels through 1 year had mild to mod-
erate NPDR (67%, 4/6) or inactive PDR (33%, 2/6) at VOYAGE baseline. In comparison,
26 patients (81%, 26/32) experienced DRSS level stability or improvement throughout
1 year of VOYAGE, with 23 patients (72%, 23/32) in Group 1 and 3 (9%, 3/32) in Group 2.
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There were no meaningful differences (p > 0.05) in mean HbA1c at VOYAGE initiation
or 1 year, mean 2 mg intravitreal aflibercept injections received in VOYAGE at 1 year,
or cumulative mean 2 mg intravitreal aflibercept injections per year since PANORAMA
initiation between patients who improved or worsened in DRSS levels at VOYAGE 1-year.

3.2.2. Best-Corrected Visual Acuity and Central Subfield Thickness

Mean BCVA remained stable from VOYAGE baseline (77.3 letters [SD 14.8]) to 1 year
(78.9 letters [SD 17.7]) (Figure 4A). In total, 27 patients (77%, 27/35) had stable or improved
BCVA through 1 year. At VOYAGE baseline, 1 patient (2%, 1/41) had a vitreous hemorrhage,
resulting in 0 letters read (Figure 4B). One patient (3%, 1/35) received cataract surgery while
enrolled in VOYAGE and subsequently experienced an 8-letter improvement at 1 year. At
VOYAGE 1-year, 1 patient (3%, 1/35) had a traumatic cataract resulting in 0 letters read.
Five patients (14%, 5/35) gained at least 10 letters from VOYAGE baseline through 1 year,
and 1 patient (3%, 1/35) lost 15 letters following endophthalmitis.

At VOYAGE 1-year, mean CST decreased from 293.9 μm (SD 67.9) to 269.5 μm (SD 34.5)
(p = 0.06) (Figure 4C). Twenty-one patients (64%, 21/33) had improved CST through 1 year.
There was no significant difference in CST decrease among patients who had PDR (46.2 μm
[SD 105.3]) versus NPDR at VOYAGE baseline (10.6 μm [SD 40.0]), or between Group 1
(22.3 μm [SD 71.3]) and Group 2 (32.3 μm [SD 84.0]) patients. Patients previously assigned
to sham, Q16W, and Q8W during PANORAMA had mean decreases in CST of 13.8 μm
(SD 36.1), 13.7 μm (SD 62.4), and 36.8 μm (SD 93.6), respectively, which also did not
significantly differ from one another.

3.2.3. Adverse Events

Through 1 year of VOYAGE, treatment-emergent AEs occurred in 28 patients (68%,
28/41), none of which were determined to be related to aflibercept. There was 1 case of
traumatic cataract related to the injection procedure at week 48 out of 119 total injections
(incidence of 0.8%), which included 72 injections in phakic eyes (incidence of 1% of phakic
injections), during the prospective component of VOYAGE. Inflammatory events were
reported in 2 patients (5%, 2/41), with 1 case of concurrent anterior chamber cells and
vitreous haze, which were reportedly related to keratoconjunctivitis sicca and active PDR,
respectively, and did not require treatment, and 1 case of endophthalmitis (incidence of
1/119 injections, or 0.8%) reported as related to the injection procedure. Reported serious
AEs included 1 vascular death from a fatal MI (2%, 1/41), 1 death of unknown cause (2%,
1/41), and 1 nonfatal CVA (2%, 1/41).

4. Discussion

Results from the prospective VOYAGE study, which enrolled a subset of patients who
completed the PANORAMA phase 3 trial, indicate that during an approximate 3-year
period of routine clinical care, DRSS level, CST, and BCVA all appeared to numerically
worsen, particularly among patients who had been randomized to receive 2 mg intravitreal
aflibercept injection during PANORAMA. Concurrently, there was a decrease in intravitreal
anti-VEGF injections administered during the interim period. Then, following initiation
of aflibercept therapy for pre-defined DR activity thresholds during VOYAGE, overall
mean BCVA and CST increased by 1.8 letters and decreased by 24.4 μm, respectively.
Relevant to this reversal, patients received intravitreal anti-VEGF injections more than
4 times as frequently during PANORAMA (4.8 injections per year) and almost 3 times
as frequently during VOYAGE (3.4 injections per year) compared to the interim period
(1.1 injections per year).
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From PANORAMA baseline to the VOYAGE 1-year timepoint, DRSS levels worsened
for many patients, with 39% (13/33) of patients developing PDR. This DRSS level worsening
occurred predominantly during the interim period, when less frequent anti-VEGF treatment
was utilized, and DRSS levels predominantly stabilized with more frequent treatment
during VOYAGE. More frequent anti-VEGF dosing may have been needed to achieve
maximal DRSS level improvement. Furthermore, the ability to improve DRSS levels may
be at least partially dependent on initial disease severity; specifically, in some datasets,
DRSS level improvements have been less robust among patients with PDR compared
to those with NPDR [12,13]. For example, in CLARITY, 78% of patients treated with a
mean of 4.4 aflibercept injections through 1 year did not improve to NPDR [12]; VOYAGE
seemed to produce similar results, with 11 of the patients (92%, 11/12) with PDR not
returning to NPDR following 1 year of aflibercept treatment. Additionally, there were no
meaningful differences in mean HbA1c at VOYAGE baseline or 1 year between patients
who experienced improved or worsened DRSS levels at VOYAGE 1-year. Larger studies
with longer follow-up time are needed to better identify patient-level factors that may
influence who benefits most from sustained aflibercept therapy.

Considering BCVA and CST longitudinally, although both appeared relatively stable
between PANORAMA baseline and the VOYAGE 1-year timepoint, there were periods
of substantial fluctuation throughout the 5.7 years in between. These changes appear to
have been driven by the meaningfully different approaches to clinical care utilized during
these 3 time periods. Specifically, during the interim period when patients received routine
care outside of a rigid prospective protocol, VA and CST temporarily worsened by over
6 ETDRS letters and 58 μm, respectively. Of note, fluctuations in specific DME biomarkers
have been reported to be associated with worse visual outcomes. For example, greater
CST fluctuations have been associated with worse VA outcomes at 1 and 2 years among
DME patients in retrospective analyses [14,15]. While the visit-to-visit granularity of CST
fluctuations is beyond the scope of the current work, overall data suggests that in order to
maximize clinical outcomes, it may be worthwhile to consider a personalized approach
with more consistent intervention in order to minimize disease fluctuations.

During the interim period, when less structured follow-ups and less consistent anti-
VEGF dosing were utilized, clinical characteristics appeared to worsen. According to the
2024 American Society of Retina Specialists Preferences and Trends Survey, inconsistent or
insufficient office visits were found to be the factor that has the greatest negative impact on
all patient outcomes in the United States [16]. However, providing consistent anti-VEGF
therapy to patients in a real-world setting is challenging due to a multitude of factors [17].
Additionally, intravitreal injections carry risk as evidenced by the cases of infectious
endophthalmitis and traumatic cataract observed in the current series. In order to address
these meaningful hurdles to optimal outcomes and care delivery, multiple therapeutic
approaches currently under investigation seek to provide consistent, longitudinal ocular-
specific treatment for DR and other chronic, exudative retinal diseases. These include
anti-VEGF port delivery systems [18], extended durability agents such as tyrosine kinase
inhibitors [19,20], and anti-VEGF gene therapies such as RGX-314 and ADVM-022, both of
which have demonstrated durable intraocular anti-VEGF protein production and exudative
disease control following subretinal and intravitreal delivery, respectively [21–23]. For any
potential more durable therapy, the risks and benefits will need to be considered in the
clinical context of each patient.

Limitations of the current work include that of the 320 patients across 5 countries
who completed PANORAMA, only 41 patients (13% of PANORAMA completers) en-
rolled in VOYAGE, and all patients were from United States sites, which may limit the
generalizability of the results. The underlying reasons for this are likely multifactorial,
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including study-site operational limitations, patients lost to follow-up, and the additional
significant time commitment after having already participated in PANORAMA. While
this low VOYAGE enrollment number raises concerns about selection bias and whether
this cohort accurately reflects the entire PANORAMA patient population, no meaningful
differences were observed in PANORAMA baseline characteristics between the subset that
enrolled in VOYAGE and the full PANORAMA cohort. Additionally, although there were
no apparent outcome differences between Group 1 and Group 2 patients, the cohort of
patients in Group 2 was small (n = 6), which limited the overall ability to meaningfully
compare these groups.

Additionally, a key challenge when assessing aflibercept efficacy and durability are
the specific criteria used to determine when and how often to treat. VOYAGE treatment
criteria were designed to allow physicians to use clinical judgment as to the necessity
of retreatment in cases of DME. While this better reflects a real-world approach, it also
generates greater variability in treatment decisions and therefore may have influenced
variability in outcomes. Future studies using standardized treatment criteria may reduce
this variability and improve consistency among outcomes. Another interesting result from
this real-world approach was the observation that, on an individual-patient basis, clinician-
determined DRSS levels and reading center-determined DRSS levels sometimes disagreed;
whereas investigators’ scores were distributed more evenly across all NPDR severity levels,
the reading center leaned heavily toward mild NPDR scores. Across all patients enrolled,
comparing investigator to reading center scores did not change the results, particularly
regarding the number of PDR patients. This discrepancy may be due to various factors,
such as access to information or time constraints in the clinic setting.

Another key limitation is that because the treatment regimens during the interim
period varied considerably, it is challenging to compare how much of the observed anatomic
and functional decline was attributable to undertreatment versus disease progression.
Additionally, all analyses utilized observed data, so meaningful outliers may have impacted
mean values. For example, true mean BCVA improvement may have been underestimated
due to the inclusion of 1 case (3%, 1/35) of 0 letters read at 1 year due to traumatic cataract,
resulting in an apparent 75 letter loss from VOYAGE baseline through 1 year. Outliers were
described when results were meaningfully impacted.

In summary, the observed changes in ocular characteristics across the mean 5.7 years
from PANORAMA enrollment through the VOYAGE 1-year endpoint appeared to correlate
with anti-VEGF dosing frequency. Patients who received less frequent 2 mg intravitreal
aflibercept injections after PANORAMA exit experienced a trend toward worsening of
DRSS level, BCVA, and CST at VOYAGE enrollment, trends which appeared to stabilize or
improve after re-initiating regular 2 mg intravitreal aflibercept injections during VOYAGE.
More data on long-term outcomes are needed from larger patient populations with NPDR to
assess the sustainability of these treatment effects and to adequately inform clinical manage-
ment of this common, chronic condition. Finally, new, safe therapeutics which meaningfully
reduce treatment burden may be valuable for personalized, long-term DR management.
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Abbreviations

The following abbreviations are used in this manuscript:

AE Adverse event
ANOVA Analysis of variance
BCVA Best-corrected visual acuity
CST Central subfield thickness
CVA Cerebrovascular accident
DME Diabetic macular edema
DR Diabetic retinopathy
DRSS Diabetic retinopathy severity scale
ETDRS Early treatment diabetic retinopathy study
HbA1c Glycosylated hemoglobin
MI Myocardial infarction
NPDR Non-proliferative diabetic retinopathy
OCT Optical coherence tomography
PDR Proliferative diabetic retinopathy
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PPV Pars plana vitrectomy
PRN Pro re nata (as needed)
PRP Panretinal photocoagulation
Q16W Every-16-week aflibercept following 3 initial monthly doses and one 8-week interval

through 2 years
Q8W Every-8-week aflibercept following 5 initial monthly doses with pro re nata dosing in

year 2 if diabetic retinopathy severity scale level was worse than 35
SD Standard deviation
VA Visual acuity
VEGF Vascular endothelial growth factor
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Abstract: Aim: We aimed to investigate the incidence, treatment patterns, and associated
risk factors of type 1 retinopathy of prematurity (ROP) in the only tertiary-level Neonatal
Intensive Care Unit (NICU) in Cyprus. Methods: This retrospective study included all
infants screened for ROP between January and December 2023. Data were collected
from standardized NICU discharge summaries and included gestational age (GA), birth
weight (BW), multiple birth, systemic infection, blood transfusion, oxygen therapy, surgical
interventions, and ROP outcomes. Infants were categorized into non-ROP, non-type 1 ROP,
and type 1 ROP groups. Statistical analysis was performed to identify differences in risk
factor distribution. Results: Among 183 infants, 33 (18.0%) developed ROP, with 11 (6.0%)
requiring treatment for type 1 ROP. All infants with type 1 ROP were born at ≤28 weeks
GA and weighed <1501 g. Type 1 ROP was significantly associated with lower GA, lower
BW, systemic infection, surgery, and prolonged oxygen support (p < 0.05). Six infants were
treated with laser and three with intravitreal bevacizumab. No recurrence was observed
in the anti-VEGF group during 18 months of follow-up. Two infants with aggressive
ROP died before treatment. Conclusions: Type 1 ROP in Cyprus occurred exclusively in
extremely preterm infants, associated with the cumulative effect of multiple risk factors.
Laser remained the primary treatment, while anti-VEGF was used selectively with favorable
outcomes. This study emphasizes the importance of tailoring ROP screening and treatment
strategies based on individual neonatal risk profiles, supporting a personalized approach
to neonatal ophthalmic care.

Keywords: type 1 ROP; Cyprus; anti-VEGF; laser photocoagulation; prematurity; neonatal
risk factors; ROP screening

1. Introduction

Retinopathy of prematurity (ROP) is a worldwide leading cause of childhood blind-
ness, resulting from disrupted retinal vascular development in preterm infants. As neonatal
care advances globally, the survival of extremely premature infants has improved, yet this
has also contributed to a rising incidence of severe forms of ROP. The pathophysiology
of ROP involves two distinct phases. In the first phase, hyperoxia due to preterm birth
suppresses vascular endothelial growth factor (VEGF), halting retinal vessel growth. The
subsequent hypoxic phase leads to VEGF overexpression, triggering abnormal fibrovascular
proliferation and potentially progressing to tractional retinal detachment if untreated [1,2].
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Type 1 ROP represents the threshold at which treatment is clinically indicated and is
defined by the Early Treatment for ROP (ETROP) criteria as stage 3 ROP in zone I or II with
plus disease, or any stage ROP in zone I with plus disease. This classification reflects an
aggressive disease course with a high risk of progression, requiring prompt intervention.
Management strategies for type 1 ROP have evolved significantly in recent decades. Laser
photocoagulation, once the mainstay of treatment, ablates avascular peripheral retina
to reduce VEGF production and stabilize neovascularization. However, this technique
compromises peripheral visual fields and increases the risk of high myopia [3].

In recent years, anti-VEGF agents like bevacizumab, ranibizumab, and aflibercept
have emerged as alternatives or adjuncts to laser therapy. These agents target VEGF
more selectively, allowing for continued peripheral retinal vascularization and resulting
in less refractive error. Studies demonstrate their efficacy, particularly for aggressive ROP
(A-ROP), though concerns remain about potential systemic effects due to VEGF’s role in
organogenesis and neurodevelopment [2,4,5].

Despite these advancements, the management of type 1 ROP remains complex, influ-
enced by disease severity, anatomical location, and patient-specific factors. Both modalities
have demonstrated efficacy, but they carry unique risks and benefits. Laser therapy is
associated with greater structural stability in the long term, whereas anti-VEGF agents
require careful follow-up due to the risk of late reactivation [6,7].

In Cyprus, neonatal care is centralized in a single tertiary Neonatal Intensive Care
Unit (NICU), providing a unique opportunity to examine national ROP trends. To date,
no comprehensive epidemiological data exist on the incidence, risk factors, and treatment
outcomes of type 1 ROP in this setting. This study addresses this gap by investigating
the characteristics and therapeutic patterns of ROP in Cyprus, with a particular emphasis
on infants who required treatment for type 1 disease. Our findings aim to inform future
clinical guidelines and support the development of personalized screening strategies in
similar healthcare environments.

There is a growing recognition that neonatal care, particularly in managing ROP, bene-
fits significantly from personalized medicine. Individual variability in gestational maturity
and systemic comorbidities necessitate a tailored approach to screening frequency and
therapeutic interventions. This study contributes to the understanding of how personalized
neonatal care can optimize outcomes in a real-world NICU setting.

2. Methods

2.1. Study Design and Data Collection

This study was a single-center, retrospective cohort study conducted at the NICU in
Makarios Hospital. This study included all infants who underwent ROP screening between
1 January and 31 December 2023.

This centralized setting allowed us to capture a comprehensive national cohort of preterm
infants at risk of ROP, minimizing selection bias and ensuring population-level relevance.

2.2. ROP Screening Criteria

ROP screening was conducted according to institutional guidelines based on the UK
Royal College of Ophthalmologists and Royal College of Paediatrics and Child Health
(2008) recommendations [8]. Although updated UK guidelines were released in 2022,
our institution’s screening protocol during the study period was still based on the 2008
recommendations, which were in active use throughout 2023. The inclusion criteria for
screening were

• Gestational age (GA) at birth <32 weeks;
• Birth weight (BW) < 1501 g.
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Additionally, neonatologists could refer infants with GA ≥ 32 weeks or BW ≥ 1501 g
for screening based on clinical concerns.

All examinations were performed by a single experienced pediatric ophthalmologist (VC),
ensuring consistency in the diagnostic classification and reducing inter-observer variability.

2.3. Data Collection

Data were extracted from standardized NICU discharge summaries and electronic
medical records. These documents provided structured information on demographics,
perinatal risk factors, systemic complications, and ROP screening outcomes.

Collected variables included the following:

• Gestational age (in weeks) and birth weight (in grams);
• Type of pregnancy (singleton vs. multiple birth);
• Ethnic background;
• Systemic infections (defined as laboratory-confirmed sepsis);
• Blood transfusions;
• Surgeries (under general anesthesia);
• Duration of oxygen therapy (total hours on supplemental oxygen via mechanical

ventilation, CPAP, or nasal cannula);
• ROP outcomes, including zone, stage, presence of plus disease, and treatment modality.

To ensure consistency, two independent investigators extracted data, and discrepancies
were resolved through consensus with a third reviewer.

2.4. Classification of ROP and Treatment Protocol

The ROP classification followed the International Classification of ROP (ICROP) and
UK screening and treatment guidelines updated in 2022 [9]. Infants were divided into three
categories based on the most severe form of ROP observed during the screening period:

• Non-ROP;
• Non-type 1 ROP (defined as the presence of any type of ROP not requiring treatment);
• Type 1 ROP (defined as per ETROP criteria: zone I any stage with plus, zone I stage 3,

or zone II stage 2 or 3 with plus disease).

Treatment decisions were made based on the anatomical location and severity
of disease:

Laser photocoagulation was the first-line treatment for zone II stage 2 or 3 with plus
disease. Treatment was performed using transpupillary green 532 nm laser photocoagula-
tion (Visulas) in a near-confluent pattern.

Intravitreal anti-VEGF injection (bevacizumab 0.625 mg/0.025 mL) was used selec-
tively for aggressive ROP (A-ROP) in cases involving zone I.

No other anti-VEGF agents were available in Cyprus during the study period.
Follow-up after treatment was individualized, with increased frequency during the

first 3 months and extended follow-up beyond 18 months for anti-VEGF-treated infants,
consistent with UK and international recommendations.

2.5. Statistical Analysis

Numerical variables were expressed as means ± standard deviation (SD) and categor-
ical variables as percentages. Categorical variables were created for gestational age at birth
(GA): group with GA ≤ 31 weeks + 6 days and group with GA > 32 weeks.

The study participants were divided into three subgroups based on the outcome:
infants diagnosed with non-ROP, non-type 1 ROP, and type 1 ROP.

The incidence and the course of ROP in different GA categories were described by
descriptive statistics.
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Chi-square or Fisher’s exact test for categorical variables and one-way ANOVA for
continuous variables were used to compare differences between the groups.

All analyses were conducted using Stata version 18 (StataCorp, College Station, TX
77845, USA). Statistical significance was defined as a p-value < 0.05.

2.6. Ethical Approval

The current study has been registered and was approved by the National Bioethics
Committee in Cyprus (n. 2023.01.143), and it was conducted according to the principles of
the Declaration of Helsinki. The data were collected anonymously.

3. Results

In total, 183 patients were included in this study with a mean gestational age (GA) of
30.2 ± 2.7 weeks and a mean birth weight (BW) of 1382.5 ± 423.0 g. The incidence of ROP
was 18.0% (N = 33). At a mean postmenstrual age of 34.3 ± 2.3 weeks, 22 infants developed
non-type 1 ROP (66.6%) and 11 (33.3%) developed type 1 ROP and required treatment
bilaterally. Sadly, two infants with type 1 ROP passed away before receiving treatment.

In the three subcategories, the mean GA in weeks was 31.0 ± 2.1 for non-ROP,
27.2 ± 2.4 for non-type 1 ROP, and 25.4 ± 1.5 for type 1 ROP. Additionally, the mean
BW in grams was 1493.5 ± 353.8 for non-ROP, 966.4 ± 372.9 for non-type 1 ROP, and
701.6 ± 47.0 for type 1 ROP (Table 1).

Table 1. Patients’ characteristics and risk factors’ distribution among non-ROP, non-type 1 ROP, and
type 1 ROP.

Patients’ Characteristics
Non-ROP

N = 150
Non-Type 1 ROP

N = 22
Type 1 ROP

N = 11
p-Trend *

n (%) n (%) n (%)

Birth weight in grams (mean ± SD) 1493.5 ± 353.8 966.4 ± 372.9 701.6 ± 47.0 <0.001

Birth weight < 1501 g

No 64 (42.7) 2 (9.1) 0 (0)
<0.001

Yes 86 (57.3) 20 (90.9) 11 (100)

Gestational week (mean ± SD) 31.0 ± 2.1 27.2 ± 2.4 25.4 ± 1.5 <0.001

Gestational week ≤ 31 + 6 days

No 70 (46.7) 1 (4.5) 0 (0)
<0.001

Yes 80 (53.3) 21 (95.5) 11 (100)

Multiple births

No 94 (82.5) 15 (68.2) 6 (54.5)
0.743

Yes 56 (82.4) 7 (31.8) 5 (45.5)

Race

African 13 (8.7) 1 (4.5) 1 (9.1)

0.804Asian 9 (6.0) 2 (9.1) 1 (9.1)

Caucasian 128 (85.3) 19 (86.4) 9 (81.8)
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Table 1. Cont.

Patients’ Characteristics
Non-ROP

N = 150
Non-Type 1 ROP

N = 22
Type 1 ROP

N = 11
p-Trend *

Infection

No 96 (95.0) 4 (18.2) 1 (9.1)
<0.001

Yes 54 (65.9) 18 (81.8) 10 (90.9)

Blood transfusion

No 30 (96.8) 1 (4.5) 0 (0)
0.081

Yes 120 (79.0) 21 (95.5) 11 (100)

Surgery

No 141 (83.9) 19 (86.4) 8 (72.7)
0.021

Yes 9 (60.0) 3 (13.6) 3 (27.3)

Oxygen support

No 9 (100) 0 (0.0) 0 (0.0)
0.777

Yes 141 (81.0) 22 (94.0) 11 (100)

Oxygen duration in hours (mean ± SD) 362.9 ± 380.3 1513.4 ± 743.9 1844.0 ± 1549.7 <0.001

* values in bold font indicate statistical significance (p < 0.05).

There was a statistical difference between the three groups for BW < 1501 g,
GA ≤ 31 weeks + 6 days, infections, surgery, and prolonged use of oxygen (p < 0.05).

As Figure 1 illustrates, the incidence and severity of ROP decrease sharply with
increasing gestational age, with treatment-requiring ROP (type 1 ROP) confined almost
entirely to infants born at ≤28 weeks, with the highest proportion at 24 weeks, where it
accounts for nearly 80.0% of cases.

Figure 1. ROP severity trends across gestational ages at birth.

Among the eleven infants diagnosed with type 1 ROP, six received laser photocoagula-
tion, for stage 3 with plus disease in zone 2, three were treated with intravitreal anti-VEGF
injections for aggressive ROP, and two with aggressive ROP unfortunately passed away
prior to receiving treatment.

For the laser-treated group, the mean postmenstrual age at ROP onset was 34.33 ± 1.03 weeks
(range: 33–36 weeks), and the mean age at treatment was 41.00 ± 3.22 weeks (range:
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37–46 weeks). Five cases had only one course of laser treatment, and one had additional
laser treatment within 2 weeks from the first treatment.

The three infants who received anti-VEGF injections had a mean ROP onset at
34.00 ± 1.00 weeks (range: 33–35 weeks), and treatment was administered at a mean of
36.00 ± 0.00 weeks. The two deceased infants were diagnosed with aggressive posterior
ROP at 34 and 38 weeks postmenstrual age, respectively. All three infants who received
intravitreal bevacizumab injections showed no recurrence of ROP over the subsequent
18 months. Retinal vascularization was completed after several months, with a mean time
of 8.17 ± 0.76 months.

Furthermore, the statistical difference amongst the three groups for BW, GA, and
duration of oxygen support can be seen in Figure 2 (all p-values < 0.001).

Figure 2. Distribution and comparison of birth weight (orange), gestational age (grey), and duration
of oxygen support (red) by ROP category.

However, when non-type 1 ROP cases were compared with type 1 ROP cases, the only
statistical difference was found for mean BW (966.4 ± 372.9 vs. 701.6 ± 47.0; p = 0.032) and
mean GA (27.2 ± 2.4 vs. 25.4 ± 1.5; p = 0.024).

It is also noteworthy that, in our cohort, 12 infants had severe intrauterine growth
retardation and low postnatal weight gain. Among them, three developed type 1 ROP and
required treatment, while another four developed ROP but did not require treatment.

4. Discussion

This study offers valuable epidemiological data on type 1 ROP in Cyprus, focusing
on the prevalence, treatment outcomes, and associated risk factors in the country’s only
tertiary NICU. Among 183 screened babies, the incidence of any ROP was 18.0% and of
type 1 ROP was 6.0%. These figures align closely with those from developed nations such
as the USA, Spain, and the UK. For instance, the G-ROP study reported a 12.4% treatment
rate for type 1 ROP, while Spanish and UK studies documented treatment incidences of
14.6% and 13.8%, respectively [10–12].

Large-scale analyses confirm that almost all treatment-requiring ROP cases occur in
the smallest and most premature infants. In the G-ROP cohort, only 0.7% of severe ROP
cases were in infants with a birth weight >1251 g, supporting the selective but vigilant
screening of high-risk neonates [12]. Our finding that all type 1 ROP cases occurred in
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≤28-week infants mirrors other national datasets, where gestational age and birth weight
remain the strongest predictors of severe disease [10].

In our study, two treatment modalities were utilized: laser photocoagulation and
intravitreal bevacizumab. Laser photocoagulation, the standard treatment for stage 3 ROP
in zones 2 and 3, was the predominant choice. Laser is a well-established treatment with a
low complication rate and proven safety profile [13,14].

Intravitreal bevacizumab was reserved for aggressive ROP (A-ROP), a rapidly pro-
gressing condition. Bevacizumab-treated infants in our cohort demonstrated complete
retinal vascularization without recurrence in a 18-month follow-up, similar to findings
from Spain, where anti-VEGF therapy showed low recurrence rates and favorable out-
comes [1,10,15]. In this one-year review, there was ratio of one case of intravitreal injection
to two laser treatments.

Due to the risk of late ROP reactivation and serious visual consequences, extended
and diligent follow-up is essential after anti-VEGF therapy. Many experts recommend
monitoring infants beyond traditional screening timelines (frequent follow-up to 18 months
after treatment and then 6-monthly or annually up to the age of 5 years according to UK
ROP treatment guidelines), ensuring that reactivation is caught early before irreversible
damage occurs. It is a quick procedure, and selected cases respond well with a high safety
profile compared to laser. However, it significantly increases the follow-up workload.
As infants grow older, it also becomes increasingly difficult to examine the far retinal
periphery [13,14].

Recent studies provide interesting insights into treatment approaches. For instance,
Sen et al. (2021) introduced the outcomes of combining anti-VEGF injection and laser photo-
coagulation in type 1 ROP, concluding that this strategy was effective and safe, potentially
reducing the need for the strict long-term follow-up often required with monotherapy [16].
In parallel, Tung et al. (2024) provide additional longitudinal insights, reporting that while
ranibizumab-treated eyes showed a myopic shift and longer axial lengths at age three
compared with bevacizumab, these differences diminished by age six due to emmetropiza-
tion [17]. This indicates that early biometric disparities may not translate into long-term
refractive disadvantages, though vigilant refractive monitoring remains warranted [17].
Furthermore, a meta-analysis of neurodevelopmental outcomes reported no statistically sig-
nificant increase in severe neurodevelopmental impairment after intravitreal bevacizumab
compared with laser or untreated controls; however, it did reveal a small reduction in
Bayley-III motor scores, underscoring the importance of long-term multidisciplinary follow-
up [18]. Given the ongoing discussion regarding the systemic effects of anti-VEGF agents
like bevacizumab, the inclusion of long-term neurodevelopmental follow-up would be
valuable in future studies to assess potential implications on overall infant development.

In our study, risk factor analysis identified low gestational age, low birth weight, and
prolonged oxygen therapy as significant contributors to ROP development and progression.
These findings are consistent with international studies, which emphasize gestational age
and birth weight as dominant risk factors. The G-ROP study reported that infants with
gestational ages ≤24 weeks or birth weights ≤500 g had the highest odds of developing
type 1 ROP [12], similarly to our cohort, of which the group comprising 24 weeks of
gestational age infants has the highest risk of ROP type 1. Consistent with our results,
Gaber et al. (2021) identified low gestational age, low birth weight, and prolonged oxy-
gen supplementation as independent predictors of type 1 ROP [19]. Interestingly, this
study found an overall incidence of ROP of 34.1%, with type 1 ROP occurring in 26.3%
of infants, and additionally suggested apnea and thrombocytopenia as significant asso-
ciated factors. These results reinforce the multifactorial nature of disease pathogenesis,
where both hypoxic–ischemic and inflammatory pathways are implicated [19]. Importantly,
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moving beyond these well-established clinical parameters, recent attention has shifted
towards novel biomarkers. In particular, thrombocytopenia at birth (<181 × 109/L) and a
characteristic pre-treatment platelet “spike” have been linked to an increased risk of type
1 ROP. Incorporating such laboratory markers into predictive algorithms could substan-
tially enhance screening specificity and support the personalized scheduling of follow-up
examinations [20].

Our findings further suggest that the cumulative presence of multiple risk factors ex-
acerbates disease severity, particularly in cases of type 1 ROP. The Spanish study identified
late-onset sepsis, mechanical ventilation, and weight at 28 days as independent predictors
of ROP progression [10]. Other additional risk factors, for which their role needs to be
elucidated further, are maternal pre-eclampsia and gestational diabetes [21], maternal age
and emotional stress [22], premature rupture of membranes and chorioamnionitis, higher
level of oxygen and fluctuation of oxygen levels, necrotizing enterocolitis, intraventricular
hemorrhage, and poor postnatal weight. Some of these results seem to be contradictory
in clinical studies due either to different and heterogenous preterm infant populations or
different neonatal care across the world. In addition to biological and neonatal factors,
broader determinants such as maternal health and socioeconomic status—although not
included in our analysis—may also influence ROP development. These aspects, typically
managed within neonatal care systems, warrant further investigation in future interdisci-
plinary research. This study has some limitations. Its retrospective design and relatively
small sample size, especially for treated cases, limit the generalizability of the findings. The
lack of long-term follow-up data, particularly for infants treated with anti-VEGF therapy,
precludes definitive conclusions about treatment safety and durability. Nonetheless, this
study establishes a strong foundation for understanding type 1 ROP trends in Cyprus and
highlights areas for future research and clinical improvements. Moreover, future studies
conducted under the updated 2022 UK guidelines may yield different screening outcomes,
particularly with regard to inclusion criteria and follow-up recommendations.

5. Conclusions

This one-year review of type 1 retinopathy of prematurity in Cyprus provides the first
national insight into the epidemiology, treatment patterns, and risk factors associated with
type 1 ROP in a centralized tertiary NICU setting.

This study confirms that lower gestational age and birth weight are the strongest
predictors of ROP severity, with type 1 ROP occurring exclusively in infants born at
≤28 weeks. Additional significant associations were found with systemic infections, prior
surgeries, and the need for prolonged oxygen support. The findings also highlight the
cumulative effect of multiple risk factors, reinforcing the importance of comprehensive
neonatal care and early screening.

Laser photocoagulation remained the most frequently used treatment modality, while
anti-VEGF was reserved for aggressive ROP cases. Both treatments were effective in halting
disease progression, with no recurrence observed during an 18-month follow-up in the
anti-VEGF group.

These findings support the ongoing need for tailored screening strategies, resource
allocation, and long-term monitoring to optimize outcomes for preterm infants in Cyprus.

Our findings have several practical implications for neonatal ophthalmic care. Type
1 ROP developed exclusively in extremely preterm infants with additional systemic risk
factors highlights the value of risk-adapted screening protocols beyond gestational age
or birth weight alone. The favorable outcomes observed with both laser and anti-VEGF
therapy support their continued use, with anti-VEGF reserved for selected cases where
laser is less suitable. Given the extended follow-up required after anti-VEGF treatment,
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structured post-treatment monitoring is essential. The recent approval of aflibercept for
ROP treatment in Cyprus’ General Health System as an alternative to bevacizumab intro-
duces new opportunities for individualized treatment, outcome comparisons, and future
clinical audits. Finally, the centralized care model in Cyprus offers a strong basis for devel-
oping a national ROP registry, which could support quality improvement and personalized
screening strategies.

In conclusion, this study provides a comprehensive understanding of type 1 ROP in
Cyprus, serving as a foundation for future research and local healthcare improvements.

This study underscores the relevance of personalized medicine in neonatal ophthal-
mology, advocating for risk-based screening and tailored treatment protocols to improve
ROP outcomes in diverse populations.
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Abstract: Background: In glaucoma screening programs, a large proportion of patients
remain free of open-angle glaucoma (OAG) or have no need of intraocular eye pressure
(IOP)-lowering therapy within 10 years of follow-up. Is it possible to identify a large
proportion of patients already at the initial examination and, thus, to safely exclude them
already at this point? Methods: A total of 6889 subjects received a complete ophthalmolog-
ical examination, including objective optic nerve head and quantitative disc measurements
at the initial examination, and after an average follow-up period of 11.1 years, complete
data were available of 585 individuals. Two neural network models were trained and
extensively tested. To allow the models to refuse to make a prediction in doubtful cases,
a reject option was included. Results: A prediction for the first endpoint, ‘remaining
OAG-free and no IOP-lowering therapy within 10 years’, was rejected in 57% of cases,
and in the remaining cases (43%), 253/253 (=100%) received a correct prediction. The
second prediction model for the second endpoint ‘remaining OAG-free within 10 years’
refused to make a prediction for 46.4% of all subjects. In the remaining cases (53.6%),
271/271 (=100%) were correctly predicted. Conclusions: Most importantly, no eye was
predicted false-negatively or false-positively. Overall, 43% all eyes can safely be excluded
from a glaucoma screening program for up to 10 years to be certain that the eye remains
OAG-free and will not need IOP-lowering therapy. The corresponding model significantly
reduces the screening performed by and work load of ophthalmologists. In the future,
better predictors and models may increase the number of patients with a safe prediction,
further economizing time and healthcare budgets in glaucoma screening.

Keywords: glaucoma; machine learning; neural network; screening; prediction

1. Introduction

Glaucoma is a leading cause of irreversible blindness [1]. Worldwide, it is estimated
that about 66.8 million people have visual impairment caused by glaucoma, with 6.7 million
suffering from blindness. Intraocular pressure (IOP) is the most important—because it is
modifiable—risk factor for the development and progression of this disease [2]. Glaucoma
is mostly asymptomatic until late in its course, when visual problems arise [3]. However,
with early treatment, it is often possible to protect the eyes against serious vision loss [2].
Therefore, early diagnosis should be targeted. Due to the lack of symptoms in the early
disease stage of glaucoma in most patients, this can only be achieved through screening
programs. The most common subgroup of glaucoma in Europe is open-angle glaucoma
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(OAG). It is well known in glaucoma research that age, IOP, PEX, and topographic disc
parameter are univariable risk factors for predicting OAG.

A major goal in glaucoma research is to combine these risk factors in a multivariable
fashion and to make predictions on a personalized level. Machine learning algorithms such
as neural networks can personalize diagnosis for patients on an individual level, although
several issues remain unresolved [4–6]. Because no such tools are currently in use that predict
10-year occurrence of OAG, we investigated to what extent a reliable prediction is feasible.

Several univariable risk factors for developing OAG are well known, such as age [4],
increased IOP [2], PEX [7–9], and topographic disc parameters such the cup-to-disc ratio
(C/D) [10,11]. Increased age, IOP, and cup-to-disc ratio, as well as PEX, are positively
related to an increased risk of OAG. For example, age is an important risk factor for
developing OAG; however, it is still unclear precisely how it affects the progression of OAG
over time, particularly in relation to and in combination with other risk factors. Even if
all these univariable risk factors are identifiable through a single examination at one point
in time, it is difficult to diagnose OAG in certain cases, so why should we even consider
attempting to make a prediction over a long period of 10 years?

There are mainly three reasons why models with a reject option should be used: (1) It
is well known that patients with no or a small number of risk factors are highly likely to
remain OAG-free over a long period. For example, subjects aged ≤ 50 years old with an
IOP ≤ 18mmHg and a cup-to-disc ratio (C/D) ≤ 0.2 are highly likely to remain OAG-free
over many years [3,10,11]. Thus, the basic idea is to identify a—hopefully as large as
possible—subpopulation at the initial examination that will remain OAG-free at the 10-year
follow-up point. (2) Studies have demonstrated that 10-year OAG incidence is quite low,
ranging from 0.7 to 2.2% [12,13]. Hence, most patients remain OAG-free over 10 years,
which makes predicting OAG freeness easier compared to incidences around 50%. (3) The
third, and by far the most important, reason is related to the so called ‘reject option’ of
the model. It is definitely not necessary to identify every single eye that remains stable.
Usually, one expects that a model will make a prediction for every single patient. However,
to reduce the screening time, it is sufficient to identify a preferably large subpopulation
of patients with eyes that remain stable. If the prediction is too difficult and the accuracy
of the prediction model is ‘in doubt’, it is still better to refuse to make a prediction in-
stead of making a false-positive or false-negative prediction. Patients who do not receive
a prediction are sent to the glaucoma specialist as usual. This so-called ‘reject option’ is
crucial and a highly desirable advantage, because the models are not ‘forced to make
a prediction’. In other words, if the model has enough evidence, then it makes a prediction;
otherwise, it refuses to make a prediction and asks the glaucoma expert to make the final
decision (or to make no prediction at all). There is a cost to developing this model, because
we have to accept that a large number of eyes do not receive a prediction. On the other
hand, the reject option substantially increases the accuracy of the model for those patients
who receive a prediction. This allows for identifying a large number of patients for whom
the corresponding eye can safely be excluded, and, thus, much time and effort in screening
studies can be saved. All definitions, endpoints, methods, and results refer to right eyes,
as machine learning algorithms are expected to clearly distinguish between right and left
eyes. New models for left eyes can be trained and tested using the same methods.

This study will answer the following questions by considering the principle of very
high accuracy: (1) Which of these endpoints shows reasonable results? (2) How good are
the performances of the neural network models in terms of accuracy? How many patients
receive a false-negative or false-positive prediction? (3) To what extent do these models
help to reduce daily work load, i.e., how many eyes receive a prediction, and in how many
cases is the algorithm in doubt? (4) How can these approaches be improved in the future?
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2. Materials and Methods

The Salzburg-Moorfields-Collaborative-Glaucoma Study (SMCGS) began in 1996 and
is part of a large 25-year glaucoma blindness prevention program in Austria, Europe. The
SMCGS is a retrospective monocentric population-based longitudinal cohort study. This
study mainly provides information for and identifies glaucoma suspects, offering timely
and adequate treatment in clear-cut cases of glaucoma.

2.1. Definition of Definite OAG

We defined glaucoma as a progressive optic neuropathy leading to the loss of retinal
nerve fibers and glia cells, with characteristic alterations on the optic nerve head and with
or without corresponding functional alterations in visual field examination [14]. The follow-
ing parameters were used here: (a) Optic nerve head (ONH)—notching, rimming, arbitrary
chosen subjective cup-to-disk (C/D) ratio of 0.45 or more, or C/D asymmetry between the
two eyes >0.3 not explainable through other diseases. (b) Visual field—glaucomatous visual
field defects corresponding to optic disc changes. (c) Open anterior chamber angle [14].
Inclusion criteria: age ≥ 40 years, no OAG or other type of glaucoma, best spectacle-
corrected visual acuity >6/9, refractive range ranging from −6.00 to +4.00 diopters with
a difference in refraction between both eyes <3.00 diopters. Exclusion criteria: pseu-
dophakia, IOP-lowering therapy at the initial examination, and eye diseases potentially
leading to visual field defects or secondary increases in intraocular pressure, contraindica-
tion against beta blockers, systemic corticosteroid therapy, or pregnancy.

During the study’s duration of more than 27 years, up to 24 ophthalmologists and
7 ophthalmic assists specially trained in using the study protocol performed ophthalmic exam-
inations and graded each patient. SMCGS data collection started on the 1st December 1996.
Baseline: The ophthalmic assistants were responsible for oral education and SMCGS, ques-
tionnaire interviews, best corrected visual acuity (BCVA) measurements with the Early
Treatment Diabetic Retinopathy Study (EDTRS) chart, subjective refraction, visual field ex-
amination (VF; Motion-Sensitivity Test (MST), Humphrey Frequency Doubling Technology
Perimetry (FDT, Humphrey FDT matrix, Humphrey Instruments Inc., San Leandro, CA,
USA), Humphrey Field Analyzer II or II-I [HFA, Humphrey Instruments Inc., San Leandro,
CA, USA]), central corneal thickness (CCT) with ultrasound pachymetry (Pocket II, Quantel
Medical, Cournon d’Auvergne Cedex, France) and structural imaging (confocal scanning
laser ophthalmoscopy was carried out using TopSS® (Fa. LDT, San Diego, CA, USA)),
which refers to a scanning laser tomography technique for analyzing the eye, specifically
the optic nerve head. This method uses scanning laser tomography to depict the top surface
of the optic nerve, allowing for detailed analysis of structural changes. Subsequently,
all subjects underwent a standardized eye examination with intraocular pressure (IOP)
assessment in miosis and mydriasis through Goldmann applanation tonometry (Haag
Streit, Koeniz, Switzerland), gonioscopy (to exclude angle-closure), slit lamp anterior seg-
ment examination, and dilated fundus slit lamp biomicroscopy for optic disc assessment
using a Volk 90 D lens, including subjective C/D. PEX was diagnosed during the initial
clinical examination in the glaucoma screening ambulance using a slit lamp. Recorded
TopSS® values included the C/D ratio, total contour area, effective area, neuroretinal rim
area, half-depth area, half-depth volume, and volume below. If results were abnormal
or inconclusive during the VF-examination at baseline, a second confirmation test was
performed for clarification.

2.2. Definition of Endpoints

We defined two different endpoints: E1—composite endpoint, i.e., freeness of OAG
and no IOP-lowering therapy; E2: freeness of OAG (with or without IOP-lowering therapy).
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If a patient (1) still wants to join the screening program, (2) agrees to receive IOP-lowering
therapy if necessary, and (3) is only interested in determining whether OAG will develop,
then E2 is best. E1 is suitable for informing and safely excluding the patient from a screening
program. Here, we want to show that for E1 and E2, ocular hypertension (OHT) might
develop (in the case of E2, with a possibly necessary IOP-lowering treatment), but OAG
will not develop.

Age, IOP [2], PEX [7–9], and 8 optic nerve head parameters (TopSS®) were used as
continuous predictors for E1 and E2.

2.2.1. Years Follow-Up

Patients free of glaucoma (OAG or another type of glaucoma) at the baseline visit
received follow-up only. All examinations were carried out the same manner as at the
baseline examination. According to the results of the baseline examination, patients were
also scheduled for interim visits in the first decade. Complete data for the baseline visit
and the 10-year visit were used to train and validate the machine learning models.

2.3. Statistical Methods and Model Development

Data were cleaned for inaccurate or missing data, resulting in data for 585 patients,
with full records of each predictor and the outcome variable. Univariable logistic re-
gression models were used to estimate the odds ratios of each individual predictor with
95% confidence intervals.

2.4. Machine Learning Algorithms, Training and Testing

Multilayer perceptron neural networks, nearest-neighbor classifiers, Bayes classifiers,
random forest models, logistic regression models, and support vector machines were
trained and tested.

2.5. Data for Model Training and Testing

The full sample (n = 585) was randomly split into a training sample (n = 486) and
a test sample (n = 117). No data from the test sample were used for model training.
All neural networks were first trained and 10-fold cross-validated in a training sample
(n = 468) and finally tested in an independent randomly selected test sample (n = 117) to
ensure generalization to new, previously unseen eyes.

2.6. Methods for Model Training
2.6.1. Neural Nets

Adaptive moment estimation was used as a stochastic gradient descent method. To mitigate
overfitting, an early stopping approach and 10-fold cross-validation were used. L2-regularization
techniques were also used. Additionally, early stopping, batch normalization layers, and
L2-regularization techniques were used. The batch size was 64 and the maximal number
of training rounds was 5000 (Table S1). The network architecture is illustrated in Figure S1.

2.6.2. Other Models

All other models were trained according to the default settings of MATHEMATICA [15].

2.7. Feature Selection

Potential risk factors were selected as input variables, which are listed in Table 1.
Although some of these risk factors were not significant, after applying a genetic algorithm
and the reject option (as described in the next subsection), these predictors were still useful
for limiting the number of rejected cases.
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Table 1. Univariable odds ratios and descriptive statistics of various predictors for composite
endpoint E1: freeness of. OAG and having no IOP-lowering therapy within 10 yrs.

OAG-Free and no IOP
Lowering Therapy
10 yr FU (n = 544)

OAG or IOP-Lowering
Therapy at 10 yr FU

(n = 41)

Mean Std Mean Std Odds Ratio p-Value

Age (yrs) 58.84 7.96 60.7 7.29 1.02 (0.99–1.08) 0.16 1

IOP (mmHg) 15.1 2.83 18.5 4.27 1.33 (1.21–1.46) <0.0001 1,*

PEX 12/532 2.2% 3/38 7.3% 3.5 (0.6–13.7) 0.027 2,*

Effective Area (mm2) 0.95 0.40 1.08 0.32 2.37 (1.02–5.5) 0.042 1,*

Neuroretinal Rim Area (mm2) 1.29 0.32 1.19 0.18 0.38 (0.13–1.09) 0.07 1

Half Depth Area (mm2) 0.37 0.21 0.44 0.20 4.0 (1.01–15.8) 0.047 1,*

Half Depth Volume (mm3) −0.06 0.06 −0.07 0.05 0.08 (0.008–7.09) 0.26 1

Volume Below (mm3) −0.25 0.18 −0.31 0.20 0.23 (0.05–0.996) 0.047 1,*

Cup-To-Disc Ratio/0.1 unit change 0.42 0.14 0.48 0.12 1.46 (1.11–1.92) 0.006 1,*
1 Independent t-test 2 Fisher’s Exact test (one sided), odds ratios are based on univariable logistic regression
models, *: indicates statistical significance.

2.8. Reject Option

From a clinical point of view, most importantly, we wanted to avoid making false-
negative predictions for both endpoints. This means that E2 would predict that the patient
will not suffer from OAG within 10 years, even though they may develop OAG within
this period. For E2, a false-negative prediction may lead to irreversible eye damage or
even blindness. For E1, the same scenario would occur, and no medication would be
administered, which could also result in OAG or blindness. The predictors, however, did
not have enough predictive power to achieve this goal for the whole cohort. Thus, it was
reasonable to allow the algorithms to apply a ‘reject option’ in doubtful cases [16]. This
means that 2 cut-offs for the posterior probabilities, instead of 1 cut-off, were first chosen
in the training sample and then applied and tested in the test sample. Finally, to assess
model performances, the percentages of predicted subjects and total correct predicted cases
were computed in the training and test samples and compared to determine whether the
networks generalized well to new, previously unseen data.

The advantage of this approach was that it minimized the number of false-negative and
false-positive predictions. This important advantage came at a cost, as a large number of cases
did not receive a prediction. We recommend that patients who do not receive a prediction
should still join a glaucoma screening program to benefit from expert medical knowledge.

All analyses were carried out using STATISTICA 13 [17] and MATHEMATICA 13,
developed by Wolfram Research, Inc., Champaign, IL (2023) [15].

3. Results

In the original screening study, 6889 subjects were screened and 976 subjects were
examined ten years later. Finally, after applying all inclusion and exclusion criteria and
removing all missing data, 585 right eyes with complete data were included.

3.1. Demographic Data at Baseline

An overview is given in (Table 2).
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Table 2. Overview of baseline demographic data of n = 585 subjects with complete data at baseline
and 10 year follow-up 1.

Mean SD −95% CI +95% CI

Age (y) 58.9 8.1 58.8 59.6

Follow-up (years) 11.1 1.1 10.99 11.2

IOP (mmHg) 15.3 3.2 15.1 15.6

Total Contour Area (mm2) 2.23 0.44 2.20 2.27

Effective Area (mm2) 0.96 0.39 0.93 0.99

Neuroretinal Rim Area (mm2) 1.28 0.33 1.25 1.31

Half Depth Area (mm2) 0.38 0.21 0.36 0.40

Half Depth Volume (mm3) −0.06 0.057 −0.066 −0.057

Volume Below (mm3) −0.26 0.19 −0.27 −0.24

Cup-To-Disc Ratio 0.42 0.14 0.41 0.43

N Percentage −95% CI 95% CI

Endpoint E1: OAG 2 at 10-year FU or
IOP lowering therapy within 10 years

41/585 7% 5.1% 9.4%

Endpoint E2: OAG 2 at 10-year FU 21/585 3.6% 2.23% 5.43%
1 All results refer to right eyes. 2 OAGs included 6 primary open angle glaucoma (1.03%), 3 pseudoexfoliation
glaucoma (0.51%), 0 pigmentary glaucoma (0%), and 12 normal tension glaucoma (2.05%).

3.2. Overview of Demographic Data at 10-Year Follow-Up

Within our dataset, OAGs included 6 primary open-angle glaucoma (1.03%) cases,
3 pseudoexfoliation glaucoma (0.51%) cases, 0 pigmentary glaucoma (0%) cases, and
12 normal tension glaucoma (2.05%) cases. A total of 41 of 585 eyes had OAG or received at
least one or more types of IOP-lowering eye therapy within 10 years (E1), corresponding to
an average 10-year incidence of 7% (5.1–9.4%). Differences between those who fulfilled E1
or not and the corresponding univariable prediction power (odds ratios) levels of possible
candidate predictors are given in Table 1.

An overview of the performance accuracies of the machine learning models is given
in Table 3, while the advantages and disadvantages of using the selected neural network
models with both E1 and E2 are given in Table 4. The neural network models had the
smallest percentage of unpredicted patients compared to the classical machine learning
algorithm. An overview of the model performance with various combinations of cut-offs
for endpoint E1 is given in Table S2. The logistic regression model (classical approach)
also achieved 100% NPV; however, the number of unpredicted patients was considerably
larger at 69.2%. The models M1 and M2 demonstrated excellent results, with a sufficiently
large proportion of eyes receiving a prediction. Most importantly, no eye was predicted
false-negatively or false-positively.

Table 3. Results of six machine learning algorithms to predict endpoint E1 based on accuracy. Results
are given before application of the reject option and are based on the 10-fold cross-validation. Similar
results were found for endpoint E2.

Model
Performance

Support Vector
Machine

Nearest
Neighbors

Random Forest Bayes Classifier Neural Network

(NPV/PPV)% 93.2/92.3% 93.2/92.3% 93.2/92.4% 90.4/85.5% 93.5/93.2%

After application of the reject option, the best neuronal network model achieved a NPV of 100%, but rejected
314 of 585 (53.6%) patients in the overall sample and similar results were found for endpoint E2 (Table 4).
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Table 4. Overview performance, advantages and disadvantages of two predictive neural network
models with endpoints E1 1 and E2 2.

Endpoint

Percentage of
Eyes Filtered
Out/Received

a Prediction (%)

Performances
of the Models 3

(n/%)
Advantages Disadvantages Remarks

E1 2 57%/43% 253/253 (100%)

In total, 43% of all eyes can
safely be excluded from

a glaucoma screening
program for up to 10 years if
one wants to be certain that
the eye remains OAG-free

and will not require
IOP-lowering therapy.
This also significantly

reduces the
screening amount.

57% did not
receive a

prediction.

Eyes can safely be
excluded from the

OAG screening
program, especially
if the patient wants

to leave the
screening program.

E2 1 53.6%/46.4% 271/271 (100%)

Overall, 46.4% of all eyes
can safely be excluded from

a glaucoma screening
program for up to 10 years if
one wants to be certain that
the eye remains OAG-free.
This significantly reduces
the screening workload

of ophthalmologists.

Overall, 53.6%
did not receive a

prediction.
Eyes receiving
IOP-lowering

therapy were not
filtered out.

This model is designed
for patients in a

glaucoma screening
setting within a

hospital, assuming
these patients want to

remain within the
screening program
and continue with

IOP-lowering therapy.
1 Endpoint 1 (E1): remaining OAG-free within 10 years. 2 Endpoint 2 (E2) composite endpoint: remaining
OAG-free + no IOP-lowering therapy within 10 years of FU. 3 Performances measured in the training and test
sample based on neural networks.

3.3. Illustration of the Models Using Real Data

To better illustrate the models, typical data used in a glaucoma screening setting are
provided at the initial examination, illustrating the predictions, decisions, and observations
made by M1 for E1 (Table 5). On the left side, we see the predictors evaluated during the
initial examination: age, IOP, effective area, neuroretinal rim area, volume below, half-
depth area, half-depth volume, C/D, and PEX. On the right side, we see the predictions
for M1 for E1 during the initial examination and corresponding observations of both
endpoints made at the 10-year follow-up. Eyes highlighted in green were identified via the
prediction model, and every single eye was correctly predicted. Eyes highlighted in gray
did not receive a prediction, because the algorithm believed that their status was ‘in doubt’
and refused to make a prediction (i.e., the corresponding eye was ‘filtered out’). For E1,
332 eyes (57%) were filtered out and did not receive a prediction, while 253 (43%) of all eyes
received a prediction. In summary, all 253 eyes were correctly predicted (100%), meaning
that no eye was predicted false-negatively or false-positively.
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Table 5. Illustration of prediction model for endpoint E1 based on real data at the initial exam,
predicted and observed endpoints at. 10-year follow-up. Identified eyes (green) received a prediction
by the model and can safely be excluded from the screening program. Eyes without a prediction
(gray) should be send to a glaucoma expert. Patients who suffered of OAG or needed IOP lowering
therapy are highlighted in red. No predictions were done in these cases. 332 eyes (57%) were filtered
out and did not receive a prediction, 253 (43%) of all eyes received a prediction. 253 out of 253 eyes
were correctly predicted (100%). Most importantly, no eye was predicted false-negatively.

Initial Exam

Predictions of
Endpoint E1

Made at
Initial Exam

Observed
Endpoint E1

at the 10 yr FU

Age IOP 1 EA 2 NR 3 VB 4 HDA 5 HD 6 C/D 7 PEX 8

62 12 0.85 1.22 −0.15 0.19 −0.02 0.41 No No prediction OAG-free/no IOP
low. therapy

63 14 0.66 1.46 −0.15 0.24 −0.03 0.31 No OAG-free/no IOP
low. therapy

OAG-free/no IOP
low. therapy

56 15 1.49 1.18 −0.35 0.60 −0.07 0.56 No OAG-free/no IOP
low. therapy

OAG-free/no IOP
low. therapy

61 15 1.22 0.76 −0.52 0.48 −0.11 0.62 No No prediction OAG

66 14 1.41 1.10 −0.34 0.50 −0.09 0.56 No OAG-free/no IOP
low. therapy

OAG-free/no IOP
low. therapy

42 17 0.51 1.73 −0.10 0.19 −0.03 0.23 No OAG-free/no IOP
low. therapy

OAG-free/no IOP
low. therapy

54 14 0.85 0.91 −0.13 0.32 −0.02 0.49 No No prediction OAG

69 13 0.96 1.14 −0.18 0.39 −0.05 0.46 No OAG-free/no IOP
low. therapy

OAG-free/no IOP
low. therapy

66 14 1.13 1.21 −0.31 0.34 −0.06 0.48 No OAG-free/no IOP
low. therapy

OAG-free/no IOP
low. therapy

70 14 1.09 1.44 −0.17 0.27 −0.028 0.43 Yes No prediction IOP low. therapy

59 18 0.83 1.18 −0.21 0.22 −0.04 0.41 No OAG-free/no IOP
low. therapy

OAG-free/no IOP
low. therapy

62 15 0.99 1.21 −0.45 0.39 −0.12 0.45 No No prediction OAG-free/no IOP
low. therapy

57 12 0.50 1.39 −0.06 0.20 −0.01 0.27 No OAG-free/no IOP
low. therapy

OAG-free/no IOP
low. therapy

58 13 1.16 0.97 −0.65 0.66 −0.22 0.54 No No prediction OAG-free/no IOP
low. therapy

57 16 1.25 0.94 −0.41 0.69 −0.12 0.57 No No prediction OAG-free/no IOP
low. therapy

62 12 1.21 1.25 −0.64 0.70 −0.19 0.49 No No prediction OAG-free/no IOP
low. therapy

1 Intraocular eye pressure (mmHg), 2 effective area (mm2), 3 neuroretinal rim area (mm2), 4 volume below (mm3),
5 half depth area (mm2), 6 half depth volume (mm3), 7 cup-to-disc area, 8 pseudoexfoliation syndrome.

3.4. Illustration for the Need for a Reject Option

To better understand both why a large number of eyes were filtered out and the
difficulty of predicting E1, we provide deeper insights how close both data clouds (E1,
yes/no) closely stick together and illustrate the overlap between both data distributions
(Figure 1). As indicated, there is a large overlap between both distributions, indicating the
difficulty of identifying eyes for which accurate predictions can be made and eyes that
must be rejected during the initial examination for making predictions for the future.
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Figure 1. Scatterplot of C/D ratio and neuroretinal rim area (mm2) of 585 eyes suggesting the need of
a reject option. All eyes were OAG-free without receiving IOP-lowering eye therapy at the initial
exam. Red dots indicate eyes fulfilling endpoint E1 (freeness of OAG + no IOP-lowering therapy
within 10 years of FU) at the 10-year FU, blue dots indicate eyes which do not fulfill endpoint E1 at
the 10 yr FU. Eyes with values in the left part of the figure (‘low risk region’) are very likely to remain
OAG-free and having no IOP-lowering therapy within 10 years whilst eyes in the right region (‘high
risk region’) are at high risk for developing a OAG or will receive an IOP-lowering therapy within
10 years of FU. It is precisely the main task of neural networks to identify regions of low risk
in the space of all input variables (including age, IOP, optic nerve head parameters and PEX),
simultaneously.

4. Discussion

This study provides a completely new and safe approach for identifying a large
subpopulation of eyes remaining free of open-angle glaucoma without needing IOP-lowering
therapy within 10 years. The most important benefit of M1 is that 43% of the eyes in the
screening population could safely be excluded already at the initial examination, i.e., no
predicted eye received a false-positive or false-negative prediction. It is important to
emphasize that this accuracy could only be achieved by allowing the algorithm to refuse
to make a prediction, occurring in 57% of eyes. Therefore, there is no need to further
examine eyes that receive a OAG screening prediction within the next 10 years, saving
corresponding time, effort, and costs. This implies that these eyes are no longer within
a screening program and, thus, will not receive IOP-lowering therapy. This was a key point
and crucial for explaining not only why E1 focuses on OAG but also why these eyes do not
receive IOP-lowering therapy.
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4.1. Discussion of Model M1

In this model, the patient will receive a positive response if they not only remain OAG-
free over 10 years but also do not require IOP-lowering therapy, which is an important
form of subjective relief for the person.

4.2. Discussion of Model M2

The patient receives a positive response if they remain OAG-free over 10 years. This
model is the right choice for patients who are willing to remain in a glaucoma screening
program. In this case, the eye may still receive IOP-lowering therapy if necessary. Therefore,
E2 was defined as remaining OAG-free (with adequate IOP-lowering therapy if ocular
hypertension arises). IOP-lowering therapy was not included compared to E2. A detailed
overview of the clinical pathway used to guide the patient workflow is given in Figure 2.

Figure 2. Clinicial pathway to guide patient workflows. a: Endpoint 1; b: Endpoint 2.

4.3. PEX as Risk Factor and How It Was Handled by the Models

Additionally, we analyzed how the models handled patients with PEX. There were
570 eyes without PEX, and 44% received a prediction. All predictions were correct. A total
of 15 eyes had PEX, and the algorithms refused to make a prediction in all 15 eyes. This
suggests that PEX is a risk factor that deserves special attention from glaucoma experts.
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4.4. Implication for Practical Purposes

This identification system can be implemented in a computer system in daily practice:
This can be carried out by measuring age, IOP, PEX, and optic nerve head measurements.
The models can be implemented in a clinical database so that model prognoses for both
endpoints are immediately available after patient data have been entered in the database.
Currently, we plan to externally validate the model with other University Eye Clinics.
Creating an open access form of the model is currently under discussion.

Of course, we do not screen for all known sight-threatening diseases but for one
major cause of visual impairment. Therefore, we also consider personal responsibility
and suggest that subjects should be screened anyway due to the risk of contracting other
eye-threatening diseases. We suggest that the remaining patients without a prediction
should be screened more closely.

4.5. Outlook and Further Developments

We have many ideas for further improving the models in the future: First, we plan
to test and analyze more candidate predictor variables based on image data, e.g., GDx®,
OCT®, HRT II®, or other structural imaging methods. Modern deep learning methods
based on convolutional neural networks (CNNs), such as Inception net, VGGNet, ResNet, R-
CNN+LSTM models, or classification maps, have already demonstrated utility for assessing
various disease processes, including cataracts, glaucoma, age-related macular degeneration,
and diabetic retinopathy [4,18–22]. Of course, these methods should also be applied,
especially in combination with clinical data, for predicting the above-addressed endpoints.

Another option is to establish prediction models for subgroups of OAG or related
diseases. Moreover, we could ask ourselves if we should increase or decrease the follow-up
time (e.g., to 5 or 15 years). Here, we provide models for assessing the development of the
most common sub-form of glaucoma (OAG), which is only one of the major reasons for
the irreversible impairment of visual function and blindness worldwide. Applying our
approach to the other subgroups of glaucoma and other major diseases causing irreversible
impairment may reduce the burden of routine screenings tremendously.

4.6. Strengths and Limitations of This Study
4.6.1. Strengths

The most important strength of this study is that it provides methods for safely
excluding 43% of all eyes during the initial examination and correctly predicting OAG
freeness and freeness from IOP-lowering therapy for 10 years. This significantly decreases
the practical screening workload in daily work. Another strength is that the models are
not only theoretical concepts/ideas/suggestions, but they can also easily be implemented
in any database and then be applied in daily practice. The large sample size of about
600 eyes is also an important strength of this study. A large sample size is important for
creating with statistically sound models, as emphasized in mathematical statistics and
machine learning theory. It is important to train and independently validate the models
with large samples to avoid overlearning and to provide accurate predictions when the
models are confronted with new, previously unseen data (generalization). Another strength
of this study concerns the sample: right and left eyes were carefully distinguished and
were not merged. This would artificially increase the sample size, but in that case, data
independence may be undermined. In this case, prediction models may struggle to predict
new, previously unseen data.
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4.6.2. Limitations

There might be a possible imbalance between positive and negative groups in terms of
predictive performance. This might be due to the fact that optic nerve head measurements
were made using TopSS® (Fa. LDT, San Diego, CA, USA), which is outdated. We think
that using predictors with higher predictive power (e.g., genetic markers) or using modern
topographic measurements of the optic nerve head might improve predictions. Addition-
ally, we recommend conducting follow-up studies with larger samples and evaluating
the model with external independent data. However, for this study with such a long FU
over 10 years, it was necessary to use this method to achieve a sufficiently large sample
size. As described in the Materials and Methods section, visual field examinations were
carried out using various different methods. In large-cohort studies such as ours, this
is a common drawback over a long study period of more than 20 years, which implies
that no uniform data source for the visual field was available. We strongly support using
the above procedure for only examining cases where a shallow chamber is observed, as
the vast majority of ophthalmologists in practice perform gonioscopy only in cases of
a suspected configuration of the anterior segment. When comparing the results of different
glaucoma screening programs, it is important to consider to which population the results
finally refer. It is important to point out that data for these models were sampled from
a European sample. It is well known that ethnicity and race are risk factors for glaucoma,
and, therefore, we suggest applying these models in Caucasian patients only.

5. Conclusions

Overall, 43% of all eyes can safely be excluded from a glaucoma screening program
for up to 10 years while remaining certain that the eyes remain OAG-free and will not
need IOP-lowering therapy. We suggest applying this model to inform patients of their
future eye health 10 years ahead and to safely exclude the identified eye from further
screening within this period. This has a positive impact on reducing the enormous working
and screening workloads of ophthalmologists. We suggest applying these neural network
models for screening purposes to decide which eyes can be safely excluded and which
eyes should be followed-up more closely and sent to a glaucoma expert. This filtering
system and identification method will reduce the time and healthcare budgets required for
glaucoma screening in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jpm15080361/s1, Figure S1: An illustration of the network architecture
with all layers and activation functions; Table S1: An overview about pre-processing, model training,
split of data into training, validation and test sample, training stop criteria, selection of thresholds for
the reject option and final test of the models based on neural networks; Table S2: Overview of model
performances with various combinations of cut-offs for the neural network model with endpoint E1.
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20. Wąż, P.; Zorena, K.; Murawska, A.; Bielińska-Wąż, D. Classification Maps: A New Mathematical Tool Supporting the Diagnosis of
Age-Related Macular Degeneration. J. Pers. Med. 2023, 13, 1074. [CrossRef] [PubMed]

21. Demir, F.; Burak, T. An Effective and Robust Approach Based on R-CNN+LSTM Model and NCAR Feature Selection for
Ophthalmological Disease Detection from Fundus Images. J. Pers. Med. 2021, 11, 1276. [CrossRef] [PubMed]

22. Govindaiah, A.; Baten, A.; Smith, R.T.; Balasubramanian, S.; Bhuiyan, A. Optimized Prediction Models from Fundus Imaging and
Genetics for Late Age-Related Macular Degeneration. J. Pers. Med. 2021, 11, 1127. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

72



Article

Success of Strabismus Surgery in Intermittent Exotropia

Pedro Lino 1,2,3,4,5,*, Pedro Vargues de Aguiar 1 and João Paulo Cunha 6,7

1 NOVA National School of Public Health, Public Health Research Centre, Comprehensive Health Research
Center, CHRC, LA-REAL, CCAL, NOVA University Lisbon, 1649-004 Lisbon, Portugal;
pedroaguiar@ensp.unl.pt

2 Santa Maria Local Health Unit, 1649-028 Lisbon, Portugal
3 CUF Cascais Hospital, 2750-663 Cascais, Portugal
4 CUF Tejo Hospital, 1350-352 Lisbon, Portugal
5 Higher School of Technology and Health of Lisbon, Polytechnic Institute of Lisbon, 1990-096 Lisbon, Portugal
6 Ophthalmology Unit, CUF Cascais Hospital, 2750-663 Cascais, Portugal; joao.cunha@estesl.ipl.pt
7 Department of Morpho-Functional Sciences, Higher School of Technology and Health of Lisbon, Polytechnic

Institute of Lisbon, 1990-096 Lisbon, Portugal
* Correspondence: pedro.lino@estesl.ipl.pt

Abstract: Introduction: Intermittent exotropia (IXT) is the most common form of childhood
divergent strabismus. Surgery remains the primary approach to control ocular deviation
and preserve binocular function. Although previous studies report a success rate of
approximately 75%, factors influencing surgical outcomes remain insufficiently explored.
This study evaluates the effectiveness of strabismus surgery in children with IXT and
identifies predictors of postoperative alignment stability. Methods: This retrospective
study included 258 children with basic-type IXT or divergence excess who underwent
bilateral lateral rectus recession. Clinical records and surgical data were analyzed to
determine the overall success rate and identify associated predictive factors. Results: The
sample included 166 females (64.3%) and 92 males (35.7%), with a mean age of 11.19 ±
3.73 years. Surgical success was achieved in 238 patients (92.2%). Success rates were
similar across sexes (92.8% in females vs. 91.3% in males). No significant associations were
found between surgical success and sex, age, preoperative occlusion therapy, binocular
function, or IXT subtype. However, patients with moderate preoperative deviations had
higher success rates. A statistically significant difference was observed in the preoperative
deviation angle between successful (31 ± 7.08Δ) and unsuccessful (42 ± 7.27Δ) cases. A
lower AC/A ratio was also associated with better outcomes, although it was not the
main predictor. Discussion: The high success rate (92.2%) suggests a limited impact of
demographic or preoperative variables. The preoperative deviation angle emerged as the
strongest predictor of success, with smaller angles correlating with more favorable surgical
outcomes. These findings underscore the importance of accurate preoperative assessment
in surgical planning for IXT.

Keywords: intermittent exotropia; surgery; surgical success; recurrence

1. Introduction

Intermittent exotropia (IXT) is the most common type of divergent strabismus in chil-
dren. It is defined as a deviation that is present intermittently and alternates with periods
of orthotropia [1–3]. The deviation usually appears during early childhood (between 1 and
5 years of age) and typically becomes more frequent over time. It often manifests during
distance fixation or in situations of fatigue, distraction, or illness. As the child grows,
the deviation may also appear at near fixation and can eventually progress to constant
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exotropia (XT) [1]. The development of amblyopia is rare and usually occurs only when
the condition becomes constant at an early age or when it coexists with other amblyogenic
factors, such as uncorrected refractive errors [1].

Typically, during periods of ocular alignment, individuals exhibit binocular vision and
stereopsis. When the deviation is present, anomalous retinal correspondence (ARC) may
occur. Depending on the patient’s age and the maturity of the visual system, suppression
or diplopia may develop [1–5].

According to Duane’s classification, IXT can be divided into four types: divergence
excess, basic type, convergence insufficiency, and pseudo-divergence excess [1,5].

There is currently no universally accepted first-line treatment for IXT [1]. Treatment
options include medical approaches, such as occlusion therapy and the use of minus
lenses to stimulate convergence, and orthoptic therapy, consisting of fusion exercises,
which remain controversial due to ongoing debate regarding their effectiveness and their
potential negative impact on surgical outcomes. Orthoptic therapy may be useful only in
cases of convergence insufficiency, as it can promote fixation and improve fusion. Therefore,
surgical intervention is the mainstay of treatment for most IXT cases. Surgery typically
yields satisfactory results, although undercorrection or overcorrection may occur in the
immediate postoperative period. Over time, XT may recur, and additional surgery may be
required [1,4–7]. Surgery for IXT has reported success rates of 70–80%, but recurrence can
occur in up to 50% of cases within three years. Several prognostic factors strongly influence
outcomes [8–14]. A smaller preoperative deviation angle is associated with better surgical
success and a reduced need for reoperation [5,8,10,15]. Younger age at the time of surgery,
particularly between 3 and <5 years, is also linked to higher success rates [8,14]. The type of
exotropia is another important factor: the pseudo-divergence excess subtype is associated
with better alignment and lower recurrence [14–16]. Postoperative alignment during the
first week is a strong predictor of long-term success, especially in adults. In cases with
large deviation angles (>60 PD), the likelihood of achieving orthophoria is high, although
binocular success may be limited [5,9]. A family history of strabismus surgery does not
appear to significantly influence surgical outcomes [4].

This study aims to evaluate the effectiveness of bilateral lateral rectus recession surgery
in children with intermittent exotropia (IXT), with a particular focus on identifying predic-
tive factors for long-term alignment stability. In contrast to previous studies, this research
provides a comprehensive analysis of a large pediatric cohort in Portugal, applying a
personalized medicine approach to stratify surgical outcomes based on clinical profiles
such as preoperative deviation angle and AC/A ratio.

2. Methodology

This was a retrospective study [17].of patients treated at CUF Cascais Hospital, involv-
ing a cohort of children who underwent strabismus surgery for intermittent exotropia. The
procedure performed was classic bilateral lateral rectus recession under general anesthesia.
All surgeries were conducted by the same surgeon, and the surgical dose was determined
based on the distance deviation angle using Park’s formula (Table 1).

Inclusion criteria: Children aged 4 to 18 years with a confirmed diagnosis of intermit-
tent exotropia who underwent surgical correction. Only patients with complete medical
records—including preoperative data, surgical reports, and postoperative follow-up—were
included. All participants had normal visual acuity (i.e., no amblyopia) and no associated
ocular or systemic conditions that could influence the evaluation of surgical outcomes.
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Table 1. Parks’ formula for exotropia surgery.

Exotropia Angle in PD Amount of Recession/Resection in Mm

Two muscles BLRc LRc + MRs (R&R)

15 4.0 4.0 + 3.0

20 5.0 5.0 + 4.0

25 6.0 6.0 + 4.0

30 7.0 7.0 + 5.5

35 7.5 7.5 + 5.5

40 8.0 8.0 + 5.5

45 8.5 8.5 + 6.0

50 9.0 9.0 + 6.5

60 10 9.0 + 7.0
Legend: PD, prismatic diopters. BLRc, bilateral lateral rectus recession. LRc, lateral rectus recession. MRs: medial
rectus resection.

Exclusion criteria: Patients were excluded if they presented other ocular or systemic
pathologies, unilateral or bilateral amblyopia, chromosomal abnormalities or systemic
diseases (e.g., congenital anomalies or neurological disorders), paralytic or restrictive
exotropia, dissociated vertical deviation or alphabet patterns, constant exotropia, or other
types of divergent strabismus such as consecutive or sensory exotropia.

The following parameters were documented and analyzed: sex, age, age at surgery,
refractive error (spherical equivalent), distance deviation in prism diopters (PD) before
surgery, preoperative sensory status, type of surgical procedure performed, postoperative
deviation in PD at six months, and sensory function at six months. A six-month follow-up
was chosen because ocular alignment is generally more stable after this period, allowing for
a more accurate assessment of residual deviation. This timeframe also permits evaluation
of sensory adaptation (e.g., binocular fusion), identification of relapses or overcorrections,
and assessment of symptoms and quality of life. Moreover, it is a commonly used interval
in scientific literature, facilitating comparison with other studies.

In all patients, deviations were measured using the alternate cover test with prisms
for both near (33 cm) and distance (6 m) fixation. To differentiate between true divergence
excess and pseudo-divergence excess, measurements were repeated after occlusion (1 h) of
the non-dominant eye. The AC/A ratio was calculated using the gradient method, with
the addition of −2.00 D lenses.

Sensory status was evaluated using fusion (Worth 4-dot test) and stereopsis (Wirt test
for near, Vectograph for distance).

Definition of surgical success: Residual ocular deviation ≤10 PD at distance fixation
six months after surgery (whether eso- or exotropic), with the presence of sensory fusion
and stereopsis of 80 arcseconds or better, as assessed by either near (Wirt) or distance
(Vectograph) stereotests. This combined motor and sensory criterion aligns with prior
literature and enables a comprehensive evaluation of functional surgical outcomes.

Statistical analysis [18,19]: Data were entered into a custom SPSS® version 29 database
and analyzed using univariate, bivariate, and multivariate statistical methods. Variables
were classified according to their characteristics and categorized accordingly.

Qualitative sociodemographic and clinical variables were analyzed using descriptive
statistics, and quantitative variables were summarized using measures of central tendency
and dispersion. Logistic regression was used to identify factors associated with stable post-
operative alignment, including both crude and adjusted models. Variables included in the
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model were selected based on clinical relevance and statistical significance in bivariate anal-
ysis, and multicollinearity was assessed to ensure model robustness. A significance level of
5% was adopted, and p-values below this threshold were considered statistically significant.

All stages of the research complied with ethical and regulatory standards for Good
Practice in Health Research and were approved by the Ethics Committee of the CUF
Group—Health Services (approval number: 2024/488).

3. Results

The sample included 258 participants: 166 females (64.3%) and 92 males (35.7%). The
participants’ ages ranged from 5 to 18 years, with a mean age of 11.19 ± 3.73 years.

The mean age at the time of surgery was 8.75 ± 12.19 years, with a minimum of 4 years
and a maximum of 17 years.

Out of the total sample, 238 patients (92.2%) achieved surgical success, defined as
a residual eso- or exodeviation ≤10 PD and stereopsis better than 80 arcseconds. The
remaining 20 patients (7.8%) did not meet the criteria for success. In the success group, the
mean refractive error (spherical equivalent) was −0.63 ± 1.424 D, while in the no-success
group, it was −0.63 ± 1.134 D.

Ophthalmologic characteristics: Table 2 shows the associations between each of the
characteristics studied in each of the groups (success vs. non-success).

Table 2. Association between exposures and outcome.

Exposure Group: Success Group: No Success OR p-Value 95% Confidence Interval

Gender
Female (reference)
Male

154 (92.8%)
84 (91.3%)

12 (7.2%)
8 (8.7%) 0.818 0.673 0.322; 2.080

Age 11.22 ± 3.589 12.20 ± 5.414 1.031 0.627 0.911; 1.168

Surgical Age 8.76 ± 12.617 9.80 ± 5.519 1.001 0.954 0.962; 1.042

Prior occlusive
treatment
Yes
No (reference)

196 (91.2%)
42 (97.7%)

19 (8.8%)
1 (2.3%) 0.246 0.177 0.032; 1.886

XTI type
DET
BT (reference)

51 (89.5%)
187 (93%)

6 (10.5%)
14(7%) 0.636 0.378 0.233; 1.739

Moderate
preoperative
deviation
Yes
No (reference)

76 (100%)
162 (89%)

0(0%)
20 (11%) 9.259 * 0.01 1.648; 196.3

Magnitude of
preoperative
deviation

31 ± 7.080 42 ± 7.270 0.837 <0.001 0.777; 0.901

AC/A ratio 7.09 ± 3.735 11.27 ± 9.035 0.920 0.013 0.861; 0.983

Binocular
Preoperative
Yes
No (reference)

233 (92.5%)
5 (83.3%)

19 (7.5%)
1 (16.7%) 2.453 0.424 0.272; 22.077

Surgical Dose (mm) 13.65 ± 2.5 15.33 ± 3.395 0.817 0.025 0.685; 0.975
* For this calculation, the authors do a direct substitution of 0 by 1 OR (odds ratio).
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• Preoperative occlusive treatment: 196 patients (91.2%) underwent occlusion therapy
as an anti-suppression exercise.

• Binocular function before surgery: 233 patients (92.5%) had binocular function prior
to surgery. The odds ratio (OR) for surgical success in patients with binocular vision
was 2.453 (p = 0.424).

• IXT type: 187 patients (93%) had basic-type intermittent exotropia, and 51 patients
(89.5%) had divergence excess type. The OR for surgical success in patients with
basic-type IXT was 0.636 (p = 0.378).

• Preoperative deviation angle: The mean deviation at distance was 31 ± 7.08Δ in
the success group and 42 ± 7.27Δ in the no-success group. Patients with moderate
deviation had a significantly higher chance of surgical success.

• AC/A ratio: The mean AC/A ratio was 7.09 ± 3.735 in the success group and
11.27 ± 9.035 in the no-success group. A statistically significant difference was found
(OR = 0.920; p = 0.013), suggesting that a higher AC/A ratio is associated with lower
surgical success.

• Total surgical dose: The mean total amount of recession (bilateral) was 13.65 ± 2.5 mm
in the success group and 15.33 ± 3.395 mm in the no-success group. Although there
was no statistically significant difference between larger setbacks (t = 1.891; p = 0.078),
logistic regression showed a significant association (p = 0.025).

• Sex: Surgical success was achieved in 154 females (92.8%) and 84 males (91.3%).
Although females tended to have a slightly higher success rate, the difference was not
statistically significant (OR = 0.818; p = 0.673).

• Age and age at surgery: The mean age in the success group was 11.22 ± 3.589 years,
compared to 12.20 ± 5.414 years in the no-success group. The mean age at surgery was
8.76 ± 12.617 years in the success group and 9.80 ± 5.519 years in the no-success group.
There was no significant association between these variables and surgical success,
although younger patients tended to have better outcomes (OR = 1.031; p = 0.627 for
age; OR = 1.001; p = 0.954 for surgical age).

By further analyzing associations and interactions between variables using binary
logistic regression, it was found that the preoperative deviation angle was the only exposure
significantly influencing surgical outcome.

In the optimized logistic regression model (which included variables with p < 0.2 and
excluded those with adjusted p > 0.05 after testing for collinearity), the only statistically
significant predictor of surgical success was the preoperative deviation angle: patients
with smaller deviation angles had a significantly higher probability of successful outcomes
(OR = 0.837; p < 0.001).

4. Discussion

The primary objective of surgical intervention in intermittent exotropia (IXT) is to
improve ocular alignment while preserving or enhancing binocular function. Therefore,
surgical decisions are generally based on the clinical characteristics and functional impact
of the strabismus. Large-angle exodeviations associated with reduced fusional amplitudes
and a tendency toward loss of binocularity are typical indications for surgery.

4.1. Surgical Outcomes and Success Rates:

This study included 258 patients—166 females (64.3%) and 92 males (35.7%)—with
ages ranging from 5 to 18 years (mean: 11.19 ± 3.73 years). The mean age at the time of
surgery was 8.75 ± 12.19 years, with a minimum of 4 years and a maximum of 17 years.
Surgical success was achieved in 238 patients (92.2%), while 20 patients (7.8%) did not
achieve the defined criteria for success.
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The overall surgical success rate in this study—exceeding 90%—is higher than what
has been reported in several previous studies. For example, Donahue et al. reported a
success rate of approximately 70% in a cohort of 197 patients in Florida [20]. This study
represents the first publication from Portugal addressing bilateral surgery for IXT. Although
a previous study with a small sample size reported a 100% success rate [4], our findings are
based on a larger and more representative cohort. Reported success rates in the literature
vary depending on the follow-up period. Kopmann et al. reported a success rate of 83.8%
on the first postoperative day [5], while Thorisdottir et al. reported an 80% success rate at
two months postoperatively [21]. In this context, our success rate at six months supports
the high efficacy of bilateral lateral rectus muscle recession for IXT.

4.2. Factors Influencing Surgical Outcomes:

• Preoperative deviation angle: Statistical analysis showed that a smaller preoperative
deviation angle was associated with higher surgical success. The mean angle in the suc-
cess group was 31 ± 7.08Δ, compared to 42 ± 7.27Δ in the no-success group. Patients
with moderate deviations were significantly more likely to achieve success (OR = 9.259;
p = 0.01). Quantitative analysis further confirmed the protective role of a smaller angle
(OR = 0.837; p < 0.001), indicating that each additional prism diopter increased the risk
of failure by approximately 16%. These results are consistent with previous findings,
including those of Kopmann et al. (2024) [5], Tibrewal (2017) [22], and Thorisdottir
(2022) [21], all of which suggest that patients with smaller preoperative angles have
better outcomes.

• Age at surgery: The mean age in the success group was 11.22 ± 3.59 years, com-
pared to 12.20 ± 5.41 years in the no-success group. The mean surgical age was
8.76 ± 12.62 years in the success group and 9.80 ± 5.52 years in the no-success group.
Although no statistically significant association was found (p = 0.627 for age; p = 0.954
for surgical age), there was a tendency toward better results in younger patients. This
is in agreement with Issaho et al. (2017) [11], although some authors, such as Jiménez-
Romo (2023), argue that age is not a significant predictor of surgical success [23].

• Binocular function: Preoperative binocular function was present in 233 patients
(92.5%). Although a tendency toward better outcomes in these patients was ob-
served (OR = 2.453; p = 0.424), the association was not statistically significant. This
suggests that surgery may either preserve or restore binocular function, depending on
the preoperative status.

• AC/A ratio: The mean AC/A ratio was 7.09 ± 3.73 in the success group and
11.27 ± 9.04 in the no-success group. A higher AC/A ratio was significantly as-
sociated with lower surgical success (OR = 0.920; p = 0.013), indicating that patients
with greater accommodative convergence relative to accommodation are less likely to
benefit from surgery [24].

• Gender: Surgical success was achieved in 154 female patients (92.8%) and 84 male
patients (91.3%). Although there was a slight trend toward higher success in females
(OR = 0.818; p = 0.673), the difference was not statistically significant and may be due
to chance.

• Preoperative occlusion therapy: Occlusion therapy was performed in 196 patients
(91.2%). While it appeared to be a potential protective factor (OR = 0.246; p = 0.177),
the association was not statistically significant. This finding is in line with the anterior
works [14], who suggested that children undergoing occlusion therapy before surgery
may have better outcomes.

• Surgical dose: The mean bilateral recession was 13.65 ± 2.5 mm in the success group
and 15.33 ± 3.39 mm in the no-success group. Although the direct comparison did not
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reach statistical significance (p = 0.078), logistic regression revealed a significant nega-
tive association between larger recession amounts and surgical success (OR = 0.817;
p = 0.025), indicating that higher surgical doses may be associated with a lower likeli-
hood of favorable outcomes.

4.3. Study Limitations:

This study has several limitations, primarily related to its retrospective design. Patients
were not randomly assigned to treatment protocols; instead, the surgical approach was
based on the clinical judgment and experience of the operating surgeon. This may introduce
selection bias and limit the generalizability of our findings. Nevertheless, the large sample
size and comprehensive analysis strengthen the conclusions and provide meaningful
insights into the factors influencing surgical success in IXT.

5. Conclusions

Children diagnosed with the basic type of intermittent exotropia tended to achieve
more favorable surgical outcomes. After adjusting for potential confounding variables,
a statistically significant association was found between smaller preoperative deviation
angles and a greater likelihood of surgical success.

Although younger age at the time of surgery and the presence of preoperative binoc-
ular function did not reach statistical significance, these factors may still hold clinical
relevance and should be considered during surgical planning and decision-making.
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Abstract: Background: Personalized precision medicine has become a prevailing trend
and applies to the selection of intraocular lenses (IOLs) for cataract surgery based on the
unique corneal morphology of each person. The choice of presbyopia-correcting IOLs for
post-laser-assisted in situ keratomileusis (LASIK) cataract surgery is a significant concern.
However, few direct comparison studies exist between eyes with and without LASIK his-
tory. We analyzed the performance of extended depth of focus (EDOF) IOL implantation in
these two groups. Methods: In this retrospective single-center study, we included patients
with or without previous LASIK who underwent cataract surgery and EDOF Symfony
IOL implantation, with ≥1 follow up. All patients underwent optical biometry using the
IOLMaster. IOL power was calculated using the Sanders Retzslaff Kraff/theoretical and
Haigis-L formulas for patients without and with LASIK, respectively. Uncorrected distance
visual acuity (UDVA), uncorrected near visual acuity (UNVA), refraction, and corneal
tomography were recorded. The prediction error was the absolute difference between the
postoperative sphere and target refraction. The right eyes of patients who met the inclusion
criteria were selected for analysis. Results: Among the 321 recruited eyes, 18 underwent
previous LASIK. After 1:3 age/sex matching, 17 LASIK and 49 non-LASIK eyes from 66
patients were analyzed. No significant preoperative differences existed in target refraction,
spherical equivalent, or best-corrected visual acuity. All surgical procedures were un-
eventful. LASIK exhibited non-inferiority to non-LASIK for predictive refraction error and
UNVA. An age/sex-matched regression analysis indicated no UDVA superiority between
the two groups. Conclusions: Previous LASIK may have no discernible effect on the visual
performance of presbyopia-correcting EDOF IOLs with respect to the absolute refractive
error, UNVA, and UDVA. Longer follow-up and larger-scale studies are required to further
validate these results.

Keywords: laser in situ keratomileusis; cataract; extended depth of focus; absolute
prediction error

1. Introduction

Laser-assisted in situ keratomileusis (LASIK) is a widely utilized refractive surgery
for correcting myopia and astigmatism by reshaping the corneal stroma with an excimer
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laser. This reshaping allows the focal point of incoming light to be realigned onto the
retina, thereby improving visual acuity [1]. While LASIK is highly effective in reducing
the dependence on corrective lenses, it can also alter corneal biomechanics and induce
higher-order aberrations, such as coma and spherical aberration. These optical changes may
influence visual quality, although their impact on contrast sensitivity remains debated [2].

With the aging of LASIK-treated individuals, an increasing number of these patients
are now undergoing cataract surgery. Nowadays, personalized precision medicine has
become a prevailing trend. The same applies to the selection of intraocular lenses (IOLs)
for cataract surgery. We should choose the most suitable IOL based on the unique corneal
morphology of each individual. The selection of an appropriate intraocular lens (IOL) for
post-LASIK eyes presents unique challenges due to the altered corneal biomechanics and
shape, which affects the accuracy of IOL power calculations. Traditional IOL calculation
formulas often yield suboptimal refractive outcomes in post-LASIK eyes, necessitating
specialized formulas or newer technologies to enhance predictability. Among various
IOL options, multifocal and extended depth of focus (EDOF) IOLs have been proposed as
potential solutions for presbyopia correction in these patients. However, concerns remain
regarding their performance in eyes with previous LASIK, particularly in terms of visual
quality, dysphotopsia, and contrast sensitivity.

Although some studies have suggested that multifocal IOLs can be successfully im-
planted in post-LASIK eyes under specific conditions—such as the presence of regular
corneal astigmatism and the use of optimized IOL power calculation methods [3,4]—
comparative data between post-LASIK and non-LASIK eyes remain limited. In particular,
direct assessments of EDOF IOL performance in post-LASIK patients are scarce. Given the
growing number of patients seeking spectacle independence after cataract surgery, a clearer
understanding of how EDOF IOLs function in post-LASIK eyes is essential for optimizing
surgical outcomes and patient satisfaction.

Against this background, this study aims to provide a comparative analysis of EDOF
IOL implantation outcomes in patients with and without a history of LASIK. By evaluating
the postoperative visual performance, we seek to determine whether EDOF IOLs are a
viable option for individuals who have previously undergone LASIK.

2. Materials and Methods

2.1. Study Design and Ethical Approval

Patients who visited the Taipei Nobel Eye Clinic from 2022 to 2023 were consec-
utively enrolled. This study was approved by the Ethics Committee of the National
Changhua University of Education (Changhua, Taiwan) and registered on ClinicalTri-
als.gov (identifier NCT06165796).

2.2. Patients

The inclusion criteria comprised the following: (1) the presence of cataracts in both
eyes, (2) age between 50 and 80 years, and (3) a corrected distance visual acuity (CDVA)
under 20/40 in both eyes. Phacoemulsification cataract surgery was performed in all
patients with or without previous myopic LASIK surgery. The exclusion criteria in-
cluded the following: (1) complicated cataracts, (2) corneal opacities or irregularities,
(3) corneal astigmatism > 1.50 diopters, (4) dry eye (Schirmer’s test I ≤ 5 mm), (5) amblyopia,
(6) anisometropia, (7) surgical complications such as posterior capsular bag rupture or
vitreous loss, (8) IOL tilt or decentration, (9) coexisting ocular pathologies, (10) glaucoma,
(11) non-dilating pupil, (12) history of intraocular surgery or retinopathy, (14) optic nerve
or macular diseases, and (15) refusal or inability to maintain follow-up. Patients with optic
zone decentration or irregular astigmatism in the LASIK group were excluded. Among
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patients who visited the Taipei Nobel Eye Clinic between 2022 and 2023, 331 eyes of
186 patients were recruited for this study.

2.3. Surgery

Clear corneal phacoemulsification and IOL implantation were performed by the same
surgeon (Chao-Kai Chang). The surgical procedure involved the application of topical
anesthesia, a three-step clear corneal incision (2.25 mm) at 180◦ (temporal in both eyes), a
5.0 mm continuous curvilinear capsulorhexis, phacoemulsification using the stop-and-chop
technique, IOL implantation with an injector, IOL centration, and sutureless incisions. We
exclusively used EDOF Symfony IOLs (Johnson & Johnson, Santa Ana, CA, USA).

2.4. Ophthalmic Examinations

The patients underwent comprehensive preoperative examinations and were sub-
sequently assessed at 1 d, 1 week, and 1 month postoperatively. Each ophthalmological
examination included tests for uncorrected distance visual acuity (UDVA) and CDVA at
far and near distances, manifest refraction, biomicroscopy, and applanation tonometry.
Corneal curvature values were exported from a Pentacam machine (Pentacam HR; Oculus
GmbH, Wetzlar, Germany) using a Scheimpflug keratometry system. Fundus examinations
were performed preoperatively. Preoperatively, all patients underwent optical biometry us-
ing the IOLMaster (IOLMaster 500, Carl Zeiss Meditec AG, Jena, Germany). The IOL power
was calculated using the Sanders Retzlaff Kraff/theoretical (SRK/T) formula for patients
without LASIK and the Haigis-L formula for patients with LASIK. The postoperative refrac-
tion target was emmetropia. This means that based on the post-IOL implantation refraction
degree predicted by the IOLMaster, we chose an IOL as close to 0 degrees as possible for
the IOL implantation, and that degree was defined as target refraction. Postoperatively, the
IOL concentration was additionally evaluated using retro-illumination.

2.5. Statistical Analysis

The main post-surgery measurements used to compare the performance between pa-
tients with and without LASIK included the following: (i) ophthalmic examinations assess-
ing UDVA, CDVA, and uncorrected near visual acuity (UNVA) at 40 cm and (ii) prediction
error, defined as the absolute difference between the postoperative manifest sphere and tar-
get refraction. By using a model of generalized estimating equations (GEE), the regression
analysis was adjusted for the following covariates: age, sex, axial length, anterior chamber
depth (ACD), corneal curvature (K), IOL power, and preoperative sphere.

Non-inferiority tests [5] were conducted to assess whether the LASIK group’s perfor-
mance was not inferior to that of the non-LASIK group with respect to three post-cataract
surgery outcomes: absolute predictive error, UDVA, and UNVA. The null hypothesis posits
that the difference in the group mean is not less than the inferiority margin, in contrast to
the alternative hypothesis that the difference in the group mean is less than the inferiority
margin. To assess the non-inferiority of the LASIK group compared with the non-LASIK
group, a 95% confidence interval of the difference in the means of target refraction between
the groups was constructed [5].

If the upper limit of the interval does not exceed the predefined non-inferiority margin
of 0.5 diopters (D) in the prediction error, non-inferiority is confirmed. Similarly, for UNVA
and UDVA, the predefined non-inferiority margins are both a 0.1 logarithm of the minimum
angle of resolution (logMAR) [6,7].

3. Results

Among the 321 recruited eyes, 18 had undergone previous LASIK, while the remaining
303 had not. After 1:3 matching for age and sex, the analysis included a final sample of
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17 LASIK eyes and 49 non-LASIK eyes from 66 patients. All the 17 LASIK eyes had received
LASIK surgery at ages 20 to 50. Table 1 presents the demographic characteristics of the
patients and preoperative visual acuity data. No significant preoperative differences were
observed in the target refraction, spherical equivalent, or best-corrected visual acuity. The
LASIK eyes exhibited longer axial lengths (27.57 ± 1.43 mm) compared with the non-LASIK
eyes (25.63 ± 1.80 mm), and the ACD was also deeper in LASIK eyes (3.57 ± 0.36 mm)
than in non-LASIK eyes (3.34 ± 0.37 mm). A corneal topography revealed flatter K1 and
K2 values (38.07 ± 2.18 and 38.82 ± 2.17, respectively) in the LASIK eyes in comparison
with the non-LASIK eyes (43.13 ± 1.55 and 44.46 ± 1.81, respectively) (Table 1). All
surgical procedures were performed smoothly, and all IOLs were positioned within the
capsular bag.

Table 1. Demographic and clinical characteristics of patients with and without LASIK in the original
and propensity-matched cohorts.

Original Data

Previous LASIK LASIK (18 Eyes) Non-LASIK (303 Eyes)

Mean ± SD Mean ± SD p Value

Preop CDVA (logMAR) 0.44 ± 0.27 0.32 ± 0.29 0.0754
Age (years) 50.78 ± 7.14 60.95 ± 8.34 <0.0001 *
Sex (M/F) 7/11 114/189 0.914
Target refraction (D) −0.59 ± 0.38 −0.57 ± 0.30 0.8403
AXL (mm) 24.73 ± 1.66 27.60 ± 1.39 <0.0001 *
ACD (mm) 3.55 ± 0.35 3.18 ± 0.43 0.0005 *
Sphere (D) −6.07 ± 5.35 −2.08 ± 4.76 0.0007 *
Cylinder(D) −1.11 ± 0.8 −1.2 ± 0.90 0.6894
Flat K (D) 37.97 ± 2.15 43.44 ± 1.40 <0.0001 *
Steep K (D) 38.71 ± 2.16 44.33 ± 1.50 <0.0001 *
IOL power (D) 20.08 ± 2.85 18.39 ± 4.80 0.0289

Matched Data

Previous LASIK LASIK (17 Eyes) Non-LASIK (49 Eyes)

Mean ± SD Mean ± SD p Value

Preop CDVA (logMAR) 0.45 ± 0.27 0.34 ± 0.29 0.1879
Age (years) 51.47 ± 6.71 52.08 ± 6.26 0.7345
Sex (M/F) 7/10 21/28 0.9038
Target refraction (D) −0.66 ± 0.26 −0.55 ± 0.29 0.2065
AXL (mm) 27.57 ± 1.43 25.63 ± 1.8 0.0001 *
ACD (mm) 3.57 ± 0.36 3.34 ± 0.37 0.0307 *
Sphere (D) −6.28 ± 5.44 −4.82 ± 4.88 0.3063
Cylinder (D) −1.12 ± 0.83 −1.38 ± 1.11 0.3715
Flat K (D) 38.07 ± 2.18 43.13 ± 1.55 <0.0001 *
Steep K (D) 38.82 ± 2.17 44.46 ± 1.81 <0.0001 *
IOL power (D) 20.09 ± 2.93 15.83 ± 4.83 <0.0001 *

* p value < 0.05; CDVA, corrected distance visual acuity; logMAR, logarithm of the minimum angle of resolution;
AXL, axial length; ACD, anterior chamber depth; LASIK, Laser Assisted In Situ Keratomileusis; M, male; F,
female; D, diopter; K, keratometry: the measurement of the corneal curvature/power; SD, standard deviation;
IOL, intraocular lens.

Table 2 presents the results of the non-inferiority tests at one month post-operation.
For the UNVA, the mean was 0.315 ± 0.305 logMAR in the LASIK group and 0.736 ± 1.307
logMAR in the non-LASIK group. The respective non-inferiority margins exceeded the
upper bounds of their corresponding confidence intervals (non-inferiority margins: 0.1; 95%
CI: −0.8143, −0.0269), confirming the non-inferiority of the LASIK group compared with
the non-LASIK group. For the predictive refraction error, the mean was 0.656 ± 0.264 D
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in the LASIK group and 0.551 ± 0.287 D in the non-LASIK group. The respective non-
inferiority margins exceeded the upper bounds of their corresponding confidence intervals
(non-inferiority margins: 0.5; 95% CI: −0.0442, 0.2541), confirming the non-inferiority of
the LASIK group compared with the non-LASIK group. In contrast, for the UDVA, the
mean was 0.300 ± 0.362 logMAR in the LASIK group and 0.117 ± 0.156 logMAR in the
non-LASIK group. The non-inferiority margin fell within the interval, with the mean of the
LASIK group being greater than that of the non-LASIK group (non-inferiority margins: 0.1;
95% CI: 0.0033, 0.3585). However, further age- and sex-matched regression analyses did
not suggest that either group was significantly superior in terms of the UDVA (p = 0.063)
(Table 3). It only revealed that the axial length has a significant influence on the UDVA
(p = 0.034) (Table 3).

Table 2. Non-inferiority tests of predicted refractive errors and postoperative visual acuity between
the LASIK and non-LASIK groups at one month post-operation.

LASIK (SD)
n = 17

Non-LASIK
(SD) n = 49

Non-Inferiority
Margin

95% CI Outcome

UNVA
(logMAR)

0.315
(0.305)

0.736
(1.307) 0.1 −0.8143, −0.0269 Not inferior

UDVA
(logMAR)

0.300
(0.362)

0.117
(0.156) 0.1 0.0033, 0.3585 Non-LASIK is

inferior to LASIK

Prediction
error (D)

0.656
(0.264)

0.551
(0.287) 0.5 −0.0442, 0.2541 Not inferior

UDVA, uncorrected distance visual acuity; UNVA, uncorrected near visual acuity; logMAR, logarithm of the
minimum angle of resolution; CI, confidence interval; LASIK, Laser Assisted In Situ Keratomileusis; D, diopter;
SD, standard deviation.

Table 3. Age- and sex-matched regression analysis by using the model of generalized estimating
equations (GEEs), showing no significant superiority between the LASIK and non-LASIK groups at
one month post-operation.

Dependent Variable: PostopUDVA

Parameter Level Est. SE 95% CI Z p Value

Intercept 3.4494 2.2501 −0.961 7.860 1.53 0.1253
AXL −0.1076 0.0508 −0.207 −0.008 −2.12 0.0341

Previous
LASIK 1 (yes) 0.1770 0.0952 −0.010 0.364 1.86 0.0631

ACD 0.1443 0.1278 −0.106 0.395 1.13 0.2590
Sphere 0.0140 0.0119 −0.009 0.037 1.17 0.2413
Steep K −0.0221 0.0290 −0.079 0.035 −0.76 0.4451

UDVA, uncorrected distance visual acuity; AXL, axial length; ACD, anterior chamber depth; CI, confidence interval
LASIK, Laser Assisted In Situ Keratomileusis; K, keratometry: the measurement of the corneal curvature/power;
Z, z-score; SE, standard error; Est., estimates.

4. Discussion

In this retrospective single-center study, we compared the performance of EDOF
IOLs after cataract surgery between eyes with and without a history of prior LASIK for
myopia correction. The non-inferiority tests showed that the LASIK group was not inferior
to the non-LASIK group for both the absolute predictive refractive error and the UNVA.
Specifically, the upper bounds of the 95% confidence intervals for the mean differences were
below the pre-defined non-inferiority margins of 0.5 D for refractive error and 0.1 logMAR
for the UNVA. For the UDVA, while the non-inferiority test suggested that the LASIK
group was superior, the subsequent age- and sex-matched regression analysis did not find
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a statistically significant difference between the two groups after adjusting for potential
confounders, such as the axial length and ACD. Our data indicate that previous LASIK
did not negatively impact the visual outcomes of the EDOF IOLs in terms of predictive
refractive error, UNVA, and UDVA when compared with the non-LASIK eyes in this cohort.

IOL power formulas use biometric measurements to predict the refractive outcomes
of different IOLs. Measurement methods can be classified as vergence, ray tracing, artificial
intelligence, or a combination of these methods [8]. These methods have been employed to
predict the postoperative effective lens position and anticipate refractive outcomes, with the
aim of minimizing predictive errors [9]. The traditional power calculation model relies on
the axial length, corneal K value with only the anterior radius, and ACD for prediction [10].
Current IOL formulas include not only the three variables mentioned above but also lens
thickness, central corneal thickness, and white-to-white corneal diameter. For example, the
SRK/T formula is one of the most widely used methods for calculating the IOL [8]. In a
study by Ota et al., which used the SRK/T formula to calculate the same type of EDOF
IOL used in our study, 38–61% of the eyes were within 0.3 D of the prediction error. The
discrepancy observed between this study and ours may be attributable to variations in
the axial length between Ota et al.’s series (mean: 24.0 ± 1.3 mm, 25.4 ± 1.8 mm) and
our dataset (mean: 25.6 ± 1.8 mm) [11]. In an investigation by Jeon et al., which used the
SRK/T formula alongside newer formulas such as Barrett Universal II, Kane, and Olsen to
calculate the Vivity EDOF IOLs (Alcon, Fort Worth, TX, USA) in patients with a mean axial
length of 23.53 mm, a mean absolute prediction error of approximately 0.3 D was reported
across all formulas, with the SRK/T formula exhibiting a larger standard deviation [12].
Despite the larger standard deviation, the SRK/T formula remains a reliable choice for
calculating the EDOF IOL.

The consideration of not using presbyopia-correcting IOLs in patients with cataract
who have a history of LASIK has been discussed in a previous review [13]. This discussion
arises from the potential for greater residual refractive errors due to less predictable IOL
power calculations compared with non-LASIK eyes. Such unpredictability can lead to
unsatisfactory visual outcomes or necessitate re-enhancement procedures [13]. To address
inaccuracies in corneal radius and keratometric measurements following refractive surgery
procedures, several specialized IOL power calculation formulas have been introduced.
Among these, the Haigis-L formula has gained popularity because it does not require
previous refractive surgery data [14]. In the study by Abulafia et al., which examined pa-
tients with a history of LASIK or photorefractive keratectomy, the mean absolute prediction
error was 0.68 ± 0.45 D via the Haigis-L method, 0.63 ± 0.48 D via the Shammas method,
and 0.52 ± 0.43 D using the Barrett true-K formula [4]. These values were similar to the
0.65 ± 0.26 D observed in our study, which used the Haigis-L formula.

An interesting observation from our results pertains to the uncorrected distance
visual acuity (UDVA) outcomes. Specifically, the LASIK group exhibited a mean UDVA of
0.300 ± 0.362 logMAR, which was notably worse than the 0.117 ± 0.156 logMAR observed
in the non-LASIK group. The 95% confidence interval for the difference (0.0033 to 0.3585)
encompassed the non-inferiority margin of 0.1 logMAR, indicating that the LASIK group
could not be confirmed as non-inferior to the non-LASIK group in this parameter. While the
regression analysis did not reveal a statistically significant difference between the groups
after adjusting for confounders, this finding raises important considerations. One possible
explanation is the presence of subtle corneal irregularities or higher-order aberrations
(HOAs) induced by prior LASIK, which may impact the distance vision quality despite
acceptable refractive outcomes. LASIK surgery, especially when performed years prior
with older technologies, can result in postoperative corneal asphericity and induction of
coma aberrations, both of which can degrade the image quality under scotopic conditions
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and reduce the UDVA even when refraction is close to plano [15,16]. In contrast, non-
LASIK eyes typically preserve a more regular corneal shape, which may contribute to
sharper unaided distance vision following the EDOF IOL implantation. Additionally, the
significantly longer axial lengths and flatter corneal curvatures seen in the LASIK group
could have influenced the effective lens position (ELP) or created minor defocus, leading to
slight reductions in the UDVA. Previous studies have shown that small prediction errors
in ELP estimation can have a disproportionate impact on the UDVA, particularly in eyes
with long axial lengths [17]. It was consistent with our study: in the regression analysis,
after adjusting for confounders, the LASIK and non-LASIK groups had no difference in
terms of UDVA, but the axial length had a significant influence on the UDVA. Our study
also revealed that the LASIK group may have a better UNVA and a greater prediction error
compared with the non-LASIK group, which could be proof that small prediction errors in
the ELP estimation could cause more minor defocus toward the minus degree of refraction,
which mimics mild myopic eyes and therefore cause lower UDVA and better UNVA in the
LASIK group.

Our study has some limitations. First, our samples were retrospectively selected,
presenting a limitation regarding sample size. The relatively small sample size, particularly
in the LASIK group, may limit the generalizability of the results. Moreover, after matching
the groups based on age and sex, most of the data could not be used. Second, differences in
the preoperative demographics and clinical characteristics, including the axial length and
ACD, between the groups could introduce potential errors in data interpretation. Third, the
follow-up period of one month after surgery may be short for EDOF IOLs because EDOF
IOLs may have better visual outcome after a longer follow-up period. Fourth, additional
parameters that are important measures of visual quality and satisfaction, such as contrast
sensitivity, wavefront aberration, and subjective questionnaires for photic phenomena,
such as halo and glare, were excluded. Fifth, the SRK/T formula is a reliable choice for
calculating the EDOF IOL; however, it is an early-generation formula. Now, we have more
modern formulas which can improve the refraction prediction accuracy, such as the Barrett
True-K formula. Due to the retrospective nature of the study, we could not assess the result
by utilizing these modern formulas. Further prospective studies with larger cohorts, longer
follow-up periods, modern formulas, and comprehensive assessments are warranted to
validate our findings.

5. Conclusions

In conclusion, our study demonstrated that previous LASIK may have no discernible
effect on the visual performance of presbyopia-correcting EDOF IOLs with respect to the
absolute refractive error, UNVA, and UDVA. For further validation, longer follow-up and
larger-scale or multicenter studies are required to ensure the robustness and generalizability
of our results in diverse clinical settings.
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Abbreviations

The following abbreviations are used in this manuscript:

ACD Anterior chamber depth
CDVA Corrected distance visual acuity
D Diopter
EDOF Extended depth of focus
IOLs Intraocular lenses
K Corneal curvature
LASIK Laser-assisted in situ keratomileusis
logMAR Logarithm of the minimum angle of resolution
SE Spherical equivalent
SRK/T Sanders Retzlaff Kraff/theoretical
UDVA Uncorrected distance visual acuity
UNVA Uncorrected near visual acuity
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Abstract: Aim: The aim of this study was to evaluate choroidal and peripapillary reti-
nal nerve fiber layer (RNFL) thicknesses in individuals with vasovagal syncope (VVS).
Method: A total of 67 consecutive patients with VVS and 61 healthy control sub-
jects were enrolled this study. The choroidal thickness (CT) at the fovea, the nasal
to fovea thickness, and the temporal to fovea thickness were measured, alongside
pRNLFT measurements assessed by swept-source optical coherence tomography (SS-OCT).
Results: The mean foveal CT (408.7 ± 92.5 μm vs. 342.1 ± 60.2 μm, p < 0.01), the mean
nasal CT (385.2 ± 88.3 μm vs. 329.2 ± 47.6 μm, p < 0.001), and the mean temporal CT
(379.5 ± 51.6 μm vs. 321.48 ± 43.2 μm, p < 0.03) were statistically thicker in patients
with VVS compared to the healthy controls. There was no statistically significant differ-
ence in the global pRNFLT measurements and all quadrants between the study groups.
Conclusions: The CT in all regions was found to be thicker in patients with VVS compared
to the healthy controls, while there were no differences in pRNFLT values. These results
suggest that choroidal circulation might be affected by local neurotransmitter alterations in
patients with VVS.

Keywords: choroidal thickness; optical coherence tomography; vasovagal syncope

1. Introduction

Syncope is a loss of consciousness defined by a loss of postural tone, amnesia, and
rarely, the disruption of smooth muscle tonus, with a short duration and spontaneous
complete recovery [1]. Vasovagal syncope (VVS) is a common form of syncope that
originates from a sudden failure of the autonomic nervous system to sustain adequate
vascular tone under orthostatic stress. It may be a compensatory maneuver to protect the
central nervous system and heart from permanent ischemic damage. Even though VVS
is commonly benign, repeated episodes could adversely affect quality of life and might
increase the risk of major adverse events [2].

In vasovagal syncope, the cardioinhibitory pathway involves parasympathetic hy-
pertonicity, which affects the sinoatrial and atrioventricular nodes and may cause a long
asystole or nodal rhythm [3]. On the other hand, the vasodepressor efferent pathway
causes a decrease in vascular sympathetic tone, leads to arterial and venous dilation, and
results in a reduction in peripheral vascular resistance and arterial blood pressure. Conse-
quently, blood is pooled in the lower extremities and/or in the splanchnic beds, and venous
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return is reduced. As a result, stroke volume decreases, causing cerebral and systemic
hypoperfusion [1,3,4].

As far as recent studies are concerned, the pathophysiology of VVS has still not been
clearly clarified. It has been proposed that the development of VVS is associated with
changes in hemodynamic parameters that result from variations in the plasma levels of
vasoactive substances, such as nitric oxide, catecholamines, endothelin, prostanoids, or
vasopressin, as part of the body’s response to orthostatic stress [1,5]. Moreover, paradoxical
peripheral vasodilation caused by endothelial dysfunction might be important in improper
excessive hypotension during orthostatic stress in individuals with VVS. Factors like
inflammation and oxidative stress have also been associated with impaired endothelial
function in these patients [5,6].

The choroid has a highly vascular structure, and choroidal blood flow is crucial for
the health of the retina, supplying oxygen and nutrients to its outer layers [7]. Neurogenic
control significantly influences choroidal blood flow through the autonomic nervous sys-
tem [8]. Various factors, including neurotransmitters and local metabolic signals, modulate
these neurogenic controls [9]. This regulation is vital during changes in light conditions or
visual tasks, ensuring efficient nutrient delivery and waste removal from retinal tissues.
As the use of optical coherence tomography (OCT) technology, especially swept-source
optical coherence tomography (SS-OCT) technology, has increased, non-invasive detailed
evaluation of choroidal and retinal tissues has become possible [10].

In this study, we aimed to investigate whether dysregulation of the parasympathetic
and/or sympathetic nervous system affects ocular structural measurements by evaluating
choroidal thickness (CT) and peripapillary retinal nerve fiber layer thickness (pRNFLT) in
individuals with VVS.

2. Materials and Methods

2.1. Patient Population

The data used in this study were acquired prospectively. This study was conducted
in accordance with the principles outlined in the Declaration of Helsinki and received
approval from the institutional ethics committee. Patients aged between 18 and 60 years
who exhibited a history of recurrent episodes of apparent syncope, having experienced
more than two such occurrences in the past six months, were included in the study. The
inclusion criteria included (1) a positive drug-free head-up tilt table test (HUTT), in which
syncope was deemed to have reproduced spontaneous symptoms; (2) absence of left
ventricular systolic dysfunction and valve insufficiency and/or stenosis over a mild degree
(estimated ejection fraction > 50% using transthoracic echocardiography); (3) absence of
obesity (body mass index < 30), hematologic or biochemical abnormalities, or use of drugs
known to predispose to orthostatic hypotension. The exclusion criteria can be listed as
(1) patients not meeting the above criteria; (2) individuals with a history of systemic diseases
that might affect CT and pRNFLT, such as systemic arterial hypertension, diabetes mellitus,
and rheumatologic diseases based on self-reported medical history; (3) eyes with high
myopia (>6D); (4) advanced-level cataracts, age-related macular degeneration, or a history
of retinal vascular disease; (5) patients with abnormal intraocular pressure (IOP), glaucoma,
or ocular hypertension; (6) patients with a history of intraocular surgery and tachycardia
or autonomic dysfunction associated with neurologic disorders including Parkinsonism,
autonomic failure, peripheral neuropathy, or postural tachycardia syndrome.

2.2. Head-Up Tilt Table Testing Protocol

All patients stopped taking cardioactive medication for at least five half-lives prior to
HUTT. Each patient was gently secured to the tilt table, ensuring appropriate positioning
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to allow for the use of a footboard for weight bearing. HUTT was performed in the
morning after a 12 h overnight fasting period. A minimum 15 min equilibration time,
with the patients resting in a supine position in a dark, quiet environment, was allowed
before the commencement of baseline recordings for the HUTT procedure. In our standard
protocol, there were 15 min of rest followed by 45 min (or until the onset of symptoms)
at a 70-degree angle [11]. The predictive value of HUTT was enhanced with sublingual
glyceryl trinitrate [11,12]. Systemic arterial blood pressure and heart rate were continuously
recorded, automatically calculating all the R-R intervals throughout the test using a non-
invasive, beat-by-beat monitor CardioLab® (GE Healthcare, Chicago, IL, USA), and data
were collected by a computer that processed them using ad hoc software.

2.3. Ophthalmic Examinations

All participants in the study underwent an extensive and thorough ophthalmic as-
sessment, which included a variety of tests designed to evaluate different aspects of visual
function and ocular health. The evaluation began with an assessment of best-corrected
visual acuity, which was performed using the Snellen chart. Additionally, intraocular
pressure was measured employing the Goldmann applanation tonometry technique, a
reliable method for gauging the pressure within the eye.

The examination also encompassed slit lamp biomicroscopy, a diagnostic procedure
that allows for detailed observation of the anterior segment of the eye, and a dilated fundus
examination to facilitate a comprehensive view of the retina and other posterior structures.
To measure the axial length of the eye, the IOL Master 500 (manufactured by Carl Zeiss
Meditec Inc., based in Jena, Germany) was utilized, providing precise measurements
essential for evaluating ocular dimensions.

Furthermore, the choroidal thickness (CT) and the peripapillary retinal nerve fiber
layer thickness (pRNFLT) were quantified using the swept-source optical coherence to-
mography (SS-OCT) system, specifically the Topcon Triton model from Japan. It is worth
mentioning that all measurements and assessments were consistently carried out by the
same trained technician during similar time frames, specifically between 9:00 a.m. and
12:00 p.m., to minimize potential variabilities. HUTT and OCT procedures were not
performed on the same day.

In determining the choroidal thickness, which was defined as the axial distance
from the retinal pigment epithelium (RPE) to the outer interface of the choroid/sclera,
evaluations were conducted by a single ophthalmologist (H.S.K). When H.S.K performed
the OCT evaluation, she did not know whether the patient had VVS or not, and the study
was single-blind. The CT measurements were specifically taken in the subfoveal region, as
well as at distances of 1500 μm temporally and 1500 μm nasally from the foveal region. For
the assessment of the pRNFLT, the measurements were obtained using OCT by employing
a circular scan with a diameter of 3.46 mm that was centered on the optic disk.

The resulting data provided pRNFLT values for each of the four quadrants—superior
(S), inferior (I), nasal (N), and temporal (T)—as well as the global mean values by using
software program. It is important to note that the statistical analyses were conducted
using the average values derived from both eyes of each participant, allowing for a
comprehensive evaluation of the visual and ocular health indicators across the sample.
Figures 1 and 2 demonstrate the OCT and pRNLFT measurements for participants with
VVS and a healthy control.
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Figure 1. (A): Increased CT in the fovea, temporal to fovea, and nasal to fovea regions in a patient
with VVS; (B): CT in the fovea, temporal to fovea, and nasal to fovea regions in a healthy control.

Figure 2. (A): pRNFL images of a healthy control; (B): pRNFL images of a patient with VVS.

2.4. Statistical Analysis

Statistical analyses were conducted utilizing SPSS software, specifically version 21,
provided by SPSS Inc., located in Chicago, IL, USA. Continuous variables in the study were
presented as mean values accompanied by their corresponding standard deviation (SD). To
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ensure the validity of the assumed linear relationships and the principle of homoscedas-
ticity across the datasets, we evaluated these assumptions through the examination of
standardized residuals plots. Furthermore, the assumption of normality for the dependent
variable was assessed using the Kolmogorov–Smirnov statistical criterion.

In addition, to detect significant differences among categorical variables, the Chi-
square test was employed. As all continuous variables demonstrated a normal distribution,
statistical comparisons of quantitative data were carried out using the unpaired-sample
t-test method. It is important to note that differences were regarded as statistically signifi-
cant when the p-value was less than 0.05. This level of significance indicates that we could
reject the null hypothesis in favor of the alternative hypothesis, suggesting that there is a
meaningful difference worthy of further discussion and analysis.

3. Results

A total of 67 patients with VVS were included in this study, and their data were compared
with those of 61 age- and sex-matched healthy controls. The mean age of patients with
VVS was 35.2 ± 6.3 years, while that of the control group subjects was 36.3 ± 7.4 years.
Demographic and clinical information about the patients and control subjects is summarized
in Table 1. No significant differences were noted in the values of intraocular pressure, axial
length, systemic arterial blood pressure measurements, smoking status, age, and sex between
patients with VVS and the healthy controls.

Table 1. Demographic and clinical data of the study population.

Patients with VVS
(n = 67)

Healthy Controls
(n = 61)

p Value

Age (years) 35.2 ± 6.3 36.3 ± 7.4 0.13

Gender (Female%) 42(62.7%) 35(57.4%) 0.08

Body mass index (kg/m2) 22.4 ± 5.6 21.5 ± 3.9 0.23

Smoking 14(20.9%) 12(19.6%) 0.47

SRE (D) +0.71 ± 0.2 +0.58 ± 0.3 0.55

Axial length (mm) 23.08 ± 0.4 22.98 ± 0.3 0.67

Intraocular pressure (mm Hg) 16.25 ± 5.3 18.04 ± 4.8 0.25

Systolic BP (mmHg) 108.3 ± 7.2 123.4 ± 9.3 0.22

Diastolic BP (mmHg) 76.7 ± 4.7 79.9 ± 5.9 0.12

Mean BP (mmHg) 86.7 ± 5.5 94.3 ± 6.9 0.19
Note: data are presented as mean ± standard deviation while categorical variables are expressed as percentages.
Abbreviations: BP: blood pressure; SRE: spherical refractive error.

In the CT evaluation, a statistically significant difference was noted between patients with
VVS and the healthy controls. The mean foveal CT (408.7 ± 92.5 μm vs. 342.1 ± 60.2 μm,
p < 0.001), mean nasal CT (385.2 ± 88.3 μm vs. 329.2 ± 47.6 μm, p < 0.001), and mean temporal
CT (379.5 ± 91.6 μm vs. 321.48 ± 43.2 μm, p < 0.001) were statistically thicker in patients
with VVS compared to the healthy controls. There was no statistically significant difference
in pRNFLT measurements between patients with VVS and the healthy controls. Table 2
summarizes the comparison of SS-OCT measurements between the study groups.
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Table 2. Summary of statistical analyses for comparison of SFCT, pRNFLT (average), and quadrants
of pRNFLT.

Participants with VVS
(n = 67)

Healthy Controls
(n = 61)

p Value

Foveal CT (μm) 408.7 ± 92.5 342.1 ± 60.2 <0.001

Nasal CT (μm) 385.2 ± 98.3 329.2 ± 47.6 <0.001

Temporal CT (μm) 379.5 ± 91.6 321.48 ± 43.2 <0.001

Global pRNFLT (μm) 106.7 ± 7.4 108.2 ± 6.2 0.11

Inferior pRNFLT (μm) 128.6 ± 8.3 129.2 ± 8.9 0.41

Superior pRNFLT (μm) 127.6 ± 7.9 129.8 ± 8.4 0.31

Nasal pRNFLT (μm) 86.5 ± 6.7 87.6 ± 6.3 0.24

Temporal pRNFLT (μm) 84.4 ± 6.5 86.2 ± 6.8 0.26
Note: data are presented as mean ± standard deviation. Bold values indicate statistical significance p < 0.05.
Abbreviations: CT: choroidal thickness; pRNFLT: peripapillary retinal nerve fiber layer thickness; SFCT: subfoveal
choroidal thickness; VVS: vasovagal syncope.

4. Discussion

In this study, we evaluated the CTs and pRNFLT in participants with VVS and com-
pared these values with those of healthy controls. The main outcomes of this study are as
follows: (1) the mean CT in all regions was significantly thicker in participants with VVS
compared to the control group. (2) There were no significant differences in all pRNFLT
measurements between study groups.

Both sympathetic and parasympathetic pathways contribute to choroidal blood flow
regulation, with sympathetic fibers generally causing vasoconstriction and parasympa-
thetic fibers promoting vasodilation [7]. Parasympathetic stimulation, particularly through
acetylcholine release, promotes vasodilation, increasing blood flow to meet the metabolic
demands of the retina, especially during high visual activity. In contrast, sympathetic acti-
vation, associated with norepinephrine, causes vasoconstriction, reducing blood flow [13].
Various neurotransmitters also influence choroidal blood flow regulation. For example,
nitric oxide promotes vasodilation, while other molecules like vasoactive intestinal peptide
and substance p additionally modulate vessel diameter [7,13].

The dysregulation of the autonomous nerve system and the alteration of neurotrans-
mitters have crucial roles in VVS pathogenesis. Jardine at el. showed parasympathetic
hypertonicity in participants with VVS [14]. Aksu et al. showed that low endothelin-1 lev-
els, which is a pro-inflammatory vasoconstrictor peptide, are associated with a higher risk
of VVS. In addition, neuropeptide Y may also play a role in VVS by increasing peripheral
vascular resistance and decreasing cardiac output during orthostatic regulation [15]. Liao
et al. revealed that neuropeptide Y plasma levels are significantly reduced in individuals
with VVS [16]. Gallegos et al. showed that nitric oxide levels are increased in VVS, probably
due to high catecholamine plasma levels. Nitric oxide synthase could be activated by
β−2 receptors, increasing the release of nitric oxide from the vascular endothelium and
leading to excessive vasodilation [17]. Endothelin-1 was found to be negatively correlated
with choroidal blood flow, and endothelin-1 increases vasoconstriction in choroid and
retinal blood. [18,19]. Some studies conducted with animals have shown that choroidal
vasodilation and choroidal thickness may increase due to increased nitric oxide [20,21]. In
this study, we found that the CT in the fovea, nasal to the fovea, and temporal to the fovea
regions was statistically significantly thicker than in the healthy controls. Increased CT in
participants with VVS might be related to the increase in parasympathetic activity and the
change in neurotransmitters.
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Thicker CT is linked to several ocular diseases and serves as an important biomarker
for diagnosis and management [22,23]. Pachychoroid spectrum diseases, age-related
macular degeneration, and some uveitic diseases are among the main diseases in which
CT is important [22,24]. Patients with central serous chorioretinopathy have an especially
high CT and type A personality traits [25–27]. It is known from previous studies that
participants with VVS have stressed personality structures [28,29]. Therefore, participants
with VVS may also be prone to ocular diseases such as central serous chorioretinopathy
due to their high CT. Further studies may clarify this relationship.

The pRNFL is the region surrounding the optic disk where nerve fibers from the retina
converge to form the optic nerve and is supplied by the central retinal artery [30]. This
layer consists primarily of the axons of ganglion cells and is essential for transmitting
visual information from the retina to the brain. The health of the pRNFL is vital for
visual function, as changes in its thickness can indicate various ocular diseases, especially
glaucoma [31,32]. Thinning of the pRNFL is often a sign of damage to the optic nerve and
progressive loss of ganglion cells, necessitating careful monitoring [31]. We compared the
pRNFLT values of participants with VVS with healthy controls, and we did not find any
differences between participants with VVS and the healthy controls. It is known that there
are distinct differences between choroidal and retinal artery blood flow [33]. Retinal blood
flow is tightly regulated by local metabolic demands, allowing it to adjust to the oxygen
needs of the inner retina. In contrast, choroidal blood flow is influenced more by systemic
factors rather than local needs, leading to less autoregulation [33–35]. For this reason, while
we detected changes in CTs in participants with VVS, we may not have detected changes
in pRNFLT values, which indicate retinal artery blood flow.

This study has some limitations. For instance, the size of the study groups was
relatively small. Moreover, a manual method was used to measure CTs instead of using
an automated software program, which is more reliable. We evaluated only choroidal
thickness and no other parameters such as the choroidal vascular index [36]. Patients’
anxiety status and/or personality evaluation were not recorded. In this study, we did not
evaluate the neurotransmitter levels in plasma and/or serum. In the HUTT protocol, we
did not use the Vasovagal Syncope International Study (BASIS) criteria for the subgroup
analysis of the participants with VVS. The VASIS classification includes the following
categories: mixed (VASIS-1), cardioinhibition (VASIS-2A), severe cardioinhibition/asystole
(VASIS-2B), and pure vasodepression (VASIS-3). There may be differences in the subgroup
analysis of the participants in terms of CT measurements [37].

5. Conclusions

In conclusion, we showed that participants with VVS exhibited greater CT across
all measured regions when compared to healthy controls. Conversely, there were no
significant variations observed in the thickness of the pRNFL. These findings imply that
the choroidal blood flow could be influenced by changes in local neurotransmitter levels
in individuals suffering from VVS. This interplay underscores the connection between
cardiovascular health and CT alterations, suggesting a need for monitoring in individuals
with frequent syncopal episodes to prevent complications and maintain ocular health.
Further investigation into these dynamics may yield insights beneficial for clinical practice
regarding VVS and ocular health.
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Abstract: Background: Diabetes mellitus (DM) is a global healthcare concern with a ris-
ing prevalence. Patients with DM have a severely diminished quality of life due to the
extensive range of connected complications. One of the most impactful diabetes-associated
pathologies is diabetic macular edema (DME), as it is a major cause of blindness globally.
Patients with DME present many concomitant diseases that influence their prognosis. The
present research seeks to describe the most frequent DME-related comorbidities. Method:
This study enrolled 105 participants previously diagnosed with type 1 DM (T1DM) or type
2 DM (T2DM) (77 presenting with DME), who were evaluated regarding other associated
comorbidities. Results: Patients in the DME group presented a median age of 65, with
a mean disease duration of 15 years and inadequate glycemic control, reflected by a mean
HbA1c of 7.5%. All patients presented at least one comorbidity, with hypertension (100%)
and dyslipidemia (62.3%) being the most prevalent. Spearman analysis revealed a statisti-
cally significant correlation between DME and diabetes duration (p = 0.01), proliferative
diabetic retinopathy (p = 0.004), and chronic kidney disease (p = 0.034). Conclusions:
Patients with DME often present multiple comorbidities that must be screened for and
addressed through a multidisciplinary approach.

Keywords: diabetes mellitus; diabetic macular edema; health status; comorbidities;
multidisciplinary; personalized medicine

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disease characterized by continuous
hyperglycemia. According to the International Diabetes Federation’s (IDF) 10th edition,
the worldwide prevalence of diabetes is rising at an alarming rate, posing a significant
challenge to public health [1]. DM is a leading contributor to major health issues, including
cardiovascular diseases (CVD) such as acute myocardial infarction and strokes, as well as
other severe complications like blindness and chronic kidney disease (CKD) [2].

Diabetic eye disease comprises several pathological changes, which include, among
others, diabetic retinopathy (DR), diabetic macular edema (DME), glaucoma, cataracts, and
even changes involving the ocular surface [3].

DME, with a continuously rising prevalence, is one of the most serious complications
related to DM, as it is one of the leading causes of vision impairment worldwide [4]. DME
can occur in any stage of DR, and its presence requires prompt and decisive therapeu-
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tic intervention in order to prevent progression and irreversible retinal damage while
simultaneously lowering the risk of blindness in patients with DM [5].

DME is characterized by retinal thickening, mostly in the outer and inner plexiform
layers, mainly determined by a breakdown of the blood–retinal barrier [6]. This abnormal
accumulation of fluid, lipids, and proteins involves the macular area and frequently impacts
the fovea, directly leading to decreased visual acuity among patients with DM [2].

DME prevalence varies significantly, ranging from 4.2% to 14.3% in individuals with
T1DM and from 1.4% to 5.57% in those with T2DM [7,8]. The high prevalence of DME not
only severely affects patients’ quality of life but also places a heavy economic overload on
healthcare systems worldwide [2].

DME has a multifactorial nature, with a wide range of factors involved in its develop-
ment. Gender, ethnicity, diabetes type/duration, or genetic factors represent unmodifiable
factors, while hypertension (HTN), dyslipidemia, obesity, and chronic kidney disease are
the most frequent pathologies linked to DME. Last but not least, habits like smoking or
alcohol consumption also have a negative impact on DME evolution [9].

It is well known that patients with DM in general, not only those with DME, exhibit a
higher risk of associated health problems than those who do not have DM. Approximately
60–70% of individuals with diabetes have at least one comorbidity, while 25–30% already
present with more than two comorbidities at the time of their DM diagnosis. However,
in everyday clinical practice, when these patients are screened for diabetes-related ocular
complications, overall health status might be somewhat disregarded, resulting in over-
looking potential factors that impact the development of these complications, especially
DME. Many patients with DM, even those recently diagnosed, may already present chronic
complications due to the prolonged metabolic dysregulation that often precedes the formal
diagnosis of DM. For example, DM has been associated with changes in intraocular pres-
sure (IOP). A recent study found that diabetes progression and altered glycemic control are
directly linked to increased IOP before resulting in glaucoma [10]. Therefore, a thorough
general and ophthalmologic evaluation is mandatory in all diabetic patients [11].

Regarding the systemic management of DME and other diabetes-related complications,
the general consensus among healthcare professionals still involves glycemic control.
However, considering the complex health status of patients with DM and the multiple risk
factors involved in DME development, additional measures must be taken, such as strict
blood pressure control, lowering lipid levels, and the proper management of obesity and
renal status [12]. Last but not least, smoking and alcohol consumption cessation must be
recommended in all patients with DM, despite the degree of retinal complications. These
suggest that improving outcomes for patients with DME may require a broader approach,
incorporating the investigation of additional risk factors and innovative treatment strategies
beyond glycemic management alone [13].

The aim of this research was to evaluate the general health status of patients with
DME, focusing on the diseases most frequently related to both DME and DM, in general, in
order to raise awareness regarding the need for more stringent healthcare management of
these patients, while also observing which are the most important risk factors implied in the
appearance and evolution of DME, in order to more promptly screen and take preventative
measures to ensure the prevention of blindness.

2. Materials and Methods

2.1. Study Design and Patient Selection

In this retrospective cross-sectional study, we included patients previously diagnosed
with either T1DM or T2DM. All the patients took part in their prescheduled appointments
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at the Diabetes Care Center within the “Pius Brinzeu” Emergency County Hospital in
Timisoara, Romania.

We examined the medical records of 227 patients from the Diabetes Center between
16 July 2024 and 6 August 2024, and we enrolled a total number of 105 patients (55 male and
50 female subjects). 122 patients declined to participate in this research or did not comply
with the study’s eligibility criteria. The inclusion criteria comprised patients above 18 years
of age with a prior DM diagnosis (either T1DM or T2DM). Exclusion criteria included
other DM subtypes (gestational and secondary DM), significant cognitive impairment or
other neuro-psychiatric disorders that prevented patients from giving informed consent,
comorbidities that necessitated hospitalization during our study, institutionalized patients,
and patients who presented any ocular pathologies that would interfere with a proper
retinal examination (advanced cataracts and significant vitreous hemorrhage). Other retinal
diseases that could interfere with an adequate classification of DME and DR by altering
the examined retinal structures (severe myopia, detachment of the retina, or significant
macular pucker) were also excluded from this research.

The protocol for the present study was approved by the Ethics Committee of the “Pius
Brinzeu” Emergency County Hospital, Timisoara, Romania (approval no. 472/15.07.2024),
adhering to the principles outlined in the Declaration of Helsinki, revised in 2013, and its
subsequent amendments.

2.2. Data Collection and Medical Assessment

The following patient data were retrieved: gender, age, weight and height, diabetes
type, disease duration, current medication, comorbidities, and smoking status. Addition-
ally, a complete fundus examination was performed by a trained ophthalmologist, using a
Topcon SL-D2 biomicroscope.

The assessment of biological parameters comprised a complete blood panel for all
patients during their visit at the Diabetes Care Center. Diagnosis of DM was previously es-
tablished through the presence of a fasting plasma glucose level > 7.0 mmol/L (126 mg/dL),
2 h post-load plasma glucose > 11.1 mmol/L (200 mg/dL), or HbA1c level above 6.5%
(48 mmol/mol). Disease duration refers to the number of years from the initial DM diagno-
sis to the date of inclusion in the present research. Weight and height were measured for
all participants, and the Body Mass Index (BMI) was calculated using the metric system.
Following the World Health Organization (WHO) criteria regarding obesity, patients with
BMI values above 25 kg/m2 were considered overweight, while those with BMI equal
to or above 30 kg/m2 were diagnosed with different degrees of obesity. Blood pressure
was also evaluated in all patients with the aid of an aneroid sphygmomanometer and
hypertension was diagnosed in the presence of a systolic blood pressure value above or
equal to 140 mmHg and a diastolic blood pressure above or equal to 90 mmHg. Meanwhile,
CVD presence was derived from patients’ medical history and referred to either a previous
diagnosis of coronary heart disease or cerebrovascular disease. Diabetic neuropathy was
evaluated by performing nerve conduction velocity (NCV), with values less than 40 m/s
being considered pathological, as well as with the usage of the Michigan Neuropathy
Screening Instrument (MNSI) with resulting clinical scores above 2.5, questionnaire scores
above 7, or overall scores over 9.5. Chronic kidney disease (CKD) was determined at
values below 60 mL/min of the creatinine-based glomerular filtration rate (eGFR) esti-
mate. Dyslipidemia was diagnosed based on lipid panel values. Smoking habits were
self-reported.

A board-certified ophthalmologist performed an extensive fundus examination after
prior pupil dilation on all patients with a Topcon SL-D2 biomicroscope (Tokyo, Japan).
Cataract diagnosis or prior cataract surgery with intraocular lens implantation (IOL) was
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reported. Retinal structures were examined and DME and DR diagnosis were established ac-
cording to the Early Treatment Diabetic Retinopathy Study Design (ETDRS) guidelines [14].
DME was considered in the following circumstances: retinal thickening or the presence
of hard exudates within 1 disk diameter from the center of the fovea [15].The presence of
microaneurysms, hemorrhages, exudates, venous beading, or neovascularization was taken
into account in DR staging as follows: non-proliferative diabetic retinopathy (NPDR) with
mild, moderate, and severe NPDR stages and proliferative diabetic retinopathy (PDR) [16].
IOP measurement was performed for all patients with a Perkins handheld applanation
tonometer (Perkins Mk3 tonometer, Haag-Streit, Koniz, Switzerland). Patients’ medical
charts were also reported prior to the ophthalmologic treatments, including retinal laser
photocoagulation or intravitreal injections with anti-VEGF.

2.3. Statistical Analysis

Statistical analysis was performed using the IBM Statistical Package for Social Sciences
software (version 28, Armonk, NY, USA, accessed on 1 August 2024, https://www.ibm.
com). The characteristics of the two study subgroups were presented using descriptive
statistics, including the median, percentage, and interquartile range (IQR), depending
on the variable type. The normality of the data distribution was evaluated using visual
tools, such as histograms and probability plots, as well as analytical tests, specifically the
Shapiro–Wilk test. Since the data were not normally distributed, numerical variables were
reported as medians with the 25th and 75th IQRs, and the Mann–Whitney U test was used
for comparisons between groups. Categorical variables were described as frequencies and
percentages, with comparisons among groups performed using the Chi-squared or Fisher’s
exact test, depending on the data. The relationship between DME and the risk factors T1DM
and T2DM was assessed using the point-biserial correlation (rpb) for continuous variables
and the Phi coefficient (φ) for categorical variables. We also conducted a multivariate
logistic regression to determine potential risk factors for DME within the study population.
A p-value (two-tailed) of less than 0.05 was considered statistically significant.

3. Results

3.1. General Characteristics of the Study Population

The study included 105 participants, divided into two groups based on DME presence
(n = 77) or absence (n = 28). The median age of the participants was 66 (IQR: 59–73) years.
Those within the DME group were observed to be younger; however, this difference did
not present a statistical significance value (p = 0.071). Both groups were similar regarding
gender distribution, as seen in Table 1.

A total of 92.4% of the total study population had T2DM, and the rest T1DM. Disease
duration was significantly longer in the DME group (median 15 years) compared to the
group without DME (median 10 years), as seen in Figure 1. This indicates that patients
with diabetes and DME had a longer DM duration than those without DME.

In terms of diabetes management, most of the patients were treated with non-insulin
antidiabetic drugs, 30.5% were under treatment with insulin, and 12.4% received a com-
bination of the two. There was no statistically significant difference in the distribution of
these treatments between groups (p = 0.219). The current and maximum HbA1c levels
were recorded, with the median values were slightly higher in the DME group (current
HbA1c: 7.50%, IQR: 6.72–8.27; maximum HbA1c: 10.90%, IQR: 8.95–13) compared to the
group without DME (current HbA1c: 6.85%, IQR: 6.42–7.80; maximum HbA1c: 9.45%,
IQR: 8.85–10.70). The prevalence of dyslipidemia, HTN, obesity, and CVD comorbidities
did not differ notably between the two studied groups. CKD was present only among
patients who also presented with DME. Diabetic neuropathy was also more common in
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patients with an associated diagnosis of DME, though this finding did not reach statistical
significance. Still, all patients with DME had HTN in the researched population, 48.1% of
them presenting moderate HTN, while dyslipidemia was diagnosed in 62.3% of the same
subgroup. Furthermore, almost half of this subgroup presented with at least one other
comorbidity (46.8%).

Table 1. General characteristics of the study population.

Variables
Total

(n = 105)
DME (−)
(n = 28)

DME (+)
(n = 77)

p-Value

Age (years) 66 (59, 73) 69.5 (60.2, 74) 65 (58, 71.5) 0.071
Male n (%) 55 (52.4) 14 (50) 41 (53.2) 0.768
T1DM/T2DM n (%) 8 (7.6)/97 (92.4) 1 (3.6)/27 (96.4) 7 (9.1)/70 (90.9) 0.679
Disease duration 15 (8, 20) 10 (6.25, 15) 15 (9, 20) 0.010
Diabetes treatment n (%) 0.219
• OAD 58 (55.2) 19 (67.9) 39 (50.6)
• INS 32 (30.5) 7 (25) 25 (32.5)
• OAD + INS 13 (12.4) 1 (3.6) 12 (15.6)
• OAD + weekly injection 2 (1.9) 1 (3.6) 1 (1.3)
Current HbA1c % 7.30 (6.50, 8.07) 6.85 (6.42, 7.80) 7.50 (6.72, 8.27) 0.098
Maximum HbA1c % 10.1 (8.95, 12.55) 9.45 (8.85, 10.70) 10.90 (8.95, 13) 0.102
Dyslipidemia n (%) 70 (66.7) 22 (78.6) 48 (62.3) 0.161
HTN n (%) 0.292
• Mild 29.5 (31) 7 (25) 24 (31.2)
• Moderate 48 (45.7) 11 (39.3) 37 (48.1)
• Severe 26 (24.8) 10 (35.7) 16 (20.8)
Obesity n (%) 31 (29.5) 10 (35.7) 21 (27.3) 0.402
Comorbidities n (%) 42 (40) 15 (53.6) 27 (35.1) 0.087
• CKD 11 (10.5) 0 (0) 11 (14.3) 0.034
• Diabetic neuropathy 13 (12.4) 1 (3.6) 12 (15.6) 0.177
• CVD 18 (17.1) 5 (17.9) 13 (16.9) 0.907
Smoking n (%) 22 (21) 3 (10.7) 19 (24.7) 0.120

Mann–Whitney U test and either the Chi-square (χ2) test, Fisher’s exact test, or Bowker’s test, as appropriate.
Data are expressed as the median, interquartile range (IQR), or percentage (n, %). DME, diabetic macular edema;
DM, diabetes mellitus; OAD, oral antidiabetics; INS, insulin; HbA1c, hemoglobin A1c; HTN, hypertension; CKD,
chronic kidney disease; CVD, cardiovascular disease. Differences that are statistically significant, defined as those
with a value of p < 0.05, are highlighted in bold.

Figure 1. Disease duration and diabetic maculopathy status. Circles represent individual data points.
Created with Biorender.com.
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3.2. Ophthalmic Findings

Intraocular pressure (IOP) measurements in both the right eye (RE) and left eye (LE)
did not vary significantly between groups. DR presence was significantly associated with
DME (p < 0.001), with a greater proportion of patients in the DME group having PDR, as
seen in Table 2. This led to the conclusion that macular edema was not only associated with
diabetic retinopathy but also with more severe cases of the disease.

Table 2. Ophthalmologic characteristics of the study population.

Variables
Total

(n = 105)
DME (−)
(n = 28)

DME (+)
(n = 77)

p-Value

IOP—RE mmHg 15 (14, 17) 16 (15, 17.7) 15 (13, 17) 0.204
IOP—LE mmHg 16 (14, 18) 16 (15, 18) 16 (13, 18) 0.266
Cataract n (%)
• Absent 15 (14.3) 5 (17.9) 10 (12.9) 0.528
• Present 41 (39) 9 (32.1) 32 (41.6) 0.498
• Pseudophakia 49 (46.7) 14 (50) 35 (45.5) 0.515
Diabetic retinopathy n (%)
• Absent 16 (15.2) 15 (53.5) 0 <0.001
• Mild non-proliferative 4 (3.8) 3 (10.7) 2 (2.6) 0.084
• Moderate
non-proliferative 9 (8.6) 2 (7.2) 7 (9.1) 1

• Severe non-proliferative 34 (32.4) 6 (21.4) 28 (36.4) 0.166
• Proliferative 42 (40) 2 (7.2) 40 (51.9) <0.001
Intravitreal injections n (%) 87 (82.9) 17 (60.7) 70 (90.9) <0.001
Laser photocoagulation n (%) 56 (53.3) 6 (21.4) 50 (64.9) <0.001

Mann–Whitney U test and either the Chi-square (χ2) test or Fisher’s exact test, as appropriate. Data are expressed
as the median (interquartile range, IQR) or percentage (n, %). IOP, intraocular pressure; RE, right eye; LE, left eye;
DME, diabetic macular edema. Statistically significant differences, with a p < 0.05, are highlighted in bold.

The use of intravitreal injections and laser photocoagulation was significantly more
common in the DME group (both p < 0.001), indicating the need for more aggressive
ophthalmologic intervention in these patients.

3.3. Correlation Analysis of DME with Risk Factors for T1DM and T2DM

Correlation analysis was conducted to assess which demographic or clinical factors cor-
related with the presence of DME (Table 3). A strong positive correlation was detected with
DR (rpb = 0.643), while weaker correlations were found with disease duration (rpb = 0.246),
current HbA1c (φ = 0.241), and CKD (rpb = 0.206).

Table 3. Correlation between DME and risk factors in T1DM and T2DM.

Age Gender
Disease

Duration
Current
HbA1c

Dys-
Lipidemia

HTN CKD
Diabetic

Neuropathy
Smoking DR

p-Value 0.070 0.768 0.011 0.014 0.119 0.117 0.035 0.098 0.273 <0.001
Correlation
coefficient −0.178 −0.029 0.246 0.241 0.152 −0.153 0.206 0.161 0.107 0.643

Point-biserial correlation (rpb) and Phi coefficient (φ), as appropriate. Abbreviations: DME, diabetic macular
edema; HbA1c, hemoglobin A1c; HTN, hypertension; CKD, chronic kidney disease; Statistically significant
differences, with a p < 0.05, are highlighted in bold.

3.4. Association Between DME and Several Demographic and Clinical Factors

In order to obtain more information regarding DME in patients with DM, a multivari-
ate logistic regression analysis was performed, investigating potential factors associated
with DME, as shown in Table 4. After adjusting for multiple confounding factors, including
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risk factors T1DM and T2DM, only PDR remained statistically significant as an independent
factor linked to DME occurrence (p = 0.004).

Table 4. Risk factors associated with DME in the study population.

Variables
Model 1 Model 2 Model 3

OR (95%CIs) p-Value OR (95%CIs) p-Value OR (95%CIs) p-Value

Age 0.887 (0.438, 2.260) 0.802 0.922 (0.343, 2.476) 0.871 1.135 (0.388, 3.322) 0.818
Gender 0.948 (0.894, 1.005) 0.702 0.948 (0.890, 1.010) 0.970 0.954 (0.893, 1.020) 0.169
Disease duration 1.069 (1.005, 1.137) 0.034 1.088 (1.014, 1.166) 0.018 1.066 (0.990, 1.148) 0.089
Current HbA1C 1.312 (0.852, 2.021) 0.218 1.349 (0.843, 2.160) 0.212 1.088 (0.654, 1.809) 0.744
Severe HTN 0.471 (0.164, 1.351) 0.161 0.385 (0.119, 1.248) 0.112
Dyslipidemia 0.353 (0.113, 1.101) 0.073 0.500 (0.150, 1.674) 0.261
PDR 10.715 (2.16, 52.97) 0.004

Model 1 adjusted for: age; gender; disease duration; current HbA1c. Model 2 adjusted for: age; gender;
disease duration; severe HTN; dyslipidemia. Model 3 adjusted for: age; gender; disease duration; severe HTN;
dyslipidemia; PDR. OR, odds ratio; CI, confidence interval; HbA1c, hemoglobin A1c; HTN, hypertension; PDR,
proliferative diabetic retinopathy. Differences that are statistically significant, defined as those with a probability
value of p < 0.05, are highlighted in bold.

4. Discussion

The global prevalence of DME is increasing. As the number of DM cases rises, a
corresponding rise in complications related to diabetes is expected [17]. With the world-
wide increase in the aging population [18], the concept of multimorbidity has received
significant attention among medical practitioners [19], particularly regarding patients with
T2DM, who present a greater risk of having numerous co-occurring conditions [20]. Our
research focused on observing DME cases in the western Romanian population with T2DM,
which is known to be highly prevalent in this part of the country. Conditions such as
arterial hypertension, chronic kidney disease, and obesity have a major impact on ocular
complications related to DM, including vision-threatening DME [21].

In our study group, those who suffered from DME had longer DM duration, with a
median of 15 years (p = 0.010), data that align with the current literature findings, which
report a direct correlation between diabetes duration and the development and progression
of ophthalmologic complications such as DME and DR. Notably, patients with T2DM might
present DME at the time of DM diagnosis, underlining the importance of screening in both
recently diagnosed patients, as well as patients who have been diagnosed for a longer
period of time [6,22]. Regarding glycemic control, HbA1c levels were suboptimal in the
whole research group but were particularly elevated among patients with DME (median
value 7.5%, maximum value 10.9%). Increased HbA1c values are known to be linked to
DME occurrence and progression, while conversely, adequate glycemic control positively
impacts ocular-related complications. According to DDCT/EDIC, a 10–25% decrease in the
risk of DME occurrence can be obtained by only a 1% decrease in HbA1c levels [23].

DR severity is the major risk factor linked to DME. Although DME can be found at
any degree of DR, an increase in DR severity has been associated with the rising prevalence
of DME [14]. Our research found a strong positive correlation between the presence of DR
and DME (p = 0.643). Moreover, PDR was a statistically significant factor involved in DME
occurrence (p = 0.004). Intravitreal injections and retinal laser photocoagulation prevailed
as treatment strategies among our population, emphasizing the need for a more decisive
approach when facing diabetes-related ocular complications. This situation seriously
impacts DM patients’ quality of life [24]. Even so, treatment outcomes do not always meet
the desired results, suggesting other general health factors may have a greater impact on
visual outcomes [25].
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More than 60% of patients with DM present at least one comorbidity at the time of
their DM diagnosis [26]. Our research population aligns with these findings, as the majority
of the evaluated patients presented at least one comorbidity, arterial hypertension and
dyslipidemia being the most prevalent pathologies among our DME subgroup. All these
components lead to the appearance of metabolic syndrome, which in turn increases the risk
of cardiovascular complications, one of the most serious ones being atrial fibrillation. Also,
DME and metabolic syndrome are closely linked through their shared pathophysiological
mechanisms, primarily related to insulin resistance, chronic inflammation, and vascular
dysfunction [27]. All DME patients were diagnosed with HTN, with different degrees of
severity, presenting a slight predominance towards moderate HTN (48.1%), according to
data sustained by a study conducted by Zhang M et al. [28]. On the other hand, HTN
presence, regardless of the severity, is linked to an increase in the probability of DME
occurrence of 40% [29]. The Wisconsin Epidemiologic Study of Diabetic Retinopathy
found that systemic hypertension triples the prevalence of DME. It has been proposed
that hypertension serves as a risk factor for the development of macular edema, and
its management could provide significant benefits for patients with uncontrolled blood
pressure. Sustaining the importance of HTN management, according to UKPDS 69, a
reduction of only 10 mmHg in systolic blood pressure reduced the risk of DME development
by 15% [30], while the optimal blood pressure values assessment among patients with
DM could be represented by a 24 h measurement, due to the more significantly predictive
power concerning the evaluation cardiovascular risk in these patients [31].

Previous studies have indicated that dyslipidemia is linked to DME. Furthermore, a
global multicenter study found that high triglyceride levels and low HDL cholesterol levels
were associated with an increased risk of diabetic microvascular diseases. Dyslipidemia
is one of the most frequent comorbidities found in patients with DM [26]. Our research
revealed that 66.7% of evaluated patients presented this pathology, 62.3% belonging to
the DME subgroup. Treating dyslipidemia should address all cholesterol fractions, yet
elevating HDL-cholesterol levels must become a therapeutic target, especially among
patients with DME, as it was found to decrease the risk of DME, as stated by Klein et al.
and confirmed by another study conducted by Chung et al. [32,33].

Besides HTN and dyslipidemia, 46.8% of the DME subpopulation presented at least
one other comorbidity, such as CKD, diabetic polyneuropathy, or CVD. Regarding these
comorbidities, we found a statistically significant correlation between CKD and DME
(p = 0.034). Multiple reports have evaluated the relationship between DME and CKD. Acan
et al. reported CKD is a risk factor for DME development [13], while another study from
Melbourne observed no associations between GFR and DME in 61 Caucasian patients
with DME [34]. In contrast, another population-based study indicated that CKD was
significantly associated with incident DME during a 10-year follow-up examination [35].
The positive association between DME and GFR was also sustained by a single-center
retrospective observational study involving patients with T2DM in South China [36]. These
different results among various studies suggest that although both CKD and DME share a
comparable pathology mechanism, microangiopathy, the exact influence of renal factors on
DME remains unclear [37].

Lifestyle-related habits are also of great importance when deciding upon a therapeutic
approach for a patient with DM and DME [38]. Obesity is known to be especially prevalent
in patients with T2DM, and its management becomes mandatory, as lowering body mass
is known to have a beneficial effect on visual outcomes post-DME treatment [39]. In our
research, 27.3% of DME patients had obesity, results that the relatively small research group
might determine. We consider that further research is necessary in this direction, as there
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are studies that link not only BMI values but also abdominal fat distribution (waist-to-hip
ratio) to the development of diabetes-related ocular pathologies [39,40].

Regarding smoking addiction, we have found that 24.7% of patients with DME were
active smokers. Since smoking was self-reported, we did not take past or occasional
smokers into account, as we considered it would impede result precision. However, we
underscore the need for these categories to be included in future research. Data regarding
the direct impact of smoking on DME is somewhat inconclusive in the existing literature.
Still, smoking cessation should be advised in all patients with DM, as nicotine is known to
impair insulin activity and negatively impact glycemic control [41,42].

As shown in existing studies and as we have observed in the present study, most of
the patients with DME have multiple associated diseases that facilitate the appearance
of macular edema and accelerate its progression. For this reason, it is very important to
identify these pathologies as early as possible so that through their correct management,
we can try to prevent the occurrence and subsequent progression of DME.

Although somewhat restricted by the relatively small population size, this research
accurately reflects the general health status among patients with DM with DME evaluated
in hospital settings in the western part of our country, and the baseline health characteristics
of the studied cohort are reflected with precision. Furthermore, considering the consecutive
patient enrollment in this research, the heterogeneity of the final study group emphasizes
the diversity of patients that medical practitioners encounter in daily clinical practice,
accentuating the need for a personalized medical approach for each patient.

Our results have shown that patients with DME generally present multiple associated
comorbidities. Therefore, a stringent treatment plan is mandatory, which is an objective
achieved in Romania for DM patients by regular check-ups every 3 months, while chronic
complication screening is usually performed annually. These particular visits also address
patient education regarding diabetes and diabetes treatment. Yet, further education is
needed concerning the associated general and ocular diseases and their symptoms to better
understand the disease and facilitate better treatment adherence among patients. Besides
an increase in the degree of health education, as multiple comorbidities threaten each
diabetic patient’s quality of life, we consider that general and ophthalmologic health status
screening should be performed at least every 6 months, as a proper diagnosis timing could
lead to the more personalized and effective management of these patients.

Regarding the ophthalmologic evaluation of diabetic patients, while medical settings
equipped with optical coherence tomography (OCT) would represent the ideal scenario
since it represents the gold standard in the diagnosis of DME and other diabetes-related
pathologies, the patients often do not have access to hospitals equipped as such. As
such, it is important that screening is performed for all patients with DM, whether at the
initial consultation or well into their diagnosis [43]. Still, we emphasize the importance
of an extended ophthalmologic examination using fundus photography and OCT for a
personalized treatment protocol and a precise follow-up.

Future research perspectives also refer to expanding the study population to a larger
and younger demographic group while conducting a multicenter, prospective study for a
more accurate representation of diabetes-related ocular complications such as DME and as-
sociated comorbidities and their interrelation, the main objective remaining individualized
patient management and the subsequent quality of life improvement.

5. Conclusions

This body of research underlines the importance of close monitoring for DME in
patients with DM, underlining the risks represented by this complication and the major
impact on the quality of life of these patients while simultaneously identifying individuals
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for which DME is more prevalent. In all evaluated patients associated with at least one
other comorbidity, HTN, dyslipidemia, or CKD were more prevalent and are known to be
the most significant risk factors involved in DME occurrence.

Considering the continuously growing numbers of people with DM worldwide, the
necessity of personalized medicine becomes more and more evident, especially given the
multitude of complications that accompany this disease. A personalized approach could
translate into early complication detection, better quality of life, and improved morbidity
and mortality rates. In this particular case, patients with DM would benefit from early
DME detection and subsequent management, guaranteeing sight preservation.
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Abstract: Purpose: Choroidal thickness (ChT) is an important measurement for evaluating
eye and systemic disorders, but it is influenced by numerous elements, especially axial
length (AL). It is known that the presence of a linear relationship between ChT and AL
exists, but recently it has been shown that the AL measurement obtained with the current
optical biometry is not very precise and needs to be corrected. This study aimed to verify
if a similar correlation also persists with this corrected AL (ALc). Methods: All subjects
underwent a complete eye examination, including spectral domain optical coherence to-
mography (OCT) with enhanced depth image (EDI) mode and AL measurement with
IOLMaster. After a normality check of the data, the correlations between ChT with AL and
ALc were investigated through the Pearson correlation coefficient. p values < 0.05 were
considered statistically significant. Results: In total, 100 eyes of 50 healthy patients were
evaluated. The mean AL was 24.36 ± 1.23 mm and mean ALc was 24.25 ± 1.22 mm. The
mean nasal ChT, subfoveal ChT, and temporal ChT were, respectively, 250.57 ± 93.93 μm,
307.18 ± 101.66 μm, and 313.72 ± 88.86 μm. A significant negative linear correlation was
found by comparing both AL and ALc to ChT (all r < −0.500, all p < 0.050). The negative
linear correlation was stronger between nasal ChT and both AL and ALc (all r = −0.581).
Conclusions: Through OCT and optical biometry, we confirmed that a statistically signif-
icant correlation persists between ALc and ChT, equal to the uncorrected AL. On these
bases, in ChT studies or protocols, we recommend stratifying population according to ALc
because linear correlation is still present; however, the cut-off values should be changed
according to the systematic errors in optical biometry. In addition, both AL and ChT
changes should be evaluated according to ALc.

Keywords: axial length; choroidal thickness; corrected axial length; ChT-AL correlation

1. Introduction

Choroid evaluation is becoming an emerging topic in ophthalmology due to its role in
the diagnosis and follow-up of several pathologies and conditions [1–3]. Spaide et al., with
their pioneering studies, first described a method of obtaining images of the choroid using
conventional optical coherence tomography (OCT) with the aim of evaluating choroidal
thickness (ChT) measurements using these images [4–6]. In fact, in the last few years, sev-
eral authors investigated the role of ChT in several systemic and eye diseases, even though
the assessment of this choroidal parameter is very difficult because it is affected by several
factors, such as body position, axial length (AL), drug intake, and drug withdrawal [1,2].
The relationship between AL and ChT has been studied in detail: in fact, it is known in
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the scientific literature that a significant relationship exists between AL and ChT [2,3,7–17].
A linear relationship seems to be present between AL and ChT, with short eyes having a
thicker choroid, and long eyes having a thinner one [3].

For this reason, in a study evaluating ChT and ChT changes, it essential to stratify
subjects according to AL, in order to obtain homogeneous and comparable samples. How-
ever, studies that evaluate ChT generally do not consider that AL evaluation, especially in
patients affected by cataracts, are more challenging and the risk of bias is really high. In
fact, especially in cases of biometry being based on group refractive index (GRI) or when
evaluating extremely long eyes, AL measurements need to be corrected [18].

Several authors proposed different AL correcting factors [18–22], but most of them are
strictly designed for IOL power calculation [19–22]. Instead, other correcting equations are
based on erroneous AL measurements due to lens opacity or GRI-based biometry [18,22],
such as the corrected AL (ALc) by De Bernardo et al. [18].

Corrected ALs potentially have a double impact in ChT evaluation studies:

(1) A change in the relationship between AL and ChT measurements could occur;
(2) More important, the choice of AL cut-off values in these types of studies could

change accordingly.

Regarding point 1, if we consider that many AL correction factors are generally applied
only in specific AL ranges [19–22], they could influence the linear relationship with a “zone
of conflict” when passing the cut-off values for adjustment application. For example,
Wang–Koch adjustments, which are usually applied in case of long eyes, could modify this
linear relationship.

Regarding point 2, the cut-off values of AL in ChT studies become crucial: the choice
of the right values is essential for patients’ recruitment, samples stratifications, change
analysis, and outcome evaluations. To better understand the impact of corrected AL on
ChT studies, some examples of AL/ChT studies are reported:

- AL changes related to ChT changes in pharmacological studies [23];
- AL and ChT changes in myopia studies in children and adolescents [24];
- AL and ChT changes in myopia studies in adults [25];
- AL and ChT changes in accommodation studies [14];
- AL stratification in ChT studies [26].

Why do we pay great attention to ChT reliability, and also forget to take AL reliability
in choroidal studies into consideration?

We tried to answer this question and so far, to the best of our knowledge, no studies
investigated the influence of corrected AL with ChT. Does the relationship between AL
and ChT remain unaltered? If not, how should studies evaluating ChT stratify samples?
The purpose of this study was to evaluate the correlation between ChT and ALc, because
only this latter AL adjustment is not exclusively linked to IOL power calculation accuracy;
however, it eliminates systematic error in biometry.

2. Materials and Methods

2.1. Participants

In this study, healthy subjects with no ocular diseases which could influence the AL
or OCT measurement, such as cataract or corneal and vitreous opacities, were recruited
between September 2022 and January 2023. The exclusion criteria were systemic and ocular
diseases, previous eye surgery, age under 18 or over 40 years old, pregnant women and
eyes with AL < 21.00 mm or AL > 27.50 mm.
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The present study adhered to the ethical principles of the Declaration of Helsinki. All
the participants were carefully informed about the purpose of the study and written in-
formed consent was acquired from each subject. Institutional Review Board (IRB) approval
was also obtained from the ComEtico Campania Sud (CECS), prot. n◦16544.2.2

2.2. Clinical and Instrumental Examination

All patients underwent a complete eye examination consisting of the following:

- slit lamp inspection;
- visual acuity test;
- fundus examination.

All recruited patients had a best corrected visual acuity >20/25 and absence of ab-
normalities at both slit lamp and fundus examinations. The evaluation also included a
spectral domain optical coherence tomography (OCT) evaluation with enhanced depth
image (EDI) mode (Spectralis; Heidelberg Engineering; Heidelberg, Germany, version 6.0)
and AL measurement with IOLMaster (Carl Zeiss Meditec AG, Jena, Germany, version
5.4.4.0006). The OCT exams were performed without the instillation of mydriatics eye
drops, given the related ChT thinning in the temporal sector [23].

2.2.1. OCT Analysis

OCT scans were performed with the Heidelberg Spectralis spectral domain (SD) device.
The SD-OCT uses a spectrometer to detect the interference pattern of the light reflected
from different tissue layers [27]. SD-OCTs can produce high-speed images of the tissue with
high axial resolution, for this reason, they are widely used in ophthalmology to perform the
diagnosis and management of several pathologies [27]. The OCT analysis was performed
using the OCT software measurement tool (Heidelberg Eye Explorer HEYEX, version 5.3;
Heidelberg Engineering). The macular region was evaluated through a horizontal 30◦ linear
OCT B-scan passing through the fovea, with an average of 100 frames for every B-scan.
Only scans through the fovea and images with a high signal-to-noise ratio (minimum of
20 dB) were included and used for the ChT evaluation. All subjects were analyzed between
2:00 p.m. and 4:00 p.m. in order to reduce bias related to the diurnal ChT variations.

The ChT assessment was performed at the subfoveal level, at 1500 μm nasally and
temporally from the fovea, perpendicularly from the hyper-reflective line of the outer
border of the retinal pigment epithelium to the hyper-reflective sclero-choroidal junction
centered at the base of the fovea.

2.2.2. AL Measurements

The AL measurements were performed in the routinely used method with an IOL
Master 500, which is a GRI-based biometer; it measures AL utilizing partial coherence
interferometry (PCI) technology. AL was measured with a semiconductor laser diode that
emits a dual beam of infrared light (780 nm). The signal produced by the interference
between the light reflected from the tear film and the one reflected by the retinal pigment
epithelium is received by the photodetector, which is used to calculate the optical distance
between the corneal surface and the retina. This optical distance is used to calculate the
geometrical intraocular distances [28]. In addition, IOLMaster 500 measures keratometry
values at a 2.5 mm zone on the anterior cornea with six measured points, and it measures
anterior chamber depth (ACD) using lateral slit illumination [28]. The AL measurements
were taken utilizing the phakic option available on the biometer. The AL values were then
corrected utilizing the following formula from De Bernardo et al.:

ALc = −0.017 + 0.996 * AL
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where ALc is the corrected AL, and AL is the AL detected with the optical biometer by
utilizing the phakic option [18]. Contrary to many other AL adjustments, ALc should be
used independently from a specific AL range, because it is based on the assumption of a
systematic error correction in the optical biometer, noting the influence of lens opacity and
GRI on the reliability of the AL measurement. For this reason, the AL of all participants
was corrected [29].

2.3. Statistical Analysis

Data collection was performed with Microsoft Excel and statistical analysis with IBM
SPSS software (International Business Machine Corporation, Armonk, NY, USA, version
26.0). The Kolmogorov–Smirnov Test was performed to assess the normal distribution
of the data. The Student T-test was used for pair-wise comparisons of AL and ALc. The
correlations between ChT with AL and ALc were investigated using the Pearson correla-
tion coefficient (r) and the Pearson coefficient of determination. Pearson’s analysis with
bootstrap was also performed in additional evaluation according to eye-side subgroups.
In all analyses, p values < 0.05 were considered statistically significant. Additionally, the
mean, standard deviation, median, minimum, and maximum were calculated for each
data point.

The preliminary sample size was calculated with G*Power software (Version 3.1.9.7,
Faul, Erdfelder, Lang, & Buchner, 2020.Available at https://www.gpower.hhu.de, access
date: 10 October 2024). Given a conventional effect size q of 0.6, it was estimated that
a sample size of 47 eyes for each group (94 eyes in total) would be necessary, with a
significance level of 5% and a test power of 80%.

3. Results

In total, 100 eyes of 50 healthy subjects (23 males and 22 females) with a mean age of
27.6 ± 2.3 years (ranging from 24 to 35 years) were evaluated. Both AL measurements and
ChT data were normally distributed (all p > 0.050). The descriptive statistics of the data are
reported in Table 1.

Table 1. Descriptive statistics of uncorrected and corrected axial length and nasal, subfoveal, and
temporal choroidal thickness.

Parameter AL ALc ChT Nasal ChT Subfoveal ChT Temporal

MEAN 24.36 mm 24.25 mm 250.57 μm 307.18 μm 313.72 μm
SD 1.23 mm 1.22 mm 93.03 μm 101.66 μm 88.86 μm

MEDIAN 24.12 mm 24.00 mm 250.00 μm 299.50 μm 301.00 μm
MIN 21.49 mm 21.39 mm 73.00 μm 75.00 μm 135.00 μm
MAX 27.31 mm 27.18 mm 507.00 μm 504.00 μm 501.00 μm

SD: standard deviation; Min: minimum; Max: maximum; AL: axial length, ALc: corrected axial length according
to De Bernardo et al.; ChT: choroidal thickness.

A statistically significant decrease was found with ALc compared to AL: mean differ-
ence was −0.11 mm ± 0.06 mm (p < 0.001).

Even if a small change in slopes and intercepts in linear relationships analysis was
found, as reported in Figures 1–3, a moderate negative correlation persists between both
AL and ALc and ChT in different sectors. In detail, the findings were as follows:

- a negative correlation was found between both AL and ALc with subfoveal ChT (r:
−0.581, p < 0.001);

- a negative correlation was found between both AL and ALc with nasal ChT (r: −0.527,
p < 0.001);
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- a negative correlation was found between both AL and ALc with temporal ChT (r:
−0.577, p < 0.001).

 
Figure 1. The relationship between both axial length (AL) and corrected AL (ALc) with subfoveal
choroidal thickness.

 

Figure 2. The relationship between both axial length (AL) and corrected AL (ALc) with nasal
choroidal thickness.
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Correlation analyses between AL and the choroidal parameters also with coefficient
of determination according to Pearson are defined in Table 2 and in Figures 1–3.

 

Figure 3. The relationship between both axial length (AL) and corrected AL (ALc) with temporal
choroidal thickness.

Table 2. Correlation between uncorrected and corrected axial length and choroidal parameters.

Correlation r 95% CI R2 p-Value

AL—Subfoveal ChT −0.527 −0.669
−0.383 0.3372 0.000

AL—Nasal ChT −0.581 −0.705
−0.449 0.2779 0.000

AL—Temporal ChT −0.577 −0.700
−0.451 0.3332 0.000

ALc—Subfoveal ChT −0.527 −0.669
−0.383 0.3372 0.000

ALc—Nasal ChT −0.581 −0.705
−0.449 0.2779 0.000

ALc—Temporal ChT −0.577 −0.700
−0.451 0.3332 0.000

AL: axial length, ALc: corrected axial length according to De Bernardo et al.; ChT: choroidal thickness; r: correlation
coefficient according to Pearson correlation analysis; 95% CI: 95% confidence interval around r according to
Pearson correlation analysis; R2: coefficient of determination according to Pearson correlation analysis, p-value:
level of significance according to Pearson correlation analysis.

Also, subgroups according to eye sides were normally distributed (p > 0.050) and the
additional evaluation according to eye side subgroups is reported in Table 3.
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Table 3. Correlation between uncorrected and corrected axial length and choroidal parameters in
right eye and left eye subgroups.

Correlation
r—RE

(p-Value)
95% CI—RE

r—LE
(p-Value)

95% CI—LE

AL—Subfoveal ChT
−0.548
(0.000)

−0.727
−0.352

−0.621
(0.000)

−0.774
−0.412

AL—Nasal ChT
−0.546
(0.000)

−0.719
−0.334

−0.507
(0.000)

−0.697
−0.285

AL—Temporal ChT
−0.533
(0.000)

−0.711
−0.312

−0.624
(0.000)

−0.782
−0.421

Alc—Subfoveal ChT
−0.548
(0.000)

−0.727
−0.352

−0.621
(0.000)

−0.774
−0.412

ALc—Nasal ChT
−0.546
(0.000)

−0.719
−0.334

−0.507
(0.000)

−0.697
−0.285

Alc—Temporal ChT
−0.533
(0.000)

−0.712
−0.312

−0.624
(0.000)

−0.782
−0.421

RE: right eyes; LE: left eyes; AL: axial length, ALc: corrected axial length according to De Bernardo et al.; ChT:
choroidal thickness; r: correlation coefficient according to Pearson correlation analysis; 95% CI: 95% confidence
interval around r according to Pearson correlation analysis; p-value: level of significance according to Pearson
correlation analysis.

4. Discussion

In the literature, a negative correlation between ChT and AL has been clearly described.
Bulut A et al. studied 53 myopic children’s eyes, for SE up to −0.75 diopter, and

compared them to 64 emmetropic ones, with SE between −0.50 and +0.50 D. Myopic eyes
showed a significantly thinner choroid than the emmetropic control eyes in subfoveal site
and in three additional sites carried out every 750 μm temporal (T1, T2 and T3) and nasal
(N1, N2 and N3) to the fovea. Furthermore, in the same population including myopic and
emmetropic children, ChT was negatively correlated with AL and positively correlated
with SE [7].

Gupta P et al. focused on the distribution of choroidal thickness in 448 myopic
eyes compared to 116 emmetropic ones and concluded that highly myopic eyes have a
significantly thinner peripapillary choroid and showed a different distribution of thickness
compared with the controls [8].

Sonoda S et al. examined a large (7500 μm width) choroidal area of 180 right eyes of
180 healthy volunteers with an AL range between 21.9 and 27.7 mm, showing no statistically
significant correlation between AL and total choroidal area, luminal area and stromal area.
However, the authors found an inverse correlation between AL and the ratio of the luminal
to stromal area, thus considering the luminal area to be more affected by reduction than
the stromal one [9].

El-Shazly A et al. elaborated on the effect of ocular parameters, such as spherical
equivalent (SE) and axial length (AL), on ChT. They assessed the ChT of patients with
different degrees of myopia. AL showed a significant positive correlation with SE (r = 0.90
and p < 0.001) but a negative correlation with subfoveal, 2 mm nasal, temporal, upper and
lower ChTs (r = −0.78, −0.83, −0.75, −0.76, and −0.69, respectively) (p < 0.001). Moreover,
they checked if the ChT is affected uniformly throughout the macula or at different rates
in different macular regions. In fact, they observed the thinnest choroid in the 2 mm
nasal and the thickest choroid in the 2 mm temporal in mild and moderate myopia, in the
2 mm lower in the sever myopia, and in the 2 mm upper in advanced myopia. SE and AL
were discovered to be the most important determinants for subfoveal nasal and temporal
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ChTs; the SE was the only determining factor for 2 mm upper ChT, while AL was the only
determinant for 2 mm lower ChT [10].

Liu B et al. studied adult highly myopic eyes and confirmed AL as the most significant
predictor of the sub foveal ChT [11].

All the above-mentioned studies analyzed studies according to AL groups or between
specific AL cut-off values. However, these limits could be affected by the reliability of AL
measurements. Firstly, authors evaluate AL correction related to IOL power calculation.
In fact, to reduce the percentage of eyes with hyperopic refractive outcome, Wang et al.
published several preoperative AL correction factors [19–21].

Cooke et al., with the so-called Cooke modified AL (CMAL), instead demonstrated
that CMAL can simulate a sum-of-segments AL by using a biometer that works with GRI.
In fact, it is well-known that GRI-based biometers give a shorter value of AL in short eyes
and longer values of AL in long eyes [22].

Contrary to the Wang–Koch AL-correcting factors [19–22], both ALc and CMAL should
be applied not only in long eyes, but in eyes of all AL ranges [18,22,29].

Therefore, ALc was proposed based on the influence of lens opacity and GRI on the
reliability of the AL measurement: in this way, a correcting factor applied to preoperative
AL could eliminate any systematic error biometry [18]. IOLMaster 500 measures AL by
utilizing a GRI, meaning that it uses a mean refractive index to calculate AL [29], so
it is not able to internally correct such a systematic error, because it is inherent to the
instrument operating principle [18,28,29]. Similarly, ALc should be also applied for all
phakic AL measurements for all other GRI-based biometers, independently from both AL
acquisition technologies and specific AL ranges [29]. Hence, even if our study found the
same relationship between AL with ChT and between ALc with ChT, the cut-off values
should be changed with consideration of the reliability of AL. For example, it is known
that “High myopia” is defined as the presence of myopic refractive error associated with
AL ≥ 26.00 mm [30,31], but when performing studies that analyzed ChT in myopic eyes,
the cut-off values should be arranged according to the corrected AL.

To sum up, several sources of error could affect the reliability of AL measurement:

- Inaccurate measurement technique: for example, contact ultrasound biometry is
known to be unreliable;

- Principle of function of optical biometer: GRI-based biometers are more sensitive to
AL measurement error, rather than sum-of-segments biometers;

- Eye length, with less reliable AL values with GRI-based biometers in case of long eyes.
- Lens opacity, that could affect reliability of all types of optical biometers, but especially

GRI-based biometers.
- In all these cases, both clinicians and researchers should pay attention in both AL and

ChT evaluation.

A bias in these types of studies can be represented by accommodation. In fact, in this
scenario, changes in crystalline lens could contribute to AL overestimation [12]. Particularly,
Woodman EC et al. observed both AL and ChT changes accompanying accommodation
in myopes and emmetropes. At baseline, myopes had an average AL of 24.73 ± 1.04 mm
(n = 33) and emmetropes of 23.37 ± 0.81 mm (n = 16), with a high significantly difference
(p< 0.001) between them. They described choroidal thinning by 9 ± 18 μm in myopic
subjects during accommodation and by 7 ± 22 μm in emmetropes ones, with a statistically
significant difference between the two groups (p < 0.05). Changes in AL and ChT were
shown to have a highly significant but weak negative association at analysis of covariance
(p < 0.001, r2 = 0.077, slope b = −0.321) [13].
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Kaple D et al. likewise compared AL and ChT changes during accommodation in
young adult emmetropes and myopes, especially at peripheral sites. Upon accommodation,
the AL changes maximally on-axis (41 ± 17 μm) and minimally at the 20◦ nasal site
(26 ± 17 μm). On the other hand, the overall ChT decreased by 21 ± 7 μm (F1276 = 23.85,
p < 0.001). ChT decreased more in myopes (23 ± 11 μm) than emmetropes (17 ± 8 μm)
(p = 0.02). The greatest decrease of 30 ± 14 μm occurred on-axis and the lowest one of
14 ± 14 μm occurred at 30◦ temporally. ChT changes account for about 60% of changes
arising for AL: the authors concluded that AL and ChT changes during accommodation
are not significantly correlated with any position [14].

This phenomenon could be explained by the action of the ciliary muscle, choroidal
non-vascular smooth muscle, and choroidal blood flow. The ciliary muscle is involved in
the accommodation process and its contraction could also be transferred to the choroid,
causing choroidal drag and scleral circumference reduction. Choroidal smooth muscle and
blood flow could change in tone during accommodation, contributing to this event [15–17].

This knowledge highlights the cause and the possible management of eventual refrac-
tive errors occurring after measuring AL with optical biometry. It suggests measuring AL
immediately following accommodation or during accommodation with an instrument that
also provides measurements of lens thickness.

As a vascular tunic of the ocular globe, choroid is richly vascularized and provides the
oxygen and nutrients required for the retinal pigment epithelium and of the outer retina.
For the same reason, it can be reached by toxins, autoantibodies, and immunocomplexes,
and so it can be involved in the pathogenesis of various ocular disorders. Investigating the
eventual adaptations of the negative correlation between ChT and AL in various pathologic
cohorts can reveal new features of their pathogenesis. For example, De Bernardo M et al.
confirmed the existence of a significant correlation between AL and all the choroidal
parameters in a celiac group, except for CVI, in a study comparing the subfoveal ChT of
celiac patients with healthy controls [2].

It was already proven that ALc played a clinically relevant role in IOL power calcu-
lation [18,29], and AL correction is also essential in different fields of biometry. In fact,
several reasons can clarify the importance of utilizing ALc in ChT studies:

(1) Ignoring AL correction could introduce bias to the ChT evaluation of patients grouped
by AL. It results in an unreliable estimation of ChT of patients with macular edema
and subretinal fluid [23] and in a difficult comparison between these patients and
their healthy controls. Grading and staging different ocular and systemic pathologies
through ChT could be an interesting clinical and therapeutic skill, so its trustworthy
use is decisive.

(2) AL correction is essential for both patients with cataracts and subjects that underwent
GRI-based biometry, as discussed in previous paragraphs.

(3) Studies concerning myopia progression and ChT [32,33] should be carried out accord-
ing to ALc. The choice of AL cut-off values should be taken according to corrected
AL values.

(4) Not only AL cut-off values, but also evaluation of both AL and ChT changes, should
be analyzed according to ALc [14,24,25].

(5) In addition, relationships between ChT and retinal diseases [34] should be analyzed
with ALc values.

(6) In conclusion, patients’ stratification according to AL should be performed with ALc
in ChT studies [26].

It should be noted that ALc by De Bernardo et al. [18] was developed by noting an
apparent reduction in AL in post cataract surgery eyes: on this basis, they verified that the
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refractive index of the human lens could change according to the cataract grade, making
AL measurement in GRI-based biometers unreliable [18]. De Bernardo et al. demonstrated
the presence of a systematic error in AL measurement in all cataractous eyes, despite the
AL range [18]. For this reason, lens thickness was not considered by ALc: this parameter
could be unreliable in case of cataract. ALc has more strength in eyes with cataract,
therefore it should be considered, especially in case of examination of cataractous eyes.
The OCT examinations were performed without any mydriatic eye drops. This should be
considered a point of strength of this study. In fact, a significant thinning of the ChT in
the temporal sector following the administration of tropicamide + phenylephrine has been
demonstrated [23]. Such thinning was not observed in the subfoveal or nasal zone, probably
because the presence of the optic nerve in the nasal choroidal side could influence the
ChT, or due to an asymmetric choroidal watershed and choroidal vessels in the temporal
choroid. For these reasons, the nasal and subfoveal ChT are not affected by mydriatics [23].
Avoiding pharmacological mydriasis has guaranteed the maximum reliability of ChT data,
even in the temporal sector.

Since AL measurement with GRI-based biometry is inaccurate because they assume
a global refractive index for different structures (cornea, aqueous, lens, vitreous), ChT
measurements should not be influenced by GRI, but it was demonstrated that brightness
of OCT images can influence the measurements of choroidal parameters. Therefore, ChT
should not be corrected but OCT evaluation must be performed by using the same parame-
ters [35]. Furthermore, OCT’s light source is also a specific wavelength of light, thus it is
also affected by the choroidal refractive index; therefore caution should be taken, especially
when comparing different OCT devices in evaluation of choroidal parameters.

This study is affected by some limitations. Firstly, we evaluated both eyes for each
subject. In fact, ocular measurements are more alike between fellow eyes. This similarity
could cause a compounding of data; therefore, analyzing fellow eyes cannot be treated as
if they were independent [36]. To overcome this problem, appropriate statistical analyses
could be performed, such as the bootstrap or generalized estimating equations [36]. If
the correlation between the left and right eyes of each patient is not accounted for in the
statistical analysis, errors may occur in the obtained results: in fact, ignoring inter-eye
correlation can lead to smaller p-values when both eyes are in the same group [36]. Another
solution could be represented by the choice of using only one eye for each subject [36]. For
this reason, we performed an additional analysis with bootstrap by evaluating subgroups
based on the eyes’ side (Table 3) and similarly a strong negative linear correlation was
found both with AL and ALc compared to ChT (all r < −0.500, all p < 0.050).

In addition, the relationship between CMAL and ChT was not evaluated because the
lens thickness (LT) measurement, required for CMAL [22], was not available with IOL
Master 500. On the other hand, Wang–Koch adjustments were not analyzed because they
were designed specifically to reduce hyperopic refractive error in long eyes [19–21].

A future prospective is represented by confirming the same relationship is also present
in the case of “atypical” eyes: for example, it is well-known that refractive surgery causes
a keratometry flattening, but also an AL, anterior chamber depth, and central corneal
thickness (CCT) decrease [37,38]. Therefore, when the impact of corneal changes on IOL
power calculation [37,38] and of CCT reduction on intraocular pressure measurement [39]
are well-known, the impact of AL decrease on ChT evaluation is less well-known.

In conclusion, a statistically significant linear correlation persists between ALc and
ChT, as in to the uncorrected AL. Due to systematic errors in GRI-based optical biometry,
we recommend recruiting and stratifying population according to ALc, in order to apply
the correct cut-off values in ChT studies. Therefore, both AL and ChT changes should be
evaluated according to ALc.
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Abstract: Objectives: This study investigates the feasibility of implementing telescreening for
retinopathy of prematurity (ROP) using the ICON GO® widefield camera operated by a non-physician
healthcare professional (NPHP). We hypothesized that images captured by an NPHP are adequate
to evaluate ROP changes without further examinations. Secondly, the level of agreement between
independent ROP graders were evaluated based on the fundus photographs. Methods: National
ROP screening criteria were gestational age (GA) < 32 weeks or birthweight (BW) < 1500 g. Exclusion
criteria were children hospitalized and born outside the Capital Region and examinations not
performed by an NPHP. The screenings were performed using the ICON GO®. The NPHP selected
the best images for evaluation by an on-site ophthalmologist, regarding whether re-examination was
necessary and if so, whether the re-examination was beneficial. Lastly, the images were re-evaluated
by an independent off -site ophthalmologist. Results: A total of 415 screening sessions on 165 patients
performed by an NPHP were included. Re-examination was necessary in three screening sessions
and beneficial in two. The level of agreement between the on-site and off -site ophthalmologists
regarding ROP screening outcome was k = 0.82, ROP stage k = 0.69, plus disease k = 0.69, and lastly
ROP zone k = 0.37. Of the screened children, ninety-seven (58.8%) had no ROP at any time points,
sixty-two (37.6%) had some stage of ROP not requiring treatment, and six (3.6%) received ROP
treatment. Conclusions: Telemedicine screening for ROP with the ICON GO® camera performed by
an NPHP was feasible with an almost-perfect agreement and negligible need for re-examinations.
The approach effectively identified children needing treatment, supporting the use of telescreening
in ROP management.

Keywords: telescreening; prematurity; retinopathy of prematurity; imaging; non-physician healthcare
professional

1. Introduction

Retinopathy of prematurity (ROP) is a vision-threatening retinal disease seen in chil-
dren born preterm with low birth weight (BW) [1–3]. ROP is caused by a disturbance
in the development of the immature eye [4]. In Denmark, screening for ROP has been
performed for many years by highly specialized ophthalmologists using binocular indirect
ophthalmoscopy (BIO) [5]. Another and more recent ROP screening method is using a
camera, where wide-angle retinal photographs are captured. Screening with a camera
enables telescreening consultation by recording and sending electronic image files of the
patient’s eyes [6]. This approach allows the patient’s condition to be assessed remotely and
at a later timepoint, while simultaneously enabling comparison of disease progression or
regression over time. Classification of ROP is based on the current third edition established
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by the International Classification of Retinopathy of Prematurity (ICROP3) [3]. The latest
update of the classification was required in part due to advancements in modern technology.
These advancements enable clinicians to observe more detailed retinal changes associated
with ROP that need further attention.

Another advantage of telescreening for ROP is that it can be performed by non-
physician healthcare professionals (NPHPs) and thus ensure a more efficient use of oph-
thalmological resources. In addition, screening with a camera may be less stressful for the
children compared to BIO and the images can be stored and reviewed to ensure patient
safety and enable quality studies and further research [7]. BIO is, however, still considered
the gold standard of ROP screening [8,9]. A recently published study, which presented
the latest advancements in ROP telemedicine, concluded that telemedicine can be an al-
ternative to BIO [10]. However, it is important to note that there are huge differences in
both the incidence and severity of ROP depending on the population studied. Furthermore,
ROP telemedicine studies have employed a variety of designs (retrospective, prospective),
methods (camera model, BIO as reference, digital BIO), professional performing the exam
(ophthalmologist, non-physician), grader (ophthalmologist, non-physician, or AI), and
outcome measures (severe ROP, presence of plus disease, ROP classification), where most
have focused on the presence of plus disease [9,11–17].

Several original studies and a review have already compared screening outcomes
between widefield cameras versus BIO [9,11,18,19]. This study focuses on comparing
evaluations from independent ophthalmologists of images captured by an NPHP using
exclusively a widefield camera.

The purpose of this study was to evaluate whether an NPHP can achieve reliable
image quality in a new telemedicine setup for ROP in the Capital region of Denmark. We
analyzed the frequency of re-examinations by an on-site ophthalmologist due to insufficient
image quality. Additionally, we evaluated the level of agreement between independent
ophthalmologists regarding ROP stage, zone, plus disease, and screening outcome.

2. Materials and Methods

2.1. Study Population and Recruitment

At the beginning of the study, the Danish national screening criteria for ROP was
gestational age (GA) < 32 weeks or birthweight (BW) < 1500 g. Since April 2023, the
national guidelines narrowed to GA < 32 weeks and BW < 1600 g. Screening starts no
later than 5 weeks postnatally and at a post-menstrual age (PMA) of at least 31 weeks.
The children were recruited as part of the clinical routine by healthcare staff involved in
screening for ROP.

Children included in our study were born and hospitalized at one of the four neonatal
intensive care units (NICUs) within the Capital region of Denmark. Children were included
in the study in a one-year period from 5 September 2022 to 25 September 2023. The
screening sessions included were performed by the NPHP using the ICON GO® camera
(Phoenix ICON™ trademark of Neolight, LLC, Phoenix, AZ, USA). Exclusion criteria
encompassed screening sessions performed using other methods than the ICON GO® or
sessions conducted by an ophthalmologist on days when the NPHP was physically absent,
such as during holidays or work leave. These exclusions were solely due to the absence
of the NPHP, and not due to difficult cases or an inability to perform the screenings. The
general condition of the child was always discussed with the team managing the child
prior to the ROP screening to ensure that the child was fit for the examination. The ROP
screening was postponed in cases where the neonatologists evaluated that the child was
too weak, and if the on-site ophthalmologist could accept the level of risk by postponing
the screening. The NPHP performed the screening sessions three days a week, with one of
three on-site ophthalmologists available each day.

Fundus pigmentation was noted at the first screening session due to its potential
impact on image processing and evaluation. Fundus pigmentation was categorized as
defined by the American Academy of Ophthalmology as follows: light (choroidal vessels

124



J. Pers. Med. 2024, 14, 1020

visible within the macula), medium (choroidal vessels visible outside the arcades, but not
within the macula), or dark (choroidal vessels not visible within the macula nor outside the
arcades) [20].

2.2. Preparation of the Child Prior to ROP Examination

Local anesthesia was obtained using one drop of 0.4% oxybuprocaine, followed by
two instillations with 10 min intervals of either 0.5% tropicamide and 2.5% phenylephrine
or cyclomydrile (cyclopentolat hydrochlorid 0.2%/phenylephrin hydrochlorid 1%) applied
by the neonatal nurse. After 30–45 min, the eyes were expected to be fully dilated. In cases
of minimal effect, the eye drops were re-administered. Prior to inserting the eye speculum,
local anesthesia was re-administered. Viscotears (Bausch & Lomb Nordic AB, Stockholm,
Sweden) eye gel (2 mg/g carbomer) was administered for two main purposes: to lubricate
and protect the cornea, and to serve as a bridge between the camera tip and the cornea.

To minimize the burden of the screening examinations, the children were swaddled
and offered sugar water or breast milk, along with a pacifier, to help them stay calm and
distracted. Vital signs of the child were monitored by the neonatal nurse assisting with the
examination and screening was paused depending on the condition of the child.

2.3. Telescreening Setup

Before the study began, the NPHP completed five months of hands-on training under
the supervision of an ROP expert (ophthalmologist). Additionally, the NPHP underwent
retinal imaging training conducted by a clinical education specialist, who also reviewed
images captured by the NPHP and who could approve the NPHP as a certified imaging
technician. The clinical education specialist was from Neolight, Scottsdale, AZ, USA, which
is a medical technology company providing solutions for neonatal care, for instance the
photography device for ROP imaging as the ICON GO® (www.theneolight.com). The on-
and off -site graders completed a case-based online training in grading ROP at the home
page of the American Academy of Ophthalmology [21].

A portable wide-angled ICON GO® camera (Phoenix ICON™ trademark of Neolight,
LLC, Phoenix, AZ, USA) was used for obtaining fundus photographs. Prior to each
screening session, the ICON GO® was re-calibrated and the automated white balance
function was set using a standard white background to ensure the level of brightness was
equal to white during the recordings. The bedside setup consisted of an NPHP who was
in the room with the child and a neonatal nurse. The dilating effect of the eyedrops was
evaluated prior to the screening, and re-dilating drops were given if the pupil of either
eye was < 6 mm in diameter. The NPHP recorded a video of the fundus of each eye.
The initial video duration was set to a maximum of 90 s per eye. The examination was
terminated either when the NPHP was satisfied with the images or when further technical
improvement was not possible. From the video, the best frames per eye presenting all four
quadrants and the central retina were chosen. The images were digitally exported to the
Topcon IMAGEnet i-base V3.23.0 database (Topcon Europe Medical B.V., Capelle Aan De
Ijssel, The Netherlands).

The on-site ophthalmologist was available at the same time and hospital where the
screenings were performed, and reviewed the images outside the screening room. The
on-site ophthalmologist decided if the image quality was sufficient to plan the screening
outcome. The on-site ophthalmologist informed the parents on the screening results and
outcome. In cases of insufficient images, the on-site ophthalmologist decided if the child
should be re-examined and by which method (ICON GO® or BIO) to ensure patient safety.
All images obtained during the screening session were re-evaluated by an independent
off -site ophthalmologist within 3 days of the screening session. The off -site ophthalmologist
worked from a separate office and did not have any direct contact with the patients.
The on-site and off -site ophthalmologist were blinded to each other´s assessment. In
cases of disagreement, the off -site ophthalmologist´s decision would overrule the on-site
ophthalmologist. The off -site ophthalmologist was also the surgeon who would make the
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final decision regarding Type 1 ROP treatment. There are no official guidelines regarding
treatment for late ROP sequelae, hence these cases were discussed in case of disagreement.
Information regarding the child’s GA, BW, and PMA on the screening day was available
for all ophthalmologists during the image evaluation, as were previously captured images
in order to evaluate a possible regression or progression in ROP.

2.4. ROP Classification and Screening Outcome

ROP classification, including stage, zone, and plus disease, was assessed by the oph-
thalmologists for each eye of every patient according to the third International Classification
of ROP [3]. All ophthalmologists used a standard guideline to determine the screening
outcome based on the overall ROP evaluation of both eyes, as shown in Table 1. If one eye
showed more severe clinical findings, the screening outcome was based on that eye. The
ROP treatment criteria for Type 1 were based on the randomized clinical trial titled the
Early Treatment for Retinopathy of Prematurity Study (ETROP) [22].

Table 1. Screening outcome depending on ROP classification.

Screening Treatment

One-week-or-less Follow-up Type 1 ROP

Zone I: immature vascularization, no ROP

Zone I: Stage 1 or Stage 2 ROP Zone I with plus disease

Immature retina extending into posterior Zone II Zone I Stage 3 without plus

Suspected presence of AP-ROP Zone II Stage 2 or 3 with plus disease

Stage 3 ROP

One- to two-week Follow-up A-ROP

Posterior Zone II: immature vascularization A-ROP is characterized by the rapid onset of abnormal

Zone II: Stage 2 ROP neovascularization and severe plus disease, occurring

Zone I: unequivocally regressing ROP without the chronologic stage progression of ROP

Two-week Follow-up Hybrid-ROP

Zone II: Stage 1 ROP

Zone II: no ROP, immature vascularization Stage 3 including A-ROP characteristics in same eye

Zone II: unequivocally regressing ROP with plus disease

Two- to three-week Follow-up

Zone III: Stage 1 or 2 ROP

Zone III: regressing ROP

Stop Screening

PMA > 36 weeks AND no sign of ROP in earlier
screenings in Zone I or entire Zone II

Fully regressed ROP
Note: Screening and treatment schedule inspired by Fierson et al. (2018) [23]. ROP classification following the
current guidelines as defined by ICROP3 [3]. The definition of Hybrid-ROP is as described by Sanghi et al.,
2012 [24].

2.5. Data Access and Management

The children’s medical files were reviewed prior to each screening session to track
where the child was hospitalized and to achieve a status of the general health condition of
the child. Information on GA, BW, and PMA was extracted from the medical file. PMA and
GA were converted from total days to weeks.
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2.6. Statistical Methods

Descriptive statistics for GA, BW, and PMA were tested for normality. Data that were
non-parametric or had a small sample size were analyzed using the Mann–Whitney test to
assess differences between included and excluded patients. Normally distributed variables
were analyzed using the unpaired t-test.

The screening outcome was defined as the final conclusion for each session, which
included an overall evaluation of both eyes. However, the ROP classification was assessed
separately for each eye of every patient by both on-site and off-site ophthalmologists. To
simplify the results section, we tested for statistical differences between the eyes. If no
significant differences were found between the right and left eyes, we would present the
ROP classification for one eye only. Consequently, the kappa statistics were provided for
the screening outcome (based on both eyes) and the ROP classification (based on one eye).

The level of agreement regarding the screening outcome and ROP classification (zone,
stage, and presence of plus disease) was analyzed by Cohen’s kappa. The weighted kappa
was presented for each of the three on-site ophthalmologists compared with the off -site
ophthalmologist, as well as for all on-site ophthalmologists collectively compared with
the off -site ophthalmologist. The kappa statistic has a range of k < 0.00 to k = 1, sorted
in six categories depending on the value. The strength of the agreement according to
the kappa value is graded as poor (k < 0.00), slight (k = 0.00–0.20), fair (k = 0.21–0.40),
moderate (k = 0.41–0.60), substantial k = 0.61–0.80), and almost perfect (k = 0.81–1.00) [25].
The p-values computed as part of the kappa statistics were not presented, because the
assumption of no association was unreasonable [26] (pp. 433–437).

The Chi-square test was performed to analyze the statistical differences between
the right and left eyes in the ROP classification (stage, zone, and plus disease) for each
of the on-site and off -site graders. A p-value less than 0.05 was considered statistically
significant. Data were collected in REDcap (Research Electronic Data Capture, Vanderbilt
University, Nashville, TN, USA) and analyzed using Stata 18.5 (StataCorp LLC, College
Station, TX, USA).

2.7. Approvals

The Danish Data Protection Agency approved the study (P-2020–1206). Ethical board
approval was waived by The Danish National Medical Research Ethics Committee (VMK,
decision number VMK-protokol_200921_V1). The legal department at Rigshospitalet
decided that the study could be performed by approval from the local head of department.

3. Results

3.1. Study Population Characteristics

A total of 556 screening sessions were performed on 174 patients during the study
period. The 141 (25%) screening sessions exclusively performed by an ophthalmologist
were excluded from the study. Thus, the study was based on 415 screening sessions
(75% of all performed screening sessions) performed by the NPHP on 165 children (53%
males). Additionally, nine (5%) patients were exclusively examined by the on-site oph-
thalmologists, see Figure 1. We examined the data for inclusion bias and found that the
excluded patients compared to the included had a significantly higher mean GA (30.9
± 0.7 and 28.9 ± 2.4 weeks, p = 0.017), mean BW (1442.6 ± 176.7 and 1206.9 ± 394.3 g, p
= 0.04), and mean PMA at the time of screening (38.01 ± 4.4 and 36.2 ± 2.6 weeks, p =
0.0003), respectively.

Each child was on average screened 2.5 times by the NPHP during the screening period,
ranging from 1 to 12 screening sessions per patient. A total of 97 (58.8%) patients did not
develop any ROP (Stage 0), whereas n = 68 (41.2%) were graded as having ROP (Stage 1–4A)
during the screening period. ROP stage, using the most severe stage encountered for each
patient during the screening period, was Stage 1: n = 3 (1.8%), Stage 2: n = 42 (25.5%),
Stage 3: n = 21 (12.7%), A-ROP: n = 1 (0.6%), Stage 4A: n = 1 (0.6%), see Figure 2. The patient
evaluated as having ROP Stage 4A was examined using ultrasound in full anesthesia
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initially before treatment. Here, the surgeon found Stage 3 ROP in all four quadrants but
retinal detachment was not observed. No patients were graded as having Stage 4B or 5.

Figure 1. Flowchart of the included patients and screenings during study period. Nine patients
received treatment on both eyes, and one patient was treated on the left eye only during the study
period. Abbreviations: non-physician healthcare professional (NPHP), binocular indirect ophthal-
moscopy (BIO), and retinopathy of prematurity (ROP).

Figure 2. Scatterplot (jitter) of birthweight and gestational age for each patient differentiating the
maximum stage of retinopathy of prematurity (ROP) detected during the screening period. Patients
receiving treatment for ROP are marked with a blue open circle; the symbol inside the open circle is
for the same patient.

Six patients (3.6%) (eleven eyes) included in the study received laser therapy for ROP,
see Figure 2. The median PMA at the time of treatment was 36.3 weeks (IQR: 34.9–42.7,
range: 33.6–46.7), see Table 2. The decision to treat was based on screening sessions
performed by the NPHP, see Figure 1. Four out of six cases were due to Type 1 ROP and
A-ROP. The remaining two cases received treatment due to structural changes that did not
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meet the treatment criteria for Type 1 ROP (e.g., suspicion of retinal traction or fold with or
without the presence of hemorrhages or persistent Stage 3 ROP), see Table 3.

Table 2. PMA (weeks) at maximum ROP stage during the study period.

N (%) PMA, Median PMA, (Min–Max)

Any ROP 68 (41.2) 34.6 (31.3–46.7)

Stage 1 3 (1.8) 36.7 (32.1–36.7)

Stage 2 42 (25.5) 34.1 (31.3–39.4)

Stage 3 20 (12.7) 34.9 (31.9–46.7)

A-ROP 1 (0.6) 34.9 (34.9–34.9)

Stage 4A 1 (0.6) 42.7 (42.7–42.7)

Treatment for ROP 6 (3.6) 36.3 (33.6–46.7)
Note: Post-menstrual age (PMA) in weeks tabulated with the maximum stage of retinopathy of prematurity (ROP)
during the screening period. No children had re-activated ROP or Stage 4B or 5. PMA at the first treatment for
ROP is also presented. Patients who did not develop ROP during the study (n = 97, 58.8%) are not presented in
this table.

One patient received treatment on one eye only. Five patients were treated on both
eyes; in one of those eyes, the last treatment was performed outside the study period at a
PMA of 41 + 4. Additionally, one patient had a maximum Stage 0 seen in Zone II without
plus during the study period but received treatment after the end of the study due to
progression to post Zone II Stage 3 with plus disease. The screening sessions during the
study period but prior to the development of treatment warranting ROP are included in
the kappa analyses.

Table 3. Specifications of patients who received treatment for ROP.

ID GA BW ROP Classification and Outcome Indication PMA Weight

166 23 + 5 628

On-site
LE: Post. Zone II. Stage 3. Plus
Plan: Treatment LE
Off -site
LE: Post. Zone II. Stage 3. Plus
Plan: Treatment LE

Type 1 36 + 4 2505

172 26 + 5 698

On-site
RE: Zone II. Stage 3. Pre-plus
LE: Zone II. Stage 3. Pre-plus
Plan: Treatment BE
Off -site
RE: Post. Zone II. Stage 3. Pre-plus
LE: Post. Zone II. Stage 3. Plus
Plan: Treatment BE

Type 1 36 + 2 2030

173 25 + 0 698

On-site
RE: Zone II. Stage 3. Plus
LE: Zone II. Stage 3. Plus
Plan: Treatment BE
Off -site
RE: Post. Zone II. Stage 3. Plus
LE: Post. Zone II. Stage 3. Plus
Plan: Treatment BE

Type 1 33 + 5 2080

12 28 + 3 1082

On-site
RE: Zone I by notch A-ROP. No plus
Plan: Treatment RE
Off -site
RE: Zone I by notch A-ROP. No plus
Plan: Treatment RE

Other
Rapid ROP progression

with
hemorrhages

35 + 0 1915
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Table 3. Cont.

ID GA BW ROP Classification and Outcome Indication PMA Weight

66 24 + 1 500

On-site
RE: Zone II. Stage 3. Pre-plus
LE: Zone II. Stage 4A. Pre-plus
Plan: Treatment BE
Off -site
RE: Zone II. Stage 3. Pre-plus
LE: Zone II. Stage 3. Pre-plus
Plan: Screening ≤ 1 week

Other
worrisome structural

ROP changes
42 + 6 3256

127 24 + 2 640

On-site
RE: Zone II. Stage 3. Pre-plus
LE: Zone II. Stage 3. Pre-plus
Plan: Screening ≤ 1 week
Off -site
RE: Post Zone II. Stage 3. Hybrid ROP Pre-plus
LE: Zone II. Stage 3. Pre-plus
Plan: Treatment BE

Other
worrisome structural

ROP changes
47 + 5 4100

Note: This table summarizes the patients, screened by the non-physician healthcare professional (NPHP), who
received laser therapy treatment for ROP as the first treatment. Abbreviations: right eye (RE), left eye (LE),
both eyes (BE), gestational age (GA), birth weight (BW), retinopathy of prematurity (ROP), and post-menstrual
age (PMA).

The majority n = 107 (65%) had a lightly pigmented fundus, followed by 42 (25%) with
a medium pigmented fundus, and lastly 16 (10%) had a dark fundus. Forty-five children
(27%) were twins (twenty-two twin pairs, where one twin was excluded because screening
was performed only by the on-site ophthalmologist).

3.2. Correlation between Image Quality, Satisfaction, and Fundus Pigmentation

In three (0.7%) screening sessions, the on-site ophthalmologist deemed the images
unsatisfactory, while the NPHP had only flagged two of these sessions as unsatisfactory. In
the first case, BIO was performed by the on-site ophthalmologist enabling visualization of
the ridge, while the NPHP was similarly unsatisfied due to technical difficulties in imaging
a darkly pigmented retina. In the second case, the on-site ophthalmologist was unsure
whether there was a hemorrhage or an artifact on the images and performed BIO to rule
out hemorrhages, while the NPHP was likewise not satisfied with the visualization of Zone
II. In the last case, the on-site ophthalmologist supplemented the images with BIO but did
not obtain new information; comparatively, the NPHP was satisfied with the image quality.

The off-site ophthalmologist was unsatisfied with two (0.5%) screening sessions. In
one case, not all the images had been correctly uploaded to the imaging program; in
another case, the ridge was not sufficiently visualized. The screening sessions deemed
unsatisfactory by the on-site and off-site ophthalmologists did not overlap. The likelihood
of deeming images unsatisfactory increased with greater retinal pigmentation for both the
NPHP (p = 0.0001) and the on-site ophthalmologist (p = 0.014). However, this trend was
not observed for the off-site ophthalmologist (p = 0.26).

3.3. Agreement on Screening Outcome between On-Site and Off-Site Ophthalmologists

The outcome of the screening session could be to treat ROP, screen again in ≤1 week,
1–2 weeks, 2 weeks, 2–3 weeks, or terminate the screening, based on the worst eye of each
patient. We evaluated the level of agreement for the screening outcome between three
on-site and one off-site ophthalmologists and found an ‘almost-perfect’ agreement between
all ophthalmologists (k = 0.82, weighted kappa). The screening outcome deviated by one
level in sixty-seven (16%) screening sessions, two levels in twenty (5%), and three levels
in two (0.5%) screening sessions, see Table 4. No screening outcomes deviated by four or
more levels. Although the frequency of disagreement regarding screening outcomes was
slightly higher in darkly pigmented retinas, it was not significant. Overall, the frequency of
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agreement and disagreement did not vary significantly across the different pigmentation
levels of light (79.2% and 20.8%), medium (79.3% and 20.7%), or dark (74% and 26%),
respectively (p = 0.69).

Table 4. Level of agreement for screening outcome based on the most affected eye if unequal.

Off -Site

Treat ≤1 w 1–2 w 2 w 2–3 w Terminate Total

On-site
1

Treat 4 1 0 0 0 0 5

≤1 w 0 33 5 0 0 0 38

1–2 w 0 3 37 4 0 1 45

2 w 0 0 11 33 0 4 48

2–3 w 0 0 1 1 0 0 2

Terminate 0 0 1 2 0 25 28

Total 4 37 55 40 0 30 166

On-site
2

Treat 0 0 0 0 0 0 0

≤1 w 0 4 8 0 0 0 12

1–2 w 0 0 27 5 0 0 32

2 w 0 0 6 41 0 4 51

2–3 w 0 0 1 0 0 3 4

Terminate 0 0 0 2 0 49 51

Total 0 4 42 48 0 56 150

On-site
3

Treat 0 0 0 0 0 0 0

≤1 w 1 12 5 0 0 0 18

1–2 w 0 0 19 1 0 0 20

2 w 0 0 5 16 0 1 22

2–3 w 0 0 2 6 2 2 12

Terminate 0 0 0 3 0 24 27

Total 1 12 31 26 2 27 99

On-site
all

Treat 4 1 0 0 0 0 5

≤1 w 1 49 18 0 0 0 68

1–2 w 0 3 83 10 0 1 97

2 w 0 0 22 90 0 9 121

2–3 w 0 0 4 7 2 5 18

Terminate 0 0 1 7 0 98 106

Total 5 53 128 114 2 113 415

Agreement Expected agreement Kappa, wgt (95% CI) SE

On-site 1 × off -site 94.58% 69.79% 0.82 (0.73–0.88) 0.05

On-site 2 × off -site 94.00% 63.80% 0.83 (0.79–0.86) 0.06

On-site 3 × off -site 93.54% 67.69% 0.80 (0.77–0.84) 0.07

ALL × off -site 94.55% 68.40% 0.82 (0.82–0.85) 0.04

Note: Screening outcome tabulated between the on-site and off -site ophthalmologists’ evaluation based on either
eye with the most severe retinopathy of prematurity (ROP). The highlighted gray cells are decisions with full
agreement. Abbreviations: week (w), weighted (wgt), confidence interval (CI), and standard error (SE).

3.4. Agreement on ROP Classification

Stage, zone, and plus disease did not differ significantly between the right and left
eyes for each of the on- and off-site graders (p > 0.05). Data in this section are therefore
presented for the right eye only.
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Stage was categorized as Stage 0, Stage 1, Stage 2, Stage 3, A-ROP, and regression
ROP. The level of agreement for ROP stage between the off-site and three on-site oph-
thalmologists was substantial (weighted kappa k = 0.69). ROP stage deviated by one
level in twenty-eight (6%) screening sessions, two levels in twenty-three (5%), three levels
in twenty-one (5%), four levels in two (0.5%), and by five levels in the last fifteen (3%)
screening sessions, see Table 5.

Table 5. Level of agreement of ROP stage—Right eye.

Off -Site

Stage 0 Stage 1 Stage 2 Stage 3 A-ROP Reg ROP Total

On-site
1

Stage 0 69 1 3 1 0 1 75

Stage 1 0 1 0 0 0 0 1

Stage 2 5 2 32 5 0 0 44

Stage 3 1 0 5 21 0 2 29

A-ROP 0 0 0 0 1 0 1

Reg ROP 0 1 5 0 0 9 15

Total 75 5 45 27 1 12 165

On-site
2

Stage 0 100 0 2 0 0 3 105

Stage 1 2 1 0 0 0 0 3

Stage 2 8 1 19 0 0 1 29

Stage 3 0 0 3 0 0 0 3

A-ROP 0 0 0 0 0 0 0

Reg ROP 3 0 5 0 0 2 10

Total 113 2 29 0 0 6 150

On-site
3

Stage 0 43 0 0 0 0 0 43

Stage 1 0 2 0 0 0 0 2

Stage 2 1 0 20 2 0 1 24

Stage 3 0 0 4 9 0 0 13

A-ROP 0 0 0 0 0 0 0

Reg ROP 7 1 5 0 0 4 17

Total 51 3 29 11 0 5 99

On-site
all

Stage 0 212 1 5 1 0 4 223

Stage 1 2 4 0 0 0 0 6

Stage 2 14 3 71 7 0 2 97

Stage 3 1 0 12 30 0 2 45

A-ROP 0 0 0 0 1 0 1

Reg ROP 10 2 15 0 0 15 42

Total 239 10 103 38 1 23 414

Agreement Expected agreement Kappa, wgt (95% CI) SE

On-site 1 × off -site 92.36% 66.23% 0.77 (0.77–0.83) 0.06

On-site 2 × off -site 89.67% 74.94% 0.59 (0.52–0.61) 0.07

On-site 3 × off -site 87.12% 60.56% 0.67 (0.65–0.74) 0.07

ALL × off -site 90.24% 68.45% 0.69 (0.64–0.79) 0.04

Note: Retinopathy of prematurity (ROP) stage tabulated between the on-site and off-site ophthalmologists for the
right eyes. Stage evaluations with full agreement are marked in grey. Abbreviations: aggressive ROP (A-ROP),
regressed ROP (reg ROP), weighted (wgt), confidence interval (CI), and standard error (SE).

Zone was categorized as Zone I by notch, Zone I, posterior Zone II, Zone II, and
Zone III. The weighted kappa between the one off-site and three on-site ophthalmologists
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was k = 0.37, equivalent to a fair agreement. The frequency of deviations by one level was
n = 92 (22%) and by two levels was n = 1 (0.2%), see Table 6.

Table 6. Level of agreement of ROP Zone—Right eye.

Off -Site

Zone I Notch Zone I Post Zone II Zone II Zone III Total

On-site
1

Zone I notch 1 0 0 0 0 1

Zone I 1 2 2 0 0 5

Post Zone II 0 1 10 3 0 14

Zone II 0 1 41 101 0 143

Zone III 0 0 0 2 0 2

Total 2 4 53 106 0 165

On-site
2

Zone I notch 1 0 0 0 0 1

Zone I 0 0 2 0 0 2

Post Zone II 0 0 6 9 0 15

Zone II 0 0 3 126 0 129

Zone III 0 0 0 3 0 3

Total 1 0 11 138 0 150

On-site
3

Zone I notch 0 0 0 0 0 0

Zone I 0 0 2 0 0 2

Post Zone II 0 0 1 5 0 6

Zone II 0 0 5 73 0 78

Zone III 0 0 0 13 0 13

Total 0 0 8 91 0 99

On-site
all

Zone I notch 2 0 0 0 0 2

Zone I 1 2 6 0 0 9

Post Zone II 0 1 17 17 0 35

Zone II 0 1 49 300 0 350

Zone III 0 0 0 18 0 18

Total 3 4 72 335 0 414

Agreement Expected agreement Kappa, wgt (95% CI) SE

On-site 1 × off -site 92.12% 87.69% 0.36 (0.26–0.46) 0.05

On-site 2 × off -site 97.17% 93.99% 0.53 (0.41–0.59) 0.06

On-site 3 × off -site 91.58% 90.00% 0.16 (0.10–0.36) 0.05

ALL × off -site 94.32% 91.06% 0.37 (0.37–0.40) 0.04

Note: Retinopathy of prematurity (ROP) zone tabulated between the on-site and off -site ophthalmologists for the
right eyes. Abbreviations: weighted (wgt), confidence interval (CI), and standard error (SE).

Plus disease was categorized as no plus, pre-plus, and plus. The weighted kappa
regarding the presence of plus disease for the right eye was k = 0.69, corresponding to a
substantial level of agreement. Deviations by one level were n = 24 (6%) on the right eyes,
and n = 25 (6%) on the left eyes, when comparing all three ophthalmologists, see Table 7.
No deviations by two levels occurred (plus versus no plus).
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Table 7. Level of agreement of the presence of plus disease—Right eye.

Off -Site

No Plus Pre-Plus Plus Total

On-site
1

No plus 134 11 0 145

Pre-plus 3 16 0 19

Plus 0 0 1 1

Total 137 27 1 165

On-site
2

No plus 144 3 0 147

Pre-plus 1 2 0 3

Plus 0 0 0 0

Total 145 5 0 150

On-site
3

No plus 82 2 0 84

Pre-plus 4 11 0 15

Plus 0 0 0 0

Total 86 13 0 99

On-site
all

No plus 360 16 0 376

Pre-plus 8 29 0 37

Plus 0 0 1 1

Total 368 45 1 414

Agreement Expected agreement Kappa, wgt (95% CI) SE

On-site 1 × off -site 95.76% 86.91% 0.68 (0.61–0.73) 0.07

On-site 2 × off -site 97.33% 94.80% 0.49 (0.06–0.92) 0.08

On-site 3 × off -site 93.94% 75.70% 0.75 (0.56–0.94) 0.10

ALL × off -site 94.20% 81.70% 0.69 (0.59–0.77) 0.05

Note: Presence of plus disease evaluation tabulated between the on-site and off -site ophthalmologists for the right
eyes. Abbreviations: weighted (wgt), confidence interval (CI), and standard error (SE).

4. Discussion

4.1. Main Findings

In this paper, we investigated the feasibility of an NPHP performing ROP screening
on prematurely born babies using wide-angle fundus photographs obtained by the ICON
GO® camera. Images were evaluated independently by three on-site and one off -site
ophthalmologist. The on-site ophthalmologist was present outside the screening room
to ensure the safety of the study in cases where screening by the NPHP was deemed
insufficient to reach a decision on the screening session outcome. Re-screening by the
on-site ophthalmologist was performed in three out of four hundred and fifteen screening
sessions and in two out of three, the re-examination was beneficial for reaching a decision.
Photographs were re-evaluated by an off -site ophthalmologist who also had the final
decision for the treatment of Type 1 ROP. There was an ‘almost-perfect’ level of agreement
between the on-site and off -site ophthalmologists regarding the screening outcome, assessed
by Cohen’s kappa, followed by ROP stage and presence of plus disease, and lastly by ROP
Zone in a descending order.

4.2. Defining Good Image Quality

High-quality images are important in order to classify ROP and decide the screening
outcome. In our study, the certified NPHP was focused on image quality, including
brightness, focus, and visualization of the retinal periphery. The degree of pigmentation of
the ocular background played a significant role in the ease of obtaining images of sufficient
quality as observed elsewhere [20]. The ophthalmologists had the possibility to improve the
image brightness and contrast in the viewing software which was unavailable to the NPHP
during the screening session. This indicates that slightly lower quality images may be still
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useful to make an adequate assessment, which supports the low rate of re-examinations
observed in our study [12]. It is crucial to establish a standardized training program
for NPHPs who operate widefield cameras during these screenings. The e-ROP study
developed a thorough training program that included guidelines for imaging, selecting,
and exporting retinal images [27]. This program can be adapted as a model for ROP
telescreening, helping to ensure consistent and accurate results.

4.3. Potential Inclusion Bias

Our analysis indicated that the excluded patients were older than the included patients.
These findings support the unequal distribution of ROP zone between the groups, with a
higher frequency of Zone III involvement in the excluded screening sessions. These results
were enhanced by the superior ability of examining Zone III with BIO compared to the
camera. In summary, patients at high risk of acute ROP were primarily examined by the
NPHP and the study results might overrepresent the most severe cases. Thus, considering
the aim of the project, evaluating the feasibility of ROP telescreening performed with the
ICON GO®, we do not believe that potential inclusion bias has a negative impact on the
clinical implications of our findings.

4.4. Discrepancies in ROP Classification between Ophthalmologists

This is the first Danish study to analyze the feasibility and setup of a telescreening
program in detecting ROP performed by an NPHP. Studies have been conducted else-
where with non-physicians as the technicians [11–13,15,28,29]. These studies have shown
promising results with some degree of variability in ROP classification, but a good level of
agreement regarding ROP requiring treatment. The study by Campbell et al. presented the
total percentage of image-based discrepancies between two experts for zone, stage, and
plus disease, 8%, 40%, and 18%, respectively [15]. In comparison, our study showed dis-
crepancies of 22.5% for zone, 19.5% for stage, and 5.7% for plus disease. The inconsistency
between the studies can be explained by the fact that more categories were included in
our study. For instance, the zone was categorized in I, II, and III, whereas we additionally
had Zone I by notch and posterior Zone II. The agreement on defining the ROP zone was
notably inconsistent in our study. Zone I is defined as a circular area centered on the
optic nerve, with a radius equal to twice the distance from the macula to the optic disc
center [3]. This definition does not account for the ocular growth during the neonatal
period. A study aimed at predicting the Zone I area found that changes in axial length had
the most significant impact [30]. This finding may help explain the discrepancies in ROP
zone evaluations. Adopting a standardized template for defining Zone I based on the PMA
of the child could potentially improve consistency in future research.

A previous Danish study investigated the inter-rater agreement regarding particularly
plus disease. The available fundus photographs captured prior to ROP treatment were
evaluated retrospectively by four experts. The level of agreement was inadequate for plus
disease; however, a good agreement regarding treatment was presented, comparable to
our study [31]. The variability in grading plus disease is concerning as it can determine
whether a child receives treatment. This may lead experts to over-diagnose plus disease
to meet the treatment criteria for Type 1. Conversely, if the camera applies pressure to the
eye during imaging, the retinal vessels might misleadingly appear with less severe plus
disease [19].

The level of agreement regarding ROP outcome analyzed with kappa statistics in
this study was ‘almost-perfect’. During our study, six patients fulfilled our criteria for
receiving treatment, of whom three were due to Type 1 ROP and one due to A-ROP. In these
cases, there was complete agreement regarding the indication for treatment. Lastly, two
had late structural ROP complications, and disagreements regarding treatment occurred.
Late structural changes due to ROP seen in children today are not described as part of the
recommendations from the ETROP study conducted in 2004 and therefore disagreements
among the graders were not surprising [22]. Treatment for ROP, outside the current
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recommendations, have been reported and are often related to Type 1 in the fellow eye,
logistical considerations, Stage 3 with pre-plus, and concerning late structural changes due
to ROP [32,33]. Further, these patients often have a PMA > 40 weeks, which also was the
case in our study. It is nonetheless reassuring that our telescreening setup showed a 100%
feasibility within the current treatment recommendations and additionally managed to
represent these cases.

4.5. Strengths and Limitations

We evaluated the feasibility of ROP screening by an NPHP but did not compare to BIO
performed on the same patients. We decided against performing both fundus photography
and BIO due to the vulnerable condition of the children as this would significantly increase
the duration of the examination. Some challenges must be addressed in using widefield
cameras in screening for ROP. Firstly, it may prolong the examination time when the NPHP
is striving for the best frames to be evaluated by the ophthalmologist compared to BIO
performed by an experienced ophthalmologist. Additionally, the patient’s family must
wait for the ophthalmologist to review the images and cannot be informed about the
screening outcome immediately after the screening session. Lastly, a thorough education of
healthcare professionals in ROP screening with a widefield camera is essential to ensure
patient safety. However, these challenges are deemed manageable, and lessons learned
from other telescreening setups could be applied. So far, wide-angled cameras have been
evaluated as a reliable supplement for BIO, the gold-standard within ROP screening,
but has not yet replaced it [9,28]. With the exponential development of technology, a
potential benefit of including artificial intelligence in telescreening for ROP has already
been investigated and would expectedly support decision-making in ROP in the nearest
future [34]. Telescreening in ROP would be a benefit due to optimized resources within
staff, evaluation of ROP in a stressless environment, avoiding unnecessary transfer of
preterm babies and their families between hospitals for evaluation, and the possibility of
tracking regression and progression in ROP.

Despite a high number of included screening sessions in this study, the number of
patients receiving ROP treatment was low. The strength of this study is that all ROP treat-
ments were performed in the same center in Denmark; accordingly, all patients fulfilling
our treatment criteria for Type 1 ROP were included.

5. Conclusions

Telescreening with the ICON GO® camera performed by an NPHP showed an ‘almost-
perfect’ agreement regarding screening outcome and the need for re-examinations was
negligible. A standardized education and certification for imaging ROP should be setup
for healthcare professionals to ensure patient safety. This setup can open up possibilities
for implementing telemedicine on a national level in Denmark.
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Abstract: Background: Optic neuropathies represent one of the most frequent causes of vision
loss, and they can manifest alone or in conjunction with neurological or systemic symptoms and
signs. In recent years, the diagnostic techniques used to detect optic neuropathies have significantly
improved, facilitating diagnosis and improving treatment. Among these, ocular ultrasound has
assumed a fundamental role, although with conflicting results in the published scientific literature.
For this reason, the aim of this review is to analyze the role of ocular ultrasound in the precise
and targeted diagnosis of optic neuropathies to better understand the presumed potential of this
precious diagnostic tool in the management of these ocular and neurological disorders. Methods:
We carried out a search on PubMed and Scopus utilizing terms related to optic neuropathies and
ocular ultrasound, including only relevant English full-length research articles, case reports, or case
series. Results: Most of the papers published in the scientific literature use only the B-scan ultrasound
technique without considering the more precise and objective standardized A-scan technique that
allows for performing more accurate diagnostic tests, such as the “30-degree test” and the “optic
nerve exercise test”. Conclusions: Future clinical trials and research on optic neuropathies should
also consider the use of the standardized A-scan technique in order to compare clinical findings not
only with B-scan ultrasonography but also with other noninvasive procedures that could be helpful
in reaching the correct diagnosis.

Keywords: glaucoma; ocular ultrasound; optic nerve; optic neuritis; optic neuropathies

1. Introduction

An isolated occurrence of vision loss associated with a more general neurological
condition can be caused by disorders of the optic nerve, also known as optic neuropathies.
There are many different neurological diseases for which optic neuropathy is frequently
the presenting sign, with varied different etiologies [1].

Optic neuropathy is the term used to describe the malfunction and/or degeneration
of the optic nerve’s axons, which leads to optic nerve atrophy. Axonal injury and death of
retinal ganglion cells are typical features of several optic neuropathies [2] (Table 1).

The two main degenerative causes of damage to the optic nerve are glaucoma and
optic neuritis [2].

The site of the damage causing the visual loss is the only thing determined by the
diagnosis of the optic neuropathy [3,4]. An optic neuropathy cannot be regarded as a
disease unto itself; rather, physicians must first categorize the condition based on the as-
sumed mechanism of the optic neuropathy before trying to use ancillary tests to determine
the precise etiology of this pathological condition [5,6]. Understanding the impairments
that commonly indicate optic neuropathy and the traits of the various causes aids clini-
cians in reducing a broad differential diagnosis and carrying out a successful diagnostic
evaluation [7].
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Table 1. Differential diagnosis of optic neuropathy.

Glaucoma
Inflammatory

- Idiopathic inflammatory optic neuritis (often associated with multiple sclerosis)
- Neuromyelitis optica

- Systemic inflammatory and autoimmune diseases
- Infectious diseases

Vascular
- Anterior or posterior

- Arteritic or non-arteritic
- Post-radiation therapy

Compressive or infiltrative
- Neoplastic

- Non-neoplastic
Paraneoplastic

Toxic
Nutritional
Hereditary
Traumatic

Ultrasonographic assessment of the optic nerve sheath diameter (ONSD) has been a
popular tool for optic nerve examination in recent years [8–10]. In addition, ultrasonog-
raphy is a quick, affordable, safe, non-invasive diagnostic technique that may be quite
helpful for bedside evaluations of critically ill patients. However, a well-trained and skilled
operator is needed to perform a reliable and well-executed ocular ultrasonography for
optic nerve assessment, and several precautions should be taken in the exam execution as
well as in the employed probe and technique to obtain trustworthy results [11–14].

For this reason, the aim of this review is primarily to illustrate the technique of
performing ocular ultrasound for the evaluation of the optic nerve and secondarily to
analyze the published scientific literature to highlight the potential role of ocular ultrasound
in the evaluation of the optic nerve in cases of different optic neuropathies.

2. Materials and Methods

We utilized two medical databases, PubMed and Scopus, to perform our search. A
preliminary general Google search was also performed in order to have a wider viewpoint.
Terms like “ocular ultrasonography”, “point-of-care ultrasound”, “POCUS”, “optic neu-
ropathies”, “glaucoma”, and “optic neuritis” were entered in. The search sentences that
were included in the text were either chosen straight from relevant bibliographies or with
consideration for the body of current literature. Manual searches of the bibliographies were
also carried out in order to find more inclusions. Only English full-length research articles,
case reports, or case series pertaining to the ultrasonography assessment of the optic nerve
in cases of optic neuropathies were included in this review.

3. Ultrasound Technique

Typically, a high-frequency and high-resolution (5–14 MHz) linear array probe is used
for B-scan ultrasonography examinations. Generally, the patients are assessed while lying
supine, with the head raised approximately 30–40 degrees.

Most clinicians gently apply a standard ultrasonic gel to the closed eyelid and orient
the probe at the right angle to observe the optic nerve insertion.

Nevertheless, as the patient’s gaze direction is not visible, this might result in mistakes
in the evaluation and measurement of the ONSD and optic nerve. Considering this, skilled
ophthalmologists typically perform this diagnostic exam with open lids and with the use
of methylcellulose and anesthetic drops, increasing examination accuracy [15,16].

The optic disc is utilized as a reference point for measuring the ONSD from inner edge
to inner edge at a distance of 3 mm behind the globe after adjusting the B-scan probe to
better view the optic nerve insertion.

140



J. Pers. Med. 2024, 14, 949

Apart from the B-scan examination, “standardized echography” is another well-known
ultrasound method in the field of ophthalmology. It is often used with the ultrasonic probe
in direct contact with the surface of the eye, combining the A, B, and Doppler methods [15].
This diagnostic method’s uniqueness is directly related to the A-scan instrumentation’s
unique design and standardization. In fact, when analyzing the same structure, standard-
ization enables each examiner to acquire the same echograms, resulting in similar and
reproducible findings [15]. Moreover, a patient’s age or overall health do not restrict the use
of the standardized ultrasonography. However, sedation may be necessary for babies aged
six months to three years in order to facilitate a comprehensive and exhaustive examination,
while it is performed using only anesthetic drops in adults [15]. Standardized echography
can measure the thickness of the optic nerve with an accuracy of +0.3 mm in the retrobulbar
space and +0.5 mm in the posterior orbit [15]. Additionally, this ultrasonography method
may identify pathological conditions, including meningioma and glioma, as well as neural
swelling, increased thickness of the optic nerve sheaths, increased subarachnoid fluid,
atrophy, and other disorders [15,17].

Regretfully, B-scan ultrasonography should not be considered an especially objective
method of assessing the optic nerve. In fact, when evaluating small anatomical structures,
such as the optic nerve, this ultrasound technique, which has been previously evaluated
in the literature [18,19], has a number of drawbacks since the B-mode does not have a
uniformity of the gain setting [20,21], also known as the “blooming effect” [15,22]. Conse-
quently, this pitfall may be resolved by the standardized A-scan methodology, a blooming
effect-free approach that employs an 8 MHz non-focused probe with a customized S-shaped
amplification and enables more precise measurements, particularly in the case of the optic
nerve assessment [15–23].

This method can also avoid the problem of calipers being positioned incorrectly and
yield more accurate and exact findings by clearly showing strong reflecting spikes from the
interface between arachnoid and subarachnoid fluid [15].

In addition, the standardized A-scan examination may be used to perform the “30-degree
test” [11]. This test allows for clinicians to differentiate between an increase in ONSD caused
by raised intracranial pressure related to increased subarachnoid fluid and an increase in
ONSD caused by other disorders, such as optic neuritis or optic nerve meningioma. This
maneuver is carried out with the patient looking straight ahead and then to the lateral side
in healthy and cooperative patients. If this test demonstrates a decrease in the maximal
diameter of at least 5%, it will demonstrate intracranial hypertension caused by increased
subarachnoidal fluid, which causes ONSD distension; on the other hand, a solid lesion of the
optic nerve or its inflammatory process will not lead to this reduction [11,15] (Figure 1).

Finally, the “optic nerve exercise test” can be used to rule out optic nerve compartment
syndrome. In this case, the patient will be asked to look for 15 to 20 s at the very right
and left lateral sides in turn throughout this test. This three-minute test is followed by
a two-minute eye closure to allow for the subarachnoid fluid—which was driven out of
the orbit during the exercise—to return to the baseline position. In healthy people, the
orbital subarachnoid fluid frequently returns to its baseline level, unlike what happens in
the presence of optic nerve compartment syndrome [14].
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Figure 1. Standardized A-scan ultrasonography of a patient in the primary gaze position (a) with an
enlargement of the optic nerve (5.15 mm). After the “30-degree test”, (b) it is possible to observe the non-
reduction in the distance between the hyperreflective peaks (red arrows—7.13 mm), thus demonstrating
an increase in the thickness of the optic nerve not related to an increase in intracranial pressure.

4. Ocular Ultrasound in Glaucoma

Considering the previously described ultrasound technique [15], it can be used in the
same way for the evaluation of the optic nerve in all the optic neuropathies. In particular, for
the B-scan, the probe is placed in the temporal portion of the open eye in the primary gaze
direction and is tilted until the optic nerve insertion is visualized; on the other hand, when
the standardized A-scan technique is performed, the probe is always placed temporally,
but this time, the peaks corresponding to the medial rectus muscle are first visualized using
it as a reference point. Subsequently, the probe is tilted to identify the peaks corresponding
to the optic nerve so that its measurement can be carried out [15]. However, as previously
stated, the standardized A-scan technique requires the operator to be skilled in this type of
diagnostic evaluation [16–23].

One of the main and most widespread diseases of the optic nerve is certainly glaucoma.
Kerlen, in the 1980s, already stated how the optic nerve of glaucomatous patients could be
evaluated through excavation of the disc with B-scan ultrasonography, even with media
opacities [24]. Conversely, the use of ocular ultrasound in glaucomatous patients to evaluate
any other alterations affecting the optic nerve is quite controversial, considering that there
are also few published papers on this challenging topic [25–28].

Abegão Pinto and colleagues [25] were the first to investigate with B-scan ultrasound
how ONSD differs between glaucomatous patients and healthy people. They enrolled
46 patients with normal-tension glaucoma (NTG) (patients with optic disc damage and
visual field loss), 61 patients with primary open-angle glaucoma (POAG) (patients with
untreated intraocular pressure of 21 mmHg or above), and 42 healthy control subjects. They
found that ONSD did not significantly differ between healthy, NTG, and POAG patients,
with no correlation between visual field damage and ONSD in either of the glaucoma
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groups. On the other hand, ONSD was found to be correlated with intraocular pressure
only in NTG patients. For this reason, the authors hypothesized that the translaminar
pressure gradient may play a special role in this particular form of glaucoma [25].

Willekens et al. [26] tried to determine the influence of retrobulbar hemodynamics on
ONSD values in glaucomatous patients evaluated by ultrasound color Doppler imaging.
In particular, they assessed 88 POAG patients, 58 NTG patients, and 51 healthy controls,
and they did not find any significant differences in ONSD between the three study groups,
while ONSD was found to be negatively correlated with retrobulbar blood flow velocities
in glaucomatous patients but not in healthy controls.

In 2018, Liu et al. [27] studied the optic nerve with ultrasound in 40 NTG patients
and 42 POAG patients, comparing them with 46 healthy controls, analyzing the effect
that low cerebrospinal fluid pressure in the subarachnoid space of the retrobulbar optic
nerve (ONSASA) has on the trans-lamina cribrosa pressure difference in NTG. The results
showed that ONSASA was significantly smaller in the NTG group compared to the POAG
or control groups, confirming the importance that cerebrospinal fluid pressure has on the
trans-lamina cribrosa pressure difference in the NTG etiopathogenesis.

Finally, Omatiga and co-authors [28] evaluated 60 glaucomatous adults and 60 healthy
age- and sex-matched individuals to sonographically assess potential changes in the ONSD
between the two groups, finding the ONSD of the glaucomatous eyes to be substantially
thinner compared to the matching control eyes.

In conclusion, considering the conflicting results and the presence of few clinical
studies, further studies are needed to better understand the potential role of the ultrasound
ONSD and ocular ultrasonography in the diagnosis and management of glaucoma.

5. Ocular Ultrasound in Acute Optic Neuritis

The usefulness of ocular ultrasound in evaluating the optic nerve in cases of inflam-
matory processes, such as optic neuritis, has been known since the 1980s [15,24,29]. In fact,
with B-scan ultrasonography, it is also possible to appreciate the presence of papilledema
at the optic nerve insertion, with an elevation of the optic disc (Figure 2).

Several published papers already analyzed the role of ocular ultrasonography in the
diagnosis and management of acute optic neuritis.

In the 1990s, a great emphasis was placed on the analysis of the optic nerve with the
standardized A-scan method, and Dees et al. [30] performed a pilot study of 27 patients
by performing B-scan and standardized A-scan ultrasound on patients presenting with
optic neuritis. The 30-degree test was considered to be positive if the swelling decreased
by at least 10% on abduction. They classified three groups of patients according to their
ultrasound characteristics: normal nerves, swollen nerves with a positive 30-degree test,
and swollen nerves with a negative 30-degree test. The results showed a substantial increase
in optic nerve diameter in 74% of cases and a positive correlation between nerve swelling
and the severity of initial visual loss.

During the same years, Elvin et al. [31] emphasized the importance of Doppler ultra-
sonography in optic neuritis to determine nerve morphology, nerve swelling, and resistance
to flow in the central retinal artery, correlating them with magnetic resonance imaging and
visual evoked potentials. The ultrasound examinations were performed on a dynamic scanner
with a 7.5 MHz linear transducer within a mean of 27 days of the onset of symptoms. A
statistically significant difference was found in the optic nerve diameter and in the resistance
to flow in the central retinal artery between the affected and unaffected eyes, confirming the
possibility of using Doppler as an indicator of optic nerve inflammation activity.
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Figure 2. B-scan ultrasonography of the optic nerve insertion in the sagittal (a) and transversal (b) planes
in a patient with papilledema. It is possible to observe the prominence of the optic disc (blue box).

The possibility of increasing the quality of diagnosis with Doppler ultrasound of the
optic nerve was also taken up some years later by Karaali et al. [32] and Karami et al. [33].

The first ones evaluated orbital blood flow velocities with Doppler sonography in
20 patients with acute unilateral optic neuritis, and they found that peak systolic and end
diastolic velocities in the ophthalmic artery were significantly increased in the affected orbits.

On the other hand, Karami et al. [33] subverted the conception of Doppler ultrasound
for studying the optic nerve because, contrary to the previous studies [31,32], they showed
that there were no significant differences in orbital blood flow parameters between the eye
with optic neuritis and the healthy contralateral eye of the 23 enrolled patients.

Lochner and colleagues [34–36] also utilized B-scan ultrasonography to evaluate the
possibility to measure optic nerve diameter and ONSD in patients affected by unilateral
optic neuritis, comparing them with healthy controls. They found a statistically significant
difference between the two groups in all their clinical research, with a significant thickening
of the ONSD in the patients affected by optic neuritis.

In addition, several case reports and case series analyzed the role of ocular ultrasound
in detecting optic neuritis in the emergency department [37–39].

Wayman and Carmody [37] assessed a 37-year-old diabetic patient complaining of
visual loss in the left eye, initially without pain and then with a feeling of pressure on
the eye. He underwent a B-scan ultrasonography, which revealed an ONSD dilatation of
6.21 mm and an elevation of the optic disc, both consistent with papilledema or an optic disc
swelling. The diagnosis of optic neuritis was then confirmed following an ophthalmological
and neurological consultation, also performing a brain magnetic resonance imaging.

Similarly, in two other case series [38,39], the authors were able to make a diagnosis
of optic neuritis thanks to the patient’s symptoms and clinical signs and by carrying out
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an ocular ultrasound with the B-scan method, which revealed a notable thickening of the
affected ONSD compared to the healthy contralateral eye.

6. Ocular Ultrasound in Optic Neuritis Related to Demyelinating Disorders

Optic neuritis, particularly retrobulbar optic neuritis, can also represent the initial
symptom of a central nervous system disease: in particular, demyelinating disorders such
as multiple sclerosis [40].

The role of optic nerve ultrasound examination in evaluating retrobulbar optic neuritis
was studied in 2005 by Titlić et al. [41] and in 2010 by Stefanović et al. [42].

Titlić et al. [41] prospectively evaluated 20 patients with multiple sclerosis and com-
pared the results with those obtained by magnetic resonance imaging. They found that
the diameter of the optic nerve with retrobulbar neuritis showed statistically significant
differences from the healthy one and correlated significantly with the number of multiple
sclerosis brain lesions.

Stefanović et al. [42], instead, used the B-scan method in 23 patients presenting with
retrobulbar optic neuritis and papillitis. Similar to the study performed by Dees et al. [30],
they also performed the 30-degree test during the optic nerve assessment. The results
showed that the retrobulbar region of the optic nerve was thicker in 94% of the patients
with retrobulbar neuritis and in all the patients with papillitis, also finding a correlation
between the reduction in visual acuity and the thickening of the retrobulbar region of the
optic nerve.

Raeesmohammadi and colleagues [43] sonographically evaluated 60 patients affected
by multiple sclerosis who had not recently received an optic neuritis diagnosis, comparing
them with 60 healthy sex- and age-matched volunteers. They found that, when optic nerve
diameter and ONSD were evaluated by ocular ultrasound, the patients affected by multiple
sclerosis who were not currently experiencing an optic neuritis had considerably lower
levels than their healthy controls, indicating a gradual subclinical axonal loss.

Similar results were also detected by De Masi et al. [44] and Schroeder et al. [45] who
found optic nerve diameter and ONSD evaluated with ocular ultrasound were smaller in
patients affected by multiple sclerosis compared to healthy controls, suggesting a chronic
depletion of axons in this demyelinating disorder.

Conversely, Elkholy et al. [46] assessed 25 patients with a first attack of an acute
demyelinating optic neuritis compared to 25 healthy subjects using ocular ultrasound,
showing a significant thickening of ONSD compared to the controls. Furthermore, they
also found the ONSD thickness and visual acuity to be significantly inversely correlated.

An increased ultrasound ONSD in the case of patients with optic neuritis related to
multiple sclerosis was also found by Saigh et al. [47] and Kwon et al. [48], while Koraysha
and colleagues [49] found no significant differences of optic nerve diameter and ONSD
between the patients’ group and control group.

In addition, Krogias et al. [50] evaluated 34 optic nerves from 17 patients affected by
chronic inflammatory demyelinating polyradiculoneuropathy compared to 30 optic nerves
from 15 healthy subjects. Optic nerve diameter and ONSD were sonographically measured,
with no significant differences between the two study groups.

Finally, Candeliere Merlicco and co-authors [51] aimed to evaluate the utility of tran-
sorbital ultrasonography in the quantification of optic nerve atrophy in multiple sclerosis
patients and to determine whether optic nerve atrophy correlates with the disease duration
and disability. They enrolled 59 patients diagnosed with relapsing–remitting multiple
sclerosis and 36 healthy controls. The ultrasound ONSD was found to be smaller in the
patients with multiple sclerosis and to be correlated with the Expanded Disability Status
Scale and with the duration of the disease without being interfered by the previous history
of optic neuritis.

In conclusion, in cases of demyelinating diseases, the results present in the literature
are conflicting, as the thickness of the ONSD measured with ocular ultrasound is variable
based on the state of the disease and the presence of acute inflammation of the optic
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nerve. In fact, in the presence of an acute inflammatory process, the ONSD is increased in
thickness, while in the presence of a demyelinating disorder alone, the ONSD is reduced in
size compared to healthy controls.

The main findings published in the scientific literature related to optic neuritis are
summarized in Table 2.

Table 2. Summary of the studies analyzing the role of ocular ultrasound in optic neuritis.

Authors (Year) Ref. N. Patients Ultrasound Technique Outcomes

Dees et al. (1995) [30] 27 patients with idiopathic
optic neuritis

B-scan and standardized
A-scan techniques

Substantial increase in optic nerve diameter in 74% of cases
and a positive correlation between nerve swelling and the

severity of initial visual loss.

Elvin et al. (1998) [31] 18 patients with a clinical
diagnosis of optic neuritis Doppler ultrasonography

A statistically significant difference was found in the optic
nerve diameter and in the resistance to flow in the central

retinal artery between the affected and unaffected eyes,
confirming the possibility of using Doppler as an indicator

of optic nerve inflammation activity.

Karaali et al. (2003) [32] 20 patients with acute
unilateral optic neuritis Doppler ultrasonography Peak systolic and end diastolic velocities in the ophthalmic

artery were significantly increased in the affected eyes.

Karami et al.
(2012) [33] 23 patients with acute

unilateral optic neuritis Doppler ultrasonography
No significant differences were found in orbital blood flow

parameters between the eye with optic neuritis and the
healthy contralateral eye.

Lochner et al. (2017) [34]
23 patients with unilateral

optic neuritis and 19 sex- and
age-matched healthy controls

B-scan ultrasonography Optic nerve sheath diameter and optic nerve diameter are
increased in the affected eye.

Lochner et al. (2014) [35]
21 patients with unilateral

optic neuritis and 21 sex- and
age-matched healthy controls

B-scan ultrasonography
The median optic nerve sheath diameter and optic nerve

diameter were thicker on the affected side compared with
the nonaffected side and controls.

Lochner et al. (2017) [36] 45 patients with newly
diagnosed optic neuritis B-scan ultrasonography The median optic nerve sheath diameter was thicker on the

affected side compared with the nonaffected side.

Wayman and Carmody (2014) [37]
37-year-old diabetic patient

complaining of visual loss in
the left eye

B-scan ultrasonography

Optic nerve sheath diameter was found to be 6.21 mm with
an elevation of the optic disc. The diagnosis of optic

neuritis was then confirmed following an
ophthalmological and neurological consultation, also

performing a brain magnetic resonance imaging.

Badron and Ong (2019) [38] 15-year-old girl with optic
neuritis B-scan ultrasonography

Transorbital ultrasound revealed an irregularly enlarged
optic nerve sheath with increased optic nerve sheath
diameter (5.1 mm) and an elevated optic disc height

(0.5 mm). The ultrasound findings correlated well with her
magnetic resonance imaging of her orbit.

Yee et al. (2019) [39]

A 35-year-old man, a
48-year-old man, a 34-year-old

female, and a 28-year-old
female with optic neuritis

B-scan ultrasonography Optic nerve sheath diameters of the affected eyes were all
found to be more than 5.5 mm.

Titlić et al. (2005) [41]
20 patients with multiple
sclerosis and retrobulbar

neuritis
B-scan ultrasonography

The diameter of the optic nerve with retrobulbar neuritis
showed statistically significant differences from the healthy

one and correlated significantly with the number of
multiple sclerosis brain lesions.

Stefanović et al. (2010) [42]
23 patients presenting with

retrobulbar optic neuritis and
papillitis

B-scan and standardized
A-scan techniques

The retrobulbar region of the optic nerve was found to be
thicker in 94% of the patients with retrobulbar neuritis and
in all the patients with papillitis, also finding a correlation
between the reduction in visual acuity and the thickening

of the retrobulbar region of the optic nerve.

Raeesmohammadi et al. (2020) [43]

60 patients affected by
multiple sclerosis who had not

recently received an optic
neuritis diagnosis, and 60

healthy sex- and age-matched
volunteers.

B-scan ultrasonography

Patients affected by multiple sclerosis who were not
currently experiencing an optic neuritis had considerably
lower levels of optic nerve sheath diameter and optic nerve
diameter than their healthy controls, indicating a gradual

subclinical axonal loss.

De Masi et al. (2016) [44]
60 unselected relapse-free

multiple sclerosis patients and
35 matched healthy controls

B-scan ultrasonography

Optic nerve diameter and optic nerve sheath diameter
evaluated with ocular ultrasound were found to be smaller

in patients affected by multiple sclerosis compared to
healthy controls, suggesting a chronic depletion of axons.
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Table 2. Cont.

Authors (Year) Ref. N. Patients Ultrasound Technique Outcomes

Schroeder et al. (2020) [45] 78 patients with a history of
demyelinating disorders B-scan ultrasonography

Optic nerve diameter and optic nerve sheath diameter
evaluated with ocular ultrasound were found to be smaller

in patients affected by multiple sclerosis compared to
healthy controls, suggesting a chronic depletion of axons.

Elkholy et al. (2020) [46]

25 patients with a first attack
of an acute demyelinating
optic neuritis compared to

25 healthy subjects

B-scan ultrasonography

A significant thickening of optic nerve sheath diameter
was found compared to controls. Furthermore, optic nerve
sheath diameter thickness and visual acuity were found to

be significantly inversely correlated.

Saigh et al. (2019) [47]

59-year-old female patient
with progressive unilateral
visual loss while she was

receiving outpatient treatment
for relapsing–remitting

multiple sclerosis

B-scan ultrasonography

Transorbital ultrasound revealed a disparity between the
optic nerve sheath diameters of the affected and

nonaffected eyes and striking optic nerve edema in the
affected eye, thus diagnosing an acute optic neuritis.

Kwon et al. (2019) [48] 17 patients with first-attack
unilateral acute optic neuritis B-scan ultrasonography

Ocular ultrasonography revealed thickening of the optic
nerve diameter and optic nerve sheath diameter on the

affected side compared with the unaffected side.

Koraysha et al. (2019) [49]

23 patients affected by
relapsing–remitting multiple

sclerosis with a history of
optic neuritis, 26 patients

affected by
relapsing–remitting multiple
sclerosis without a history of

optic neuritis, and 50 age- and
sex-matched healthy controls

B-scan ultrasonography
No significant differences of optic nerve diameter and optic
nerve sheath diameter were found between the patients’

group and control group.

Krogias et al. (2016) [50]

17 patients affected by chronic
inflammatory demyelinating

polyradiculoneuropathy
compared to 15 healthy

subjects

B-scan ultrasonography
Optic nerve diameter and optic nerve sheath diameter

showed no significant differences between the two
study groups.

Candeliere Merlicco et al.
(2018) [51]

59 patients diagnosed with
relapsing–remitting multiple

sclerosis and 36 healthy
controls

B-scan ultrasonography

The ultrasound optic nerve sheath diameter was found to
be smaller in patients with multiple sclerosis and to be

correlated with the Expanded Disability Status Scale and
with the duration of the disease without being interfered

by the previous history of optic neuritis.

7. Ocular Ultrasound in Other Optic Neuropathies

In 1997, Gerling et al. [52] used ultrasound to study optic nerve diameter in idiopathic
optic neuritis and anterior ischemic optic neuropathy. They evaluated 25 patients, 16 with
idiopathic optic neuritis and 9 with anterior ischemic optic neuropathy, with a B-scan
ultrasound (10 MHz); the probe was placed on the closed upper eyelid while the patient
looked temporally. The optic nerve diameter in the patients with optic neuritis with and
without disc swelling was significantly larger than that in the contralateral healthy eye.
This difference was not confirmed in the patients with anterior ischemic optic neuropathy,
and this can be explained by the fact that, in the patients with idiopathic optic neuritis
with and without disc swelling, the enlargement of the optic disc is probably caused by an
inflammatory edema, which is not present in the case of a vascular optic neuropathy.

Similarly, Dehghani and colleagues [53] evaluated the usefulness of B-scan ultrasonog-
raphy in distinguishing optic neuritis from non-arteritic anterior ischemic optic neuropa-
thy by measuring the diameter of the optic nerve. They compared 10 consecutive pa-
tients with optic neuritis, 10 patients with non-arteritic anterior ischemic optic neuropathy,
10 young controls, and 10 elderly controls. The diameter of the optic nerve was measured
using B-scan ultrasonography (13 MHz) by a single radiologist who was not aware of
the diagnosis or the side of the lesion. In the optic neuritis patients, the mean diameter
of the affected nerve was significantly larger than that of the unaffected nerve and also
larger than that of the healthy controls. On the other hand, in the non-arteritic anterior
ischemic optic neuropathy patients, there was no significant difference between the mean
diameter of the affected nerves and the control group. Moreover, the diameter of the
affected nerve was significantly larger in the optic neuritis patients than in the non-arteritic
anterior ischemic optic neuropathy patients. For this reason, the authors concluded that
B-scan ultrasonography is helpful in the early stages of optic neuropathy to distinguish
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optic neuritis from non-arteritic anterior ischemic optic neuropathy in those cases for which
the diagnosis is still uncertain after clinical evaluation.

Finally, Ji et al. [54] evaluated the ONSD in eyes with dysthyroid optic neuropathy
(DON) and its relationship with clinical characteristics and disease severity. A total of
47 healthy eyes, 36 thyroid-associated ophthalmopathy (TAO) eyes without DON, and
33 eyes with DON were studied. All subjects underwent transbulbar B-scan ultrasonogra-
phy performed by a single investigator using a 10 MHz probe. The authors demonstrated
that ONSDs measured at 3 mm and 6 mm of DON eyes were significantly higher than
those in non-DON eyes and healthy eyes, showing that ONSD can be potentially used to
distinguish DON eyes from non-DON eyes, although the ultrasound ONSD characteristics
of chronic DON eyes need to be further examined.

8. Discussion

Nowadays, optic neuropathy represents a very dangerous pathological disorder for
vision as well as often being the presenting sign of more complex systemic diseases [1,2].
For this reason, a quick and timely diagnosis of this pathological condition could be crucial
in order to best manage and treat this clinical entity, thus limiting complications.

This gap may be filled by using ultrasound measurement of ONSD, which has been
demonstrated to be a safe, noninvasive bedside diagnostic method that allows for the early
start of therapy and the real-time assessment of optic neuropathies. In this therapeutic
context, it appears to have unrealized potential even though it is not a revolutionary
method [15].

Currently, the biggest pitfall is the substantial variation in ultrasound ONSD reported
in the clinical research, as evidenced by conflicting cut-off value results and morphological
findings from the published scientific literature pertaining to various optic neuropathies,
particularly optic neuritis and glaucoma. Since the B-scan is the diagnostic tool that
clinicians use most frequently to assess optic nerves, it is possible that the primary cause
of this problem is the lack of uniformity in this ultrasound method. In fact, as previously
mentioned in this review, B-scan ultrasonography—which is known to be affected by the
“blooming effect” that is connected to the lack of a uniform gain setting—was used in all
of the included articles [25–54] with the exception of the papers by Dees et al. [30] and
Stefanović et al. [42]. Indeed, these papers appear to be the most methodically correct
studies because A-scan analysis and the 30-degree test were performed to avoid bias,
as previously suggested by Ossoinig [15], even though they are almost 30-year-old and
14-year-old studies, respectively, and they did not analyze a large number of patients.

Considering the “blooming effect”, bias may also have an impact on the calipers’ position
when performing ONSD measurements, changing the objectivity and dependability of the
results. Furthermore, the B-scan examination was carried out with the patient’s eyelids closed
in all of these publications [25–54], which might have resulted in mistakes in the evaluation
and measurement of ONSD since the patient’s gaze direction was not clearly visible.

For all the above-mentioned B-scan ultrasonography drawbacks, it is recommended to
combine the B-scan technique with the standardized A-scan technique [11–23] to provide
data that are as exact, unbiased, consistent, and accurate as feasible. In this way, it is
possible to undertake a thorough ultrasound examination with far less bias and no loss of
important clinical information, leading to more accurate clinical findings.

Currently, regardless of the potential usefulness of ocular ultrasound in the evaluation
of the optic nerve, its use is still limited in the management of optic neuropathies, consider-
ing the conflicting scientific results and that they can also be identified clinically. However,
the role of ocular ultrasound can be decisive in distinguishing a thickening of the optic
nerve linked to an inflammatory process or to an increase in subarachnoid fluid, thanks to
the use of the “30-degree test” previously described [15].

The main limitations of this review are its non-systematic and basically narrative
nature and having used only two scientific databases (PubMed and Scopus) for its drafting.
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9. Conclusions

In conclusion, in order to compare clinical findings not just with B-scan ultrasonography
but also with other noninvasive procedures that could be helpful in reaching the correct
diagnosis in cases of optic neuropathies, future clinical trials and research carried out on this
pathological condition should also utilize the standardized A-scan technique. Furthermore,
rather than relying on only ultrasound ONSD, it is crucial to highlight that the assessment
of optic neuropathies should be carried out in tandem with accessible data from clinical
examinations and other diagnostic techniques, correlating them with each other.
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Abstract: This study aimed to investigate the presence of structural and functional changes in ex-
traocular muscles (EMs) among patients with inactive Graves’ orbitopathy (GO) classified according
to the Clinical Activity Score (CAS). Sixty-seven patients with Graves’ disease (GD) and inactive
GO were included. The data collected included clinical parameters, thyroid function, autoantibody
levels, EOM morphology via orbital ultrasound (US), and ocular motility. Patients were stratified
into Red Filter Test (RFT)-positive or RFT-negative groups based on the presence or absence of
latent diplopia during the RFT examination. Thirty-three patients (49.25%) exhibited latent diplopia
on the RFT, despite not reporting double vision during standard ocular motility tests. Significant
differences were observed between the two groups in terms of age, disease duration, intraocular
pressure (IOP) elevation in up-gaze, and medial rectus muscle thickness (p < 0.05). No significant
differences were found in thyroid status, TRAb and ATA levels, CASs, exophthalmos, or lateral
rectus thickness between the two groups. This study revealed that in inactive GO, subclinical EM
dysfunction and morphological changes may be present, which might not be apparent through
routine ocular examinations. The RFT is effective in detecting latent diplopia, highlighting its
utility in identifying subtle ocular motility issues and subclinical muscle involvement. Compre-
hensive evaluations combining functional tests like the RFT and imaging are essential for early
detection of GO-related abnormalities, enabling tailored and prompt management and improving
patient outcomes.

Keywords: thyroid eye disease; Graves’ orbitopathy; Red Filter Test; CAS

1. Introduction

Graves’ Disease (GD) is an autoimmune disorder, known as the leading cause of
hyperthyroidism, responsible for 50–80% of cases globally [1–3]. The disease is typically
triggered by thyrotropin receptor autoantibodies (TRAb), which bind to and activate
the thyroid-stimulating hormone receptor (TSHR), causing an overproduction of thyroid
hormones [4].

Graves’ orbitopathy (GO) is the most frequent extra-thyroidal manifestation of GD,
affecting about 50% of those with Graves’ hyperthyroidism. It is noteworthy that individu-
als with Hashimoto’s thyroiditis or even those without evident thyroid disease can also
develop GO [5,6].
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As an immune-mediated disease, GO is triggered by auto-reactive T lymphocytes
recognizing one or more antigens shared by the thyroid and orbital tissues, primarily
the TSHR [7]. This inflammatory process causes the expansion of orbital fibro-adipose
tissue, the infiltration and enlargement of extraocular muscles (EMs), leading to clinical
manifestations such as exophthalmos, diplopia, ocular soft tissue changes, and possible
optic nerve compression [8,9].

The Clinical Activity Score (CAS), proposed by Mourits and colleagues, is based on a
set of criteria, with each criterion being scored as present or absent, and aims to distinguish
patients with active GO from those with inactive disease [10].

However, it is well known that GD patients with inactive GO may present morphologic
alterations of EMs and/or fibro-adipose tissue changes detectable with different imagine
techniques [11]. Moreover, the dysfunction of EMs can cause eye movement-related
impairment, significantly altering the quality of patients’ life and presenting as a treatment
challenge [12].

This study aimed to investigate the presence of alteration in EMs’ function, evaluated
by means of the Red Filter test (RFT) among patients with inactive Graves’ orbitopathy
(GO) without frank diplopia.

2. Materials and Methods

This was a retrospective study conducted at the University Hospital of Cagliari, Italy.
The study received approval by the Institutional Review Board (IRB) of the University
of Cagliari (PG/2015/3455; 26 February 2015). All subjects provided written informed
consent and the study was performed in accordance with the Declaration of Helsinki.

2.1. Patients’ Selection and Data Collection

A total of 67 consecutive patients with GD and inactive GO according to CAS were
examined. Patients were enrolled consecutively between January 2011 and December 2014
at a single center (University Hospital of Cagliari, Cagliari, Italy). The following data were
collected from each patient’s medical file: age, sex, disease duration, CAS class, free thyroxine
(FT4), free triiodothy-ronine (FT3) and thyroid-stimulating hormone (TSH), thyrotropin re-
ceptor antibody (TRAb) [TRAb levels were considered as a low titer (1–2 IU/L), moderate
titer (2–10 IU/L) and high titer (>10 IU/L)], Anti-Thyroid Antibody (ATA) levels [ATA lev-
els were considered positive if anti-thyroglobulin (TG) antibodies were equal to or higher
than 4.5 IU/mL, or if anti-thyroid peroxidase (TPO) antibodies were equal to or higher than
60 IU/mL], intraocular pressure (IOP) measurement in primary and up-gaze for both eyes,
best-corrected visual acuity (BCVA), slit lamp examination, eye motility, RFT and exophthal-
mometry. Patients were categorized into 2 groups based on positive (RFT-positive) or negative
diplopia (RFT-negative) on RFT.

2.2. Ophthalmic Assessment

Ocular motility tests were performed by the same experienced ophthalmologist (A.C.)
to evaluate latent or manifest deficits. Manifest diplopia was assessed by asking the patients
to follow a small tool moved from the center of the visual field towards its periphery in the
four main directions. The presence of latent diplopia was investigated using the RFT: a red
glass was placed in front of the patient’s right eye, and the patient was asked to focus on a
single white light source directly in front of them, maintaining a primary gaze. The patient
was then instructed to look at the light source from various positions of gaze, including the
primary position and the eight cardinal positions. If there was a muscle dysfunction, the
patient reported diplopia (perception of two lights: white and red). The direction of gaze
that resulted in diplopia or showed the greatest separation of the images could suggest
which structures were involved. IOP was measured first in primary gaze and then in
up-gaze. The measurement of eye proptosis was assessed with Hertel’s exophtalmometer.
The normal range of values was considered 12–21 mm. Values above the upper limit or the
difference between the two eyes ≥ 3 mm were considered positive.
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2.3. Imaging Evaluation

Orbital US was performed by the same experienced echographer (A.C.) using a B-
mode MYLAB 70XV Echo-scan (ESAOTE, Genova, Italy) with a 10 MHz transducer. The
medial and lateral rectus muscles were examined in both eyes, while the vertical recti
were measured only occasionally. During the examination, the patients were asked to
look straight ahead, maintaining a primary gaze position. The probe was placed on the
closed eyelid, on the opposite side of the muscle that was examined. Suitable sections
were frozen on the screen when the trans-bulbar muscle stripe appeared as distinctly as
possible. The thickest section of the muscle was then measured at the point of greatest
enlargement, perpendicular to the muscle axis, using calipers. Muscles were considered
normal if the thickness was < 4 mm, thickened if the thickness was between 4 and 6 mm,
and very thickened if the thickness was > 6 mm.

2.4. Statistical Analysis

Statistical analysis was performed using the Statistical Package for Social Science
software (IMB SPSS Statistics, version 25 for Windows). Means ± standard deviations
(SDs)/median for continuous variables were estimated or percent distributions were
presented. The distribution of variables was assessed with Shapiro–Wilk tests. Visual
acuity was converted in logMAR for statistical analysis. Fisher’s test and Chi-squared
test were used to compare categorical variables. Parametric (t-test) and non-parametric
(Mann–Whitney U test) tests were used to compare normally and non-normally dis-
tributed variables, respectively, between groups. A p value of <0.05 was considered
statistically significant.

3. Results

3.1. Demographic, Laboratories and Clinical Characteristics of Study Population

All patients were Caucasians. A total of 134 eyes of 67 patients were included in this
study. The medical records of 46 females and 21 males with a mean age 46.0 ± 12.1 (range
18–72 years) were evaluated. Thirty-six (53.73%) patients were hyperthyroid, twenty-eight
(41.79%) were euthyroid, and three (4.47%) were hypothyroid. The mean duration of thyroid
disease was 29.00 ± 41.21 months. TSH mean value was 1.57 mU/L (median 0.50 mU/L),
FT4 mean value was 2.45 ng/dL (median 1.40 ng/dL), and FT3 mean value was 4.47 pg/mL
(median 3.36 pg/mL). TRAb values were positive in 51 (76.11%) patients, with a low titer in
22 subjects (32.83%), moderate titer in 16 (23.88%) and high titer in 13 (19.40%). Sixteen
(23.88%) patients were negative for TRAb. ATAs were positive in 48 (71.64%) and negative in
19 (28.36%) patients. All patients presented CAS ≤ 2. Thirty-six (53.73%) patients were CAS 0,
twenty-six (38.80%) were CAS 1 and five (7.46%) were CAS 2. Eight (11.94%) patients pre-
sented mild exophthalmos (1–2 mm proptosis above the upper limit or 3–4 mm of difference
compared to the fellow eye). No patients complained of diplopia upon evaluation of ocular
motility. BCVA was logMAR 0.02 ± 0.09. Mean IOP in primary gaze was 14.46 ± 2.76 mmHg.
Mean IOP in up-gaze was 16.64 ± 4.07. In the US exam, considering both orbits, medial rectus
resulted normal in 69 (51.49%), thickened in 57 (42.54%) and very thickened in 8 eyes (5.97%).
Lateral rectus was normal in 109 (81.34%), thickened in 22 (16.42%) and very thickened in
3 eyes (2.24%). During the ocular motility examination, no patients reported manifest
diplopia. Conversely, in the RFT, 33 (49.25%) patients exhibited latent diplopia in the vertical
gaze position.

Demographic, laboratory and clinical characteristics are displayed in Table 1.
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Table 1. Demographic, laboratory and clinical data of patients.

All Patients (n = 67)
n (%)

Gender
Male 21 (31.3%)

Female 46 (68.7%)
Mean age (SD) 46 (12.1)
Thyroid status

Hyperthyroid 36 (53.7%)
Euthyroid 28 (41.8%)

Hypothyroid 3 (4.4%)
Mean duration of disease (months) 29.0 (41.21)

Mean thyroid hormones (SD)
TSH (mU/L) 1.57 (3.02)
FT4 (ng/dL) 2.45 (3.90)
FT3 (pg/mL) 4.47 (4.47)
TRAb title
Negative 16 (22.8%)

Low(1–2 IU/L) 22 (32.8%)
Moderate (2–10 IU/L) 16 (22.8%)

High (>10 IU/L) 13 (19.4%)
ATA levels

Positive (Anti-TG ≥ 4.5 IU/mLorAnti-TPO ≥ 60
IU/mL) 48 (71.6%)

Negative (Anti-TG < 4.5 IU/mLorAnti-TPO < 60
IU/mL) 19 (28.4%)

CAS
CAS 0 36 (53.7%)
CAS 1 26 (38.8%)
CAS 2 5 (7.4%)

Exophthalmos (>21 mm or difference between
the two eyes ≥ 3 mm) 8 (11.9%)

BCVA (logMAR) (SD) 0.02 (0.09)
Mean IOP (mmHg) (SD)

Primary gaze 14.46 (2.76)
Up-gaze 16.64 (4.07)

US Medial Rectus
Normal (<4 mm) 69 (51.5%)

Thickened (4–6 mm) 57 (42.5%)
Very Thickened (>6 mm) 8(6.0%)

US Lateral Rectus
Normal (<4 mm) 109 (81.3%)

Thickened (4–6 mm) 22 (16.4%)
Very Thickened (>6 mm) 3 (2.2%)

TSH = thyroid-stimulating hormone; FT4 = free thyroxine; FT3 = free triiodothy-ronine; TRAb = thyrotropin
receptor antibody; Anti-TG = Anti-thyroglobulin; Anti-TPO = Anti-thyroid peroxidase; CAS = Clinical Activity
Score; BCVA = Best-corrected visual acuity; IOP = Intraocular pressure; US = Ultrasound.

3.2. Analysis of RFT-Positive vs. RFT-Negative Patients

Study subjects were divided into two groups according to positive (RFT-positive,
n = 33) or negative diplopia on RFT (RFT-negative, n = 34). The characteristics of
two groups are displayed in Table 2.
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Table 2. Demographic, laboratory and clinical characteristics of two groups.

RFT-Positive (n = 33)
n (%)

RFT-Negative (n = 34)
n (%) p-Value

Gender 1 *
Male 10 (30.3%) 11 (32.4%)

Female 23 (69.7%) 23 (67.6%)
Mean age (SD) 49.1 (12.3) 43.0 (11.3) 0.03 †

Thyroid status 0.75 χ

Hyperthyroid 17 (51.5%) 19 (55.9%)
Euthyroid 15 (45.5%) 13 (38.2%)

Hypothyroid 1 (3.0%) 2 (5.9%)
Mean duration of disease

(months) (SD) 34.1 (37.6) 24.1 (44.5) 0.04 ‡

Mean thyroid hormones (SD)
TSH (mU/L) 1.03 (1.27) 2.10 (4.08) 0.71 ‡

FT4 (ng/dL) 2.38 (3.17) 2.52 (4.54) 0.23 ‡

FT3 (pg/mL) 5.13 (5.85) 3.83 (2.45) 0.23 ‡

TRAb title 0.55 χ

Negative 6 (18.2%) 10 (29.4%)
Low (1–2 IU/L) 10 (30.3%) 12 (35.3%)

Moderate (2–10 IU/L) 9 (27.3%) 7 (20.6%)
High (>10 IU/L) 8 (24.2%) 5 (14.7%)

ATA levels 1 *
Positive (Anti-TG ≥

4.5 IU/mLorAnti-TPO ≥ 60
IU/mL)

24 (72.7%) 24 (70.6%)

Negative (Anti-TG <
4.5 IU/mLorAnti-TPO < 60 IU/mL) 9 (27.3%) 10 (29.4%)

CAS 0.30 χ

CAS 0 18 (54.6%) 18 (53.0%)
CAS 1 11 (33.3%) 15 (44.1%)
CAS 2 4 (12.1%) 1 (2.9%)

Exophthalmos (>21 mm or
difference between the two eyes

≥ 3 mm)
3 (9.1%) 5 (14.7%) 0.71 *

BCVA (logMAR)(SD) 0.01 (0.01) 0.03 (0.01) 0.27 ‡

Mean IOP (mmHg) (SD)
Primary gaze 14.20 (2.80) 14.71 (2.72) 0.46 ‡

Up-gaze 18.15 (4.56) 15.18 (2.87) 0.00005 ‡

US Medial Rectus 0.003 χ

Normal (<4 mm) 27 (40.9%) 42 (61.8%)
Thickened (4–6 mm) 31 (47.0%) 26 (38.2%)

Very Thickened (>6 mm) 8 (12.1%) 0 (0.0%)
US Lateral Rectus 0.10 χ

Normal (<4 mm) 50 (75.8%) 59 (86.8%)
Thickened (4–6 mm) 13 (19.7%) 9 (13.2%)

Very Thickened (>6 mm) 3 (4.5%) 0 (0.0%)

* = Fisher’s exact test; † = t-test; ‡ = Mann–Whitney U test; χ = Chi-squared test. TSH = thyroid-stimulating
hormone; FT4 = free thyroxine; FT3 = free triiodothy-ronine; TRAb = thyrotropin receptor antibody; Anti-TG =
Anti-thyroglobulin; Anti-TPO = Anti-thyroid peroxidase; CAS = Clinical Activity Score; BCVA = Best-corrected
visual acuity; IOP = Intraocular pressure; US = Ultrasound.

The gender distribution was similar across both groups (p = 1). The RFT-positive group had
a significantly higher mean age (49.1 ± 12.3 years vs. 43.0 ± 11.3 years, p = 0.03) and a longer
mean disease duration (34.1 ± 37.6 months vs. 24.1 ± 44.5 months, p = 0.04). Thyroid status,
thyroid hormone levels (TSH, FT4, FT3), TRAb levels, ATA, CASs, exophthalmos presence
and BCVA showed no significant differences between the groups. The mean IOP exhibited
a significant increase from 14.20 ± 2.80 mmHg in primary gaze to 18.15 ± 4.56 mmHg in
up-gaze (p < 0.001, Mann–Whitney U test), corresponding to a 27.8% elevation in the RFT-
positive group. Concerning the RFT-negative group, the mean IOP exhibited an increase from
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14.71 ± 2.72 mmHg in primary gaze to 15.18 ± 2.87 mmHg in up-gaze (p = 0.35, Mann–Whitney
U test), corresponding to a 3.2% elevation in the RFT-negative group. In up-gaze, the mean
IOP was significantly higher in the RFT-positive group compared to the RFT-negative group
(p = 0.00005). Ultrasound measurements revealed that the medial rectus muscle was more
frequently thickened in the RFT-positive group (59.1% vs. 38.2%, p = 0.003), while the lateral
rectus muscle thickness did not differ significantly between the groups (24.2% vs. 13.2, p = 0.10).

4. Discussion

External eye muscles play a critical role in the pathophysiology of GO, being involved
in both active and inactive phases of the disease. In these conditions, the muscles may
become edematous and infiltrated or undergo fibrosis, which can alter eye motility [12,13].

Double vision or diplopia is a common and debilitating symptom of GO [14]. The
European Group on Grave’s Orbitopathy (EU-GOGO) reported that 49% of patients with
GO presented some degree of eye movement dysfunction [15]. Additionally, patients
with diplopia pose a major burden for public health systems due to potential occupa-
tional impairments, especially when double vision occurs in the primary and reading
position [16].

Diplopia may be latent or manifest. The former occurs when the eyes tend to deviate
from their normal position, but this misalignment is typically kept in check by the brain’s
fusion mechanism. In latent diplopia, double vision does not usually occur because the
brain compensates and corrects the misalignment. However, under certain conditions, the
brain’s ability to maintain proper alignment can weaken, potentially leading to eye strain
or double vision. Conversely, manifest diplopia is a condition where there is a constant and
noticeable misalignment of the eyes, leading to persistent double vision which the brain
cannot correct [17].

Several classifications have been developed and used to evaluate GO. VISA and
EUGOGO both subjectively assess the presence of diplopia, noting whether it is vertical or
horizontal, constant or intermittent, and if it worsens in the morning [18]. None of these
scores can detect latent diplopia or measure the level of involvement of all EMs throughout
the eye disease. This gap in the ocular evaluations highlights the need for some methods to
be implemented in current practice to comprehensively assess diplopia. Accordingly, while
the Hess Lancaster test is considered the gold standard for evaluating diplopia, it requires
specialized equipment and trained technicians. In contrast, the RFT is a straightforward,
cost-effective, and reliable method that can be easily performed in a clinical setting without
specialized instruments [19]. Therefore, RFT can offer a valid alternative to rapidly and
non-invasively evaluating diplopia in these patients.

In the studied populations, 33 (49.25%) patients with inactive GO exhibited positive
diplopia on RFT in vertical gaze, which they had previously not complained of during
the ocular motility examination. This could be due to the ability of RFT to evaluate the
total deviation (both manifest and latent) by disrupting fusional mechanisms through stark
color differences between the eyes [20]. This finding highlights that even in the absence
of active disease, subclinical changes in EM function can still be present. Therefore, while
CAS is an effective score for categorizing disease activity, it may not fully capture subtle
changes in muscle morphology or function.

In terms of structural alterations, a significant difference in IOP between primary
and up-gaze positions is well-established in patients with GO as an indicator of inferior
rectus muscle thickening. Specifically, in the up-gaze position, the pulling of inferior rectus
muscle in patients with GO causes the superior rectus muscle to use greater force to elevate
the eyeball. This additional force acts on the eyeball wall and the compression of the
superior and inferior rectus muscle significantly elevates the IOP [21]. Despite the lack
of a thickness measurement of the vertical recti in our cohort due to different limitations
of US in evaluating superior and inferior rectus [22], the significant IOP increment in the
RF-positive group may reflect increased resistance from a stiffened inferior rectus muscle.
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Ultrasounds represent a cheap, rapid and effective tool for assessing eye muscle
involvement in patients with GO, especially compared with more invasive exams like
computed tomography (CT) and magnetic resonance imaging (MRI) [23].

B-scan images showed that the horizontal recti had different thickening rates between
the two groups, with more thickening of the medial rectus in the RFT-positive group. This
finding is consistent with the literature, which indicates that the medial rectus is primarily
involved in GO, after the inferior rectus [24]. No significant difference was observed in
the lateral rectus thickness between the two groups, likely because the latter is the least
affected muscle in GO, followed by the oblique muscles. [25]. Despite these results, the RFT
was positive in vertical gaze, likely because the maximum vertical disparity that can be
fused is only about 3–5 Δ, significantly less than the horizontal fusion amplitude of 15–20
Δ [26].

The factors of disease duration and age of patients exhibited a significant difference
between the two groups. These could lead to an increased cumulative exposure to autoim-
mune inflammation and subsequently more significant tissue damage and fibrosis over
time, which could be reflected in imaging and functional test alterations. Additionally,
age-related changes in the ocular muscles and overall tissue elasticity reduction could
contribute to the observed differences between the groups [27].

Patients with GO may have hyperthyroidism, hypothyroidism, or euthyroidism [5].
The distribution of thyroid status did not significantly differ between the RFT-positive
and RFT-negative groups, suggesting that latent diplopia is not directly influenced by the
current thyroid status. Similarly, sex and patients with some degree of exophthalmos did
also not differ between the two groups.

The role of TRAb and ATA in the pathogenesis of GD and GO has been extensively
investigated [28]. However, the lack of a significant difference between the groups suggests
that these antibodies alone do not determine the presence of diplopia, as already shown in
previous reports [29,30].

These findings suggest that even in inactive GO, there can be subtle yet clinically
relevant changes in EOM function and morphology. The early detection of these changes
could significantly influence the progression and prognosis of the disease by facilitating a
dedicated management plan to mitigate disease advancement. This plan might involve
more rigorous follow-up schedules to monitor the patient closely and implement timely
interventions. Preventive measures, such as protecting the eyes from sun and wind ex-
posure and encouraging patients to quit smoking, can help reduce risk factors associated
with disease exacerbation [31]. Ensuring optimal thyroid hormone levels by tailoring
anti-thyroid therapy to achieve euthyroidism and avoiding hormonal fluctuations is also
crucial in stabilizing the condition. Furthermore, considering selenium’s potential benefits
in slowing disease progression, initiating therapy with 200 mcg/day could be a viable
option for such patients [32]. Through these strategies, early intervention may improve
disease progression and patient outcomes.

Nonetheless, the study had several limitations. Firstly, the retrospective design of the
study inherently limits the generalizability of our findings. Secondly, the research was
conducted at a single center with a cohort composed entirely of Caucasian patients, which
may restrict the generalizability of the results to other populations or settings. Thirdly, the
relatively small sample size of 67 patients could affect the robustness and statistical power
of the study [the statistical power of the study, calculating by using G*Power software
(version 3.1.9.6) [33], given a total sample size of 67 (with groups of 33 and 34 participants)
a significance level of 0.05, and an effect size of 0.5, is approximately 0.65]. Additionally, the
reliance on the RFT for assessing latent diplopia may not account for all potential functional
deficits, suggesting the need for additional functional assessments in future research.

5. Conclusions

The present study identifies subclinical EM dysfunction and changes in inactive GO
patients. Clinicians should consider comprehensive ocular evaluations, including imaging
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studies and functional tests like the RFT, which can be integrated into the standard VISA or
EUGOGO evaluation to facilitate a better assessment of the extent of EOM involvement
in GO. The early detection of latent diplopia and muscular abnormalities, as well as
appropriate therapeutic options, might influence the progression and prognosis of more
severe manifestations of late fibrotic alterations, thereby improving patient outcomes.
Future research should focus on larger, multi-center studies with advanced imaging and
functional assessments to gain a deeper understanding of EM dysfunction in inactive GO,
and refine treatment approaches.
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Abstract: In this study, intraocular pressure (IOP) was measured in sitting, supine, prone, and standing
(ST) positions and again five minutes after standing (ST-5) utilizing a Tono-Pen AVIA in 124 eyes of
62 healthy subjects with ages ranging from 21 to 59 years (mean 30 ± 10 years). In each subject, the
average IOP of both eyes was used for the statistical evaluation. The mean IOP difference between
the ST and sitting positions was −0.13 ± 1.63 mmHg (p = 0.548); between ST-5 and sitting, it was
0.53 ± 1.24 mmHg (p = 0.001); between supine and sitting, it was 1.30 ± 1.48 mmHg (p < 0.001);
between ST and supine, it was −1.43 ± 1.74 mmHg (p < 0.001); between ST-5 and supine, it was
−0.77 ± 1.59 mmHg (p < 0.001); between prone and supine, it was 2.24 ± 1.92 mmHg (p < 0.001);
between ST and ST-5, it was −0.67 ± 1.84 mmHg (range: −7.5 to 5 mmHg) (p = 0.007); between prone
and ST, it was 3.46 ± 2.01 mmHg (p < 0.001); between ST-5 and prone, it was −2.46 ± 1.67 mmHg
(p < 0.001); and between sitting and prone, it was −3.22 ± 1.56 mmHg (p < 0.001). The results show a
significant IOP increase in the ST-5 position, suggesting that such measurements need to be performed
in an attempt to explain the progression of glaucoma in apparently normal-tension patients.

Keywords: intraocular pressure; hand-held tonometer; standing position; supine position; sitting
position; normal-tension glaucoma

1. Introduction

The increase in intraocular pressure (IOP) is a well-established risk factor for glaucoma
development and progression [1–3]. Given improvements in understanding glaucoma
pathophysiology, IOP remains the only variable that therapy can improve [4]. For this
reason, IOP measurement is part of routine ophthalmic examinations. Unfortunately, these
examinations represent only a snapshot of the real IOP due to its circadian fluctuations that
may influence glaucoma progression [5–7].

Among the variables that can influence this fluctuation, the position of the body can
play a major role in nocturnal IOP elevation; in fact, several studies have demonstrated
that the IOP may rise significantly when the patient assumes a supine position compared
to a sitting position [8–10]. In some cases, this could explain why glaucomatous damage
continues to progress despite the detection of a low IOP during routine ophthalmic exami-
nations, suggesting that some high-risk patients should sleep with their head elevated [11].
It should be taken in account that many people can spend hours in a standing position
during the day, and for this reason, it could be helpful to know if pressure changes occur
in this situation. In a PubMed literature search, it was possible to find just four papers
that reported some information about this topic [12–15]. Among these, in one paper, IOP
measurements taken in a standing position were compared with those taken an unusual
position, suspending the patients by the ankles from a gravity inversion device [12], while
another study was performed on a very limited number of patients [13], and two others
used rebound tonometers (Icare Pro–ICP) [14,15].

The rebound principle upon which Icare is based is different from the applanation
principle of Goldmann applanation tonometry (GAT), which is still considered the gold
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standard in IOP measurement. Also, Tono-Pen AVIA (TPA) uses the same physical principle
to measure the IOP, but it has two advantages:

(1) The applanated area is much smaller, because the transducer tip has a diameter of
1.0 mm.

(2) TPA is portable and it does not need to be installed on a slit-lamp, and therefore it can
be used to measure IOP in different IOP positions [16].

A previous paper published by De Bernardo et al. evaluated TPA and rebound tonome-
ters in different body positions, but they carried out their study on a small number patients
and not all body positions were analyzed [16]. On these bases, in continuity with previously
published evidence, the aim of this study was to evaluate IOP measurements performed
with an applanation-based tonometer by checking if similar changes were observed in a
larger population after 5 min or more in a standing position and in a prone position.

2. Materials and Methods

One hundred and twenty-four eyes of 62 healthy subjects (16 males) with an age rang-
ing from 21 to 59 years old (mean 30 ± 10 years) and a refractive error ranging from −6.50
to +1.25 D (mean −2.07 ± 2.13 D) were included in this prospective observational study.

The study was conducted in adherence to the tenets of the World Medical Association’s
Declaration of Helsinki. The purpose of the study was explained to all participants, who
provided written informed consent. The study was approved by the Institutional Review
Board of the University of Salerno (Cometico Campania Sud, Naples., Italy, Protocol No.
16544). Each subject underwent a general physical checkup to rule out any systemic disease.

The participants underwent a comprehensive ophthalmic examination that included
the following:

- Best corrected visual acuity;
- Refractive error, performed with an objective method and perfected with a subjective

method;
- Fundus examination;
- Axial eye length (AL), evaluated with an IOLMaster (Zeiss, Jena, Germany, version

5.4.4.00006);
- Central corneal thickness (CCT) measured with a Pentacam HR (Oculus, Wetzlar,

Germany, version 1.19r11). IOP measurements were taken with TPA (Reichert Inc.,
Depew, NY, USA).

IOP was measured between ten and twelve a.m. by a single observer. TPA used the
same physical principle as GAT to measure IOP, but the applanated area is much smaller.
Before each measurement, the eyes were anesthetized with oxibuprocaine eye drops and the
TPA probe tip was covered with a new latex tip cover. When ten valid readings were obtained
by slightly touching the central cornea, the mean IOP readings were automatically averaged
by the instrument. The measurement was shown on the liquid crystal display, situated on the
device side, together with the “statistical confidence indicator”, indicating that the standard
deviation of the valid measurements was 5% or less of the number shown: the higher the
value, the more reliable the measurements [16]. Only values higher than 90 were accepted.

The measurements were obtained in a sitting position, a supine position after five
minutes of lying down, a prone position, a standing (ST) position, and after five minutes
in a standing position (ST-5) in a random sequence [14]. The measurements in a prone
position were taken with the patient’s head protruding beyond the bed, with the chin
resting on the bed and the eyes looking downwards. Unfortunately, not all patients were
able to position their body to perform correct IOP measurements in a prone position: for
this reason, prone measurements were taken in 23 patients. In addition, in 4 patients, the
IOP measurements in an ST position were not performed. In each patient, the average of
both eyes’ IOP was analyzed using the paired Student’s t-test. Single pairwise compar-
isons through T-tests were preferred to repeated-measures ANOVA tests because of the
different sample sizes available. Correlations analyses were performed with Pearson’s test
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(r: correlation coefficient according to Pearson). All statistical analyses were performed
with Microsoft Excel software, and they were double-checked with SPSS software (Version
26.0 IBM Inc., Chicago, IL, USA). Data were expressed as means ± standard deviations
and p values < 0.050 was considered significant. The preliminary required sample size
was computed with G*Power software (Version 3.1.9.7) by using the T test family option,
two-tailed. Given an effect size dz of 0.786, determined with G*Power software, it was
estimated that a sample size of 20 subjects would be necessary, with a significance level of
0.05 and a test power of 0.90.

3. Results

IOP measurements in the different positions (Table 1) and the statistical differences
summarized in Figures 1–9 and Table 2 clearly show that:

- In the ST-5 and supine positions, the IOP is higher than in the sitting position (p < 0.001)
in both cases (Figures 1 and 2, correspondingly);

- In the prone position, the IOP is higher than in the supine position (p < 0.001, Figure 3);
- In the supine position, the IOP is higher than in the ST position (p < 0.001, Figure 4),

and this difference decreases with increasing time (ST-5 min, Figure 5);
- In the ST-5 min position, the IOP is higher than in the ST position (p = 0.007, Figure 6).

Table 1. Intraocular pressure measurements (in mmHg) in the different positions with a Tono-Pen
Avia tonometer.

Sitting Supine ST * ST-5 Prone **

Mean 14.63 15.93 14.38 15.16 18.15
SD 2.82 3.27 2.96 3.18 3.19

Min 9.50 10.00 9.50 10.00 13.00
Max 22.50 25.50 24.00 24.00 23.00

ST: measurements obtained immediately after assuming a standing position; ST-5: measurements obtained after
five minutes in a standing position; SD: standard deviation. * ST data are avilable only for 58 patients; ** prone
position data are available only for 23 patients.

 

Figure 1. Plot between the IOP measurements in a sitting position on the horizontal axis and IOP
measurements in the ST-5 min position on the vertical axis (in mmHg). IOP: intraocular pressure.
TPA: Tono-Pen AVIA. ST-5 min: measurements obtained after five minutes in a standing position.
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Figure 2. Plot between the IOP measurements in a sitting position on the horizontal axis and IOP
measurements in a supine position on the vertical axis (in mmHg). IOP: intraocular pressure. TPA:
Tono-Pen AVIA.

 

Figure 3. Plot between the IOP measurements in a supine position on the horizontal axis and IOP
measurements in a prone position on the vertical axis (in mmHg). IOP: intraocular pressure. TPA:
Tono-Pen AVIA.
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Figure 4. Plot between the IOP measurements in an ST position on the horizontal axis and IOP
measurements in a supine position on the vertical axis (in mmHg). IOP: intraocular pressure. TPA:
Tono-Pen AVIA. ST: measurements obtained immediately after assuming a standing position.

 

Figure 5. Plot between the IOP measurements in the ST-5 min position on the horizontal axis and
IOP measurements in a supine position on the vertical axis (in mmHg). IOP: intraocular pressure.
TPA: Tono-Pen AVIA. ST-5 min: measurements obtained after five minutes in a standing position.
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Figure 6. Plot between the IOP measurements in a ST position on the horizontal axis and IOP
measurements in the ST-5 min position on the vertical axis (in mmHg). IOP: intraocular pressure.
TPA: Tono-Pen AVIA. ST-5 min: measurements obtained after five minutes in a standing position.
ST: measurements obtained immediately after assuming a standing position.

 

Figure 7. Plot between the CCT mean of both eyes of each subject on the horizontal axis (in micron)
and difference in IOP measurements between the ST-5 and sitting positions on the vertical axis (in
mmHg). CCT: central corneal thickness. IOP: intraocular pressure. ST-5 min: measurements obtained
after five minutes in a standing position.
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Figure 8. Plot between the AL mean of both eyes of each subject on the horizontal axis (in mm)
and difference in IOP measurements between the ST-5 and sitting positions on the vertical axis (in
mmHg). IOP: intraocular pressure. ST-5 min: measurements obtained after five minutes in a standing
position.

Figure 9. Standard deviations and minimum/maximum values for IOP measurements in the sitting,
supine, prone, ST and ST-5 min positions (in mmHg). IOP: intraocular pressure. TPA: Tono-Pen
AVIA. ST 5 MIN: measurements obtained after five minutes in a standing position. ST: measurements
obtained immediately after assuming a standing position.
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Table 2. Intraocular pressure difference (in mmHg) measured with a Tono-Pen AVIA tonometer
between different positions, with statistical differences.

Difference
ST/Sitting

Difference
ST-5/Sitting

Difference
Supine/Sitting

Difference
ST/Supine

Difference
ST-5/Supine

Mean −0.13 0.53 1.30 −1.43 −0.77
SD 1.63 1.24 1.48 1.74 1.59

95%CI −0.56/0.30 0.22/0.85 −0.19/1.68 −1.89/−0.97 −1.16/−0.36
p 0.548 0.001 <0.001 <0.001 <0.001

Difference
Prone/Supine

Difference
ST/ST-5

Difference
Prone/ST

Difference
ST-5/Prone

Difference
Sitting/Prone

Mean 2.24 −0.67 3.46 −2.46 −3.22
SD 1.92 1.84 2.01 1.67 1.56

95%CI 1.41/3.06 −1.16/−0.19 2.59/4.33 −3.18/−1.73 −3.89/−2.54
p <0.001 0.007 <0.001 <0.001 <0.001

ST: measurements obtained immediately after assuming a standing position; ST-5 min: measurements obtained
after five minutes in a standing position; SD: standard deviation; 95%CI: 95% confidence interval around the
mean; p: level of significance of paired t-test.

The CCT measured with the Pentacam HR was 535 ± 32 μm (range: 452 to 598 μm).
The AL obtained from the IOLMaster was 24.47 ± 1.28 mm (range: 21.70 to 27.16 mm).
IOP differences in the sitting and ST-5 min positions presented no correlation with

CCT (Figure 7) and AL (Figure 8).
Means and standard deviations for IOP measurements in the sitting, supine, prone,

ST, and ST-5 min positions (in mmHg) are shown in Figure 9.

Figures and Tables

Table 1 synthesizes the IOP values obtained with the TPA in all positions, while Table 2
shows the mean differences between IOPs measured in all positions, with the level of
significance. We should reiterate that comparisons with ST data were performed based on
58 patients; meanwhile, analysis with prone position data were carried out on 23 patients.

Figures 1–6 represent the correlation analysis between IOP values in different body
positions. A strong positive correlation was found

- between sitting and ST-5 IOP (r = 0.921);
- between sitting and supine IOP (r = 0.891);
- between supine and prone IOP (r = 0.843);
- between ST and supine IOP (r = 0.853);
- between ST-5 and supine IOP (r = 0.879);
- between ST and ST-5 IOP (r = 0.825).

For brevity, only the most clinically relevant correlations were reported.
The correlations between biometric parameters and IOP changes are shown in

Figures 7 and 8. A low correlation rate was found between both AL and CCT and ΔIOP
ST-5/sitting (r: −0.330 and r: −0.439, respectively), meaning that biometric parameters
are less involved in IOP changes across different body positions. For brevity, only the
most clinically relevant correlations were reported. Figure 9 reports graphically descriptive
statistic data of IOP values in different body positions.

A cluster analysis based on patients’ age was carried out in order to verify personalized
responses. Due to the low number of prone measurements, these data were not considered
in cluster analysis to avoid a too low sample size. The median age of subjects (25 years) was
considered as the cut-off value for age range analysis. Overall, 35 subjects (31 in standing
position) were evaluated in subgroup A (patients’ age ≤ 25 years), while 27 subjects were
evaluated in subgroup B (patients’ age > 25 year). The results are reported in Table 3.
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Table 3. Intraocular pressure difference (in mmHg) measured with a Tono-Pen AVIA tonometer
between different positions divided by patients’ age, with statistical differences.

A
Difference

ST-5/Sitting
Difference

ST-5/Supine
Difference

ST/ST-5
Difference

Supine/Sitting
Difference
ST/Sitting

Difference
ST/Supine

Mean 0.26 −0.93 −0.79 1.19 −0.55 −1.73
SD 1.26 1.61 2.02 1.60 1.65 1.58

95%CI −0.17/0.69 −1.48/−0.38 −1.53/−0.05 0.63/1.74 −1.15/0.06 −2.31/−1.15
p 0.237 0.002 0.037 <0.001 0.074 <0.001

B
Difference

ST-5/Sitting
Difference

ST-5/Supine
Difference

ST/ST-5
Difference

Supine/Sitting
Difference
ST/Sitting

Difference
ST/Supine

Mean 0.89 −0.56 −0.54 1.44 0.35 −1.09
SD 1.13 1.56 1.63 1.32 1.49 1.87

95%CI 0.44/134 −1.17/0.06 −1.18/0.11 0.92/1.97 −0.23/0.94 −1.83/−0.35
p <0.001 0.075 0.100 <0.001 0.232 0.005

A: patients’ age ≤ 25 years; B: patients’ age > 25 years; ST: measurements obtained immediately after assuming
a standing position; ST-5 min: measurements obtained after five minutes in a standing position; SD: standard
deviation; 95%CI: 95% confidence interval around the mean; p: level of significance of paired t-test; in bold: similar
level of significance compared to the general population (Table 2).

The same trend was noted both in the general population and in the age-divided
subgroups for supine/sitting and ST/supine. The difference in ST/sitting was not statisti-
cally significant in all groups, and instead a lower difference for ST-5/sitting was found
in younger patients and a lower difference for ST-5/supine and ST/ST-5 was found in
older patients.

4. Discussion

Goldmann applanation tonometry (GAT) is considered to be the gold standard in IOP
measurements, but unfortunately it has several limitations, including that it needs to be
mounted on a slit lamp, and for this reason, it is almost impossible to use in patients in a
supine or a standing position; for this reason, this study was conducted with TPA, which
has been reported to give reliable measurements compared to GAT in a sitting position [17].

In a PubMed literature search, it was possible to find several papers where the
IOP was measured in sitting and supine position with different devices, some with the
Tonopen [18–22], some others with the Icare [23], others with both tonometers [24–26], and
only one with TPA [24]. However, just four papers investigated the IOP in a standing
position, and they made different comparisons [12,13], or the authors used an ICP [14,15].

LeMarr et al. [12], in a group of 26 young subjects, evaluated the IOP changes between
a standing and a head-down position. They found an increase in IOP in the head-down
position, which a very unusual position; moreover, no comparison was made with a sitting
or supine position.

Singleton et al. [13] evaluated the changes in IOP with postural changes (supine,
sitting, and standing) in just 11 normal subjects, comparing them to the changes that occur
in several groups of patients with different kinds of autonomic dysfunction. In this very
small group of normal subjects, they found that the changes in IOP with postural changes
were not statistically significant.

Meanwhile, some studies have measured the IOP disparity between sitting and supine
postures. Lee et al. [17] examined 19 healthy young Korean participants, comparing the
IOP in a sitting and supine position with a Tonopen XL: they observed an increase of
approximately 3 mmHg when moving from a sitting to a supine position.

In another study, Lee et al. [23] measured the IOP in 40 eyes of 20 healthy Korean
subjects using an Icare tonometer and found a statistically significant mean increase in IOP
(p < 0.001) of about 2 mmHg when shifting from a sitting to a supine position.

Moster et al. [20] measured the IOP in both a sitting and a supine position in 45 glau-
coma patients and 46 healthy subjects with a Tonopen. In each group, the authors found a
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statistically significant mean IOP increase from a sitting to a supine position, being higher
in glaucomatous patients (2.3 mmHg) than in healthy subjects (1.2 mmHg).

Barkana et al. tested the IOP with a Tonopen XL in 19 healthy subjects [21], first sitting
then lying for 15 ± 5 min and 45 ± 5 min in a supine position; the same authors in another
study measured the IOP with a Tonopen XL in twenty-one eyes of 21 healthy subjects [24],
first in a sitting position and then after 10 min in a supine position. In both studies, the
authors found an increase in IOP from a sitting to a supine position; furthermore, in the
first study, the IOP after 45 min in a supine position was less than that measured after
15 min, without statistically significant differences.

Schweier et al. [25], in 36 eyes of 36 healthy individuals, measured IOP with ICP, TPA,
and GAT in a sitting position and 10 min after reclining. They found the IOP to be lower in
the sitting position compared to the reclining position with both hand-held tonometers,
and the mean difference was greater with TPA (1.8 mmHg) than with ICP (0.8 mmHg) [25].

Sobczak et al. [26], in 71 healthy subjects, found no statistically significant differences
between IOP measurements in sitting and supine positions using an ICP tonometer.

Our results regarding the IOP changes in a standing position cannot be compared
with the previously published papers by LeMarr [12] and Singleton [13], due to the lack of
measurements in the sitting position in the first case and the limited number of patients in
the second case.

The results of the present study agree with those published by De Bernardo et al. [14],
indicating that utilizing the ICP revealed a non-significant increase in the ST position
compared to the sitting position, followed by a statistically significant increase in the ST-5
min position compared to the ST position. Mayali et al. [15], on the other hand, using
rebound tonometry (ICP), found no IOP differences in the standing position versus other
body positions.

Compared with other papers that considered only measurements in sitting and supine
positions, the present study, performed with TPA, confirms these findings. However, our
finding of a significant increase in the IOP in a prolonged standing position could be an
interesting new finding, even if it is less than the increase in a supine position.

The IOP increase in the supine position may have different explanations; in particular,
some researchers have indicated that this is due to an increase, in the supine position,
in the episcleral venous pressure [27]. Other authors suggest that this could be due to
choroidal vascular engorgement caused by the redistribution of bodily fluids in the supine
position [28].

The results displayed in Figures 7 and 8 clearly show that the IOP measured in the
different postures is not related to the CCT or to the AL. The reason for the increase in
prolonged standing position is not as obvious. One hypothesis could be that, even if the
exact mechanism of the IOP regulation is unknown, it may be under systemic vascular
control, through the autonomous nervous system, which contributes to maintaining rel-
atively constant blood flow to the tissue despite perfusion pressure fluctuations. Local
myogenic, metabolic, and circulating humoral factors are involved in the autoregulation
process [13,29]. However, future studies correlating the postural changes in IOP with
eventual changes in blood pressure, heart rate, ocular perfusion pressure, and peripheral
vasoconstriction could be useful to better understand the reason for these IOP modifications.

Although the sample in our study is not representative for all age groups, previous
studies suggest that the IOP change associated with different body positions is not age-
related [15]; a cluster analysis based on patients’ age was carried out in order to verify
if the same trend in IOP changes persists in different age ranges. As reported in Table 3,
younger subjects showed a lower difference between the ST-5 and sitting positions than the
general population; on the other hand, differences between ST-5 and both the supine and
ST positions were lower in older patients. A more valid vascular flow redistribution could
explain the lower difference between the first (sitting position) and the last (ST-5 position)
IOP measurements in younger patients. On the other hand, a more stable choroidal
vascular engorgement could explain the lower differences between ST-5 and both the ST
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and supine positions in older subjects. These findings could help in a personalized analysis
of IOP changes in normal subjects and glaucomatous patients, according to their age range.
Unfortunately, due to only male subjects being examined in this study, a gender-based
analysis of IOP changes in different positions was inexecutable.

One criticism that could be applied to this study is that the TPA was used instead
of the GAT, which, introduced in 1957 by Hans Goldmann, represents the gold standard
in measuring IOP [30]. Unfortunately, it is well known that the measured IOP value is
influenced by several corneal parameters, such as biomechanical properties, CCT [31–35],
corneal irregularities [36], and corneal refractive surgery [37,38]. Albis-Donado et al.
evaluated different external factors that can influence GAT reliability: CCT is crucial, but
the authors also emphasized the role of altitude [32]. In fact, they found a higher risk of
underestimating IOP not only with thinner corneas, but also with a higher altitude. These
outcomes are valid for GAT; on the other hand, dynamic contour tonometry (DCT) seems
to be less affected by external factors [32]. Chen et al. demonstrated that CCT influences
IOP measured not only with GAT, but also with rebound tonometry and with non-contact
tonometry (NCT) [34]; they observed that NCT was mostly influenced by CCT, while GAT
was less dependent on CCT.

Regarding corneal abnormalities, Knauf et al. reported that IOP measurement is
challenging at various stages of keratoconus (KC), depending on the corneal thickness
and biomechanical properties [35]. These features are altered in KC eyes. For similar
reasons, IOP is difficult after corneal refractive surgery: changes in corneal thickness and
corneal curvature affect IOP measurement reliability with different instruments, and topical
steroids used postoperatively may mask the incidence and severity of steroid-induced
ocular hypertension in the short term [38].

Since the purpose of this study was to compare IOP measurements in different posi-
tions, and GAT cannot be used when a patient is unable to sit at a slit lamp (small children,
bed-ridden persons) or in situations such as taking measurements in a standing or supine
position, TPA was chosen, among the hand-held IOP measuring devices, because it is one
of the most widely used, and so far has not been tested for such a purpose.

5. Conclusions

In conclusion, the results of this study confirm the importance of measuring IOP in
a supine position, but more importantly suggest that such measurements should also be
performed after five minutes in a standing position, as in some jobs (e.g., waiters, policemen,
chefs. . .) people can spend a significant amount of time standing, and this information could
be helpful in understanding some cases of optic nerve damage or glaucoma progression,
despite an apparently normal IOP.
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Abstract: Patent foramen ovale (PFO) is a prevalent congenital cardiac anomaly associated with a
persistent opening between the atrial septum, allowing communication between the left and right
atria. Despite often being asymptomatic, PFO can lead to various clinical presentations, including
cryptogenic stroke and other embolic events. Transient visual disturbances, alterations in the visual
field, migraine with aura, impaired eye movement and endogenous eye infections may prompt
patients to seek ophthalmological consultation. Understanding these diverse clinical scenarios is
crucial for early detection, appropriate management and mitigating the morbidity burden associated
with PFO. This narrative review aims at examining the spectrum of clinical presentations of ocular
pictures associated with PFO. The pathophysiology, diagnosis and treatment methods for PFO will be
described, emphasizing the importance of a multidisciplinary approach involving ophthalmologists,
cardiologists, neurologists and imaging specialists. In the future, prospective studies and clinical trials
are warranted to provide further insights into the preventive role and optimal therapeutic strategies
for managing PFO-related ocular complications, ultimately guiding clinical decision making and
optimizing patient care.

Keywords: patent foramen ovale; eye; eye disorders; retinal artery occlusion; migraine with aura;
impaired eye movement

1. Introduction

Patent foramen ovale (PFO) is a common congenital cardiac anomaly characterized by
a persistent opening between the atrial septum, which allows for communication between
the left and right atria [1]. After birth, changes in blood pressure lead to the closure of
the foramen ovale in about 75% of newborns. As a result, its prevalence is estimated
to be around 25–30% in the general population [2–4]. This defect creates a potential
pathway for paradoxical embolism, allowing venous thrombi or other embolic material to
bypass pulmonary circulation and enter systemic circulation, leading to deleterious clinical
consequences [5].

Despite often being asymptomatic, PFO has been associated with various clinical pre-
sentations, ranging from cryptogenic stroke to different embolic events [5,6]. To highlight
the impact of PFO, patients with cryptogenic stroke have a 2.9 times higher likelihood of
having it compared to controls [7]. PFO may be implicated in approximately two-thirds
of cryptogenic stroke cases and potentially up to 80% in younger patients [8]. In addition
to the well-known and extensively studied complications documented in the literature,
more potential clinical presentations have been linked to PFO. These presentations may
encompass heterogeneous, less common, yet clinically relevant symptoms that may prompt
patients to seek ophthalmic consultation. These symptoms could include transient visual
disturbances, alterations in the visual field, migraine and other oculomotor signs that
raise suspicion of possible PFO-related complications [9,10]. Several studies and case
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reports have described acute retinal ischemic events, including transient visual loss and
retinal artery occlusions. Understanding the potential clinical manifestations of PFO is
crucial for early detection and appropriate management, particularly considering the highly
significant prevalence of this condition. Recognizing these manifestations early can facili-
tate prompt referral to cardiology, appropriate diagnostic work-up and consideration for
available PFO closure treatment [11].

In this review, we will analyze the spectrum of clinical presentations associated with
PFO, primarily focusing on manifestations that may drive patients to ophthalmological
evaluation, also trying to highlight the importance of mitigating the morbidity burden
associated with PFO, given its high prevalence in the general population.

2. Materials and Methods

We utilized the PubMed medical database for our search. The term “patent foramen
ovale” was combined with the words “eye”, “eye disorders”, “eye diseases”, “retina”,
“ophthalmology”, “eye palsy”, “migraine with aura”. The text keywords were chosen
using information from pertinent bibliographies and the latest literature. The earliest
publishing date of the search was set for January 1990, and it ended in March 2024.

Only English-language articles and reviews were analyzed, even though no language
limits were placed on the searches. Moreover, manual searches were conducted within
initial findings to identify further bibliographic references.

A total of 801 full-text articles were identified on PubMed, 679 of which were excluded
after the first screening. The remaining 122 articles were evaluated for eligibility. After a
full-text evaluation, 73 papers were retained as relevant articles and were used in this review.

3. Results

3.1. Patent Foramen Ovale: Pathophysiology, Diagnosis and Screening

PFO is derived from embryological folding misplacement. Briefly, the septum primum
originates from the upper part of the atrium. The septum secundum forms through a
folding of the atrial walls, creating the ostium secundum, which serves as a passage for
oxygenated blood to flow from right to left during fetal life. A PFO occurs when the septum
primum and septum secundum remain unjoined near the anterior and superior edge of the
oval fossa. PFO size in adults is heterogeneous, ranging from 1 mm to 15–19 mm [4]. Of
note, larger size and specific morphologies have been shown to correlate with enhanced
risk of cerebrovascular accidents [12,13].

Usually, the diagnosis of PFO is made incidentally during routine imaging studies
or after the patient presents with a potential clinical manifestation, prompting further
imaging evaluation. The diagnosis is pursued through multimodality ultrasound imaging,
including transthoracic echocardiography (TTE), transesophageal echocardiography (TEE)
and transcranial Doppler using aerated saline as a contrast agent. TTE is often the initial
screening tool, providing valuable information about the cardiac structure and function.
However, its sensitivity in detecting PFO may be limited due to technical factors and the
position of the septum, probably leading to minimal shunting miss [14,15]. Conversely,
TEE offers higher sensitivity and specificity that reaches 100% when a contrast agent is
used [16,17], allowing for closer visualization of the interatrial septum and providing
detailed images of the fossa ovalis properly describing the PFO size and morphology [17].
It is particularly useful in cases in which TTE results are inconclusive or when a higher
level of detail is required. Additionally, TEE enables the assessment of associated cardiac
anomalies and facilitates the guidance of percutaneous closure procedures. Complementing
echocardiographic techniques, by monitoring cerebral blood flow, transcranial Doppler can
detect microembolic signals arising from right-to-left shunting through the PFO, especially
when contrast injection is performed before Valsalva maneuver [18]. Its sensitivity was
shown to be heterogeneous compared to intracardiac imaging [19–22]. However, these
imaging modalities together play a crucial role in the comprehensive evaluation and
management of patients with suspected PFO.
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Screening for a PFO should be selectively conducted among individuals who have
recently experienced clinical events potentially suggestive of PFO presence and who stand
to benefit from PFO treatment. TEE is indicated in patients with a higher likelihood of
having a PFO, for example, when assessing young individuals with unexplained strokes or
any other plausible symptom linked to PFO; for patients with a lower probability of PFO,
contrast TTE or transcranial Doppler may serve as reasonable initial diagnostic methods.

3.2. PFO and Acute Retinal Ischemic Events

Transient monocular vision loss (TMVL)/amaurosis fugax (AF), central retinal artery
occlusion (CRAO), branch retinal artery occlusion (BRAO) and cilioretinal artery occlusion
(CLRAO) are acute retinal ischemic events manifesting as sudden, painless monocular
visual losses with different degrees of severity. The occlusion of the retinal artery can be
transient or permanent and may result in impaired blood flow in the ocular circulation,
which is associated with a high cardiovascular morbidity and mortality risk [23].

TMVL/AF is a condition characterized by a transient episode of monocular blindness
that typically lasts for seconds to minutes. It occurs due to a temporary interruption of
blood flow at the level of the ophthalmic artery or central retinal artery and its branches. The
most common cause of TMVL/AF in the elderly population is embolism, characterized by
a small clot or debris traveling through the bloodstream and blocking a blood vessel. These
emboli can originate from various sites, including the carotid arteries, heart or other blood
vessels [24]. Although in younger people, TMVL/AF is often associated with temporary
spasm at the level of ocular circulation, monocular TMVL/AF may be the consequence of
cardiogenic emboli secondary to cardiac malformations. Accordingly, in a recent cohort
study, 15% of patients with TMVL/AF were found to have a PFO [25].

CRAO is a disease in which the main artery supplying blood to the retina becomes
occluded. It manifests as an acute loss of vision, typically resulting in visual acuity of
20/400 or poorer; its incidence is 1 in 100,000 individuals, with a mean age of presentation
of 60 years (Figure 1A–C) [26].

 

Figure 1. Retinal ischemic events related to PFO: (A) Multimodal imaging of a CRAO. On fundus pho-
tography, the retina at the posterior pole appears pale and opaque due to the ischemia; a distinctive
cherry-red spot is visible at the fovea, which remains red due to the underlying choroidal circulation.
The retinal arteries are thin and narrowed. (B) Fluorescein angiography reveals a hypofluorescent
macular spot secondary to the ischemia of retinal layers. (C) The latter is confirmed by optical
coherence tomography (OCT), which shows hyper-reflective and edematous inner retinal layers.

BRAO is a disorder in which one of the branches of the central retinal artery becomes
blocked, leading to restricted blood flow to a portion of the retina; its incidence is closer to
5 per 100,000 persons per year [27]. The symptoms of BRAO can vary depending on the
severity and location of the occlusion, but usually, the prognosis is better than in CRAO,
resulting in a localized scotoma or in a sectoral visual field defect. Both of these ischemic
disorders can be linked to PFO [28].

Another distinct clinical entity is the CLRAO. The cilioretinal artery arises from the
short posterior ciliary vessels, and its prevalence ranges from 6.9% to 49.5%. It may play

176



J. Pers. Med. 2024, 14, 695

a role in providing additional blood supply to the macular region of the retina, thus
preserving central vision, in cases where the main retinal vasculature is compromised,
such as in CRAO [29]. CLRAO can be a consequence of a hemodynamic blockage of the
artery caused by a rise in intraluminal pressure in retinal vasculature exceeding the level of
perfusion pressure, or it can be secondary to embolism or thrombosis, or it can recognize an
arteritic etiology. Symptoms of CLRAO may include sudden blurring, scotoma or distortion
of central vision. Since CLRAO has been linked to PFO through an embolic mechanism, the
presence of an underlying cardiac defect should be excluded in young people presenting
this disorder [28,30,31].

The diagnosis of acute retinal ischemic events is clinical and based on different possible
morphologic findings detectable on fundus examination, such as retinal afferent pupillary
defect (RAPD), retinal whitening, macular cherry-red spot and intra-arterial emboli. Retinal
fluorescein angiography, optical coherence tomography (OCT) and OCT angiography
(OCTA) can confirm the diagnosis, showing delayed arterial filling, retinal ischemia and
hyper-reflective inner retinal layers [31–33]. Therapeutical approaches, including anterior
chamber paracentesis, drug-lowering intraocular pressure and ocular massage, are often
useless [34].

Despite being rare among younger patients, retinal arterial obstructions are described
to be linked to underlying cardiac abnormalities in 45% of individuals below the age
of 45 [35]. Numerous reports have detailed the connection between PFO and retinal is-
chemic disorders [25,28,30–33,36–51] (Table 1). In a cohort of 18 patients diagnosed with
either central or branch retinal artery occlusion, TEE was conducted to probe potential
underlying cardiac or aortic disorders as sources of retinal emboli. The investigation
unveiled that 17% of the patients exhibited a PFO [48]. Fekri and colleagues analyzed
23 cases of retinal ischemic events in the presence of PFO, revealing a comparable incidence
of BRAO and CRAO. Most cases were under 50 years old (78.3%), and roughly 50% of
patients underwent uncomplicated PFO closure. TEE exhibited higher sensitivity than TTE
in diagnosing the underlying cardiac disease (71.4% versus 28.6%) [28]. Similar findings
were reported by Wieder et al., demonstrating that TEE detected PFO in 85.7% of cases
compared to 14.3% with TTE in the context of ischemic retinal disorders in patients with a
mean age of 42.4 years [32].

Table 1. Summary of the studies showing retinal ischemic events in patients with PFO.

Author (Year) Reference Type of Study Population Outcomes

Sverdlichenko
et al. (2024) [25] Prospective

cohort study

20 cases under 45 years of
age with TMVL

(4 men and 16 women)

All patients included were referred for neuroimaging and
cardiac investigations. Two of the thirteen patients who

completed echocardiography had PFO (15%).

Fekri et al.
(2024) [28] Case-study-based

review

23 cases of CRAO (n = 10),
BRAO (n = 10) and

CILRAO (n = 3) with PFO

A total of 78.3% of the cases were under 50 years of age.
A high RoPE score (≥7, suggestive of paradoxical

embolism via PFO) was estimated for 71.4% of patients.
TEE exhibited higher sensitivity than TTE in diagnosing

the underlying cardiac disease (71.4% versus 28.6%).
Approximately half of the patients underwent

percutaneous closure of the PFO with no complications.

Jurgens et al.
(2022) [31] Review and case

report 1 case

A pregnant woman developed cilioretinal artery
occlusion of thromboembolic origin associated with PFO.

OCTA enabled risk-free imaging of retinal vessel
perfusion during pregnancy.

Wieder et al.
(2021) [32] Review and case

report 1 case
A 43- year-old man presented with CRAO in the setting of

PFO. TEE appeared more sensitive than TTE in
diagnosing PFO (85.7% versus 14.3%).

Chatziralli
et al. (2015) [33] Case report 1 case

A 35-year-old man presented with a left inferior BRAO.
Cardiologic examination with TEE revealed a right-to-left

shunt across PFO. The patient developed no other
embolic event at the 9-month follow-up, having

undergone an operation for PFO repair.
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Table 1. Cont.

Author (Year) Reference Type of Study Population Outcomes

Inatomi et al.
(2001) [36] Retrospective

study 22 cases
A total of 22 patients with retinal artery occlusion (RAO)
were analyzed. TEE findings were abnormal in 13 (59%)
of the 22 patients. PFO was observed in 9% of patients.

Tayyab et al.
(2023) [37] Case report 1 case

A teenage girl presented with CRAO in the right eye,
which was accompanied by frontal headaches and vertigo.

Investigations to rule out hematologic, vascular and
cardiac causes were performed. TEE revealed PFO as the

cause of this cryptogenic stroke.

Ho and Spaide
(2007) [38] Case report 1 case

A healthy 15-year-old boy developed a CRAO with
cilioretinal artery sparing after a fractured clavicle.

Initially, no abnormalities were found after extensive
systemic examinations. Subsequently, PFO was revealed

by TEE, and the patient was scheduled for
cardiac surgery.

Gabrielian
et al. (2009) [39] Case report 1 case

A healthy 17-year-old male presented with sudden,
painless loss of vision in his right eye while playing

basketball. Fundus examination and fluorescein
angiography confirmed a retinal artery occlusion. The

hematological/infectious work-up, including TTE, was
negative. However, TEE showed PFO. The patient

underwent a successful percutaneous femoral
catheterization to close the defect.

Nakagawa
et al. (2004) [40] Case report 1 case

A 43-year-old woman presented a bilateral CRAO within
one month. The patient was treated with urokinase and

with an anticoagulant. The corrected VA recovered
completely in the right eye and partially in the left eye.

After extensive examination, TEE revealed a right-to-left
shunt through PFO. The patient was treated with

anticoagulants and has suffered no recurrence of CRAO.

Ascuitto et al.
(2021) [41] Case report 1 case

A patient presented with painless, sudden visual loss in
his left eye. He was diagnosed with CRAO, likely from a

paradoxical embolus associated with an atrial septal
aneurysm containing PFO. The patient underwent

successful percutaneous closure of the PFO
without complication.

Shoeibi et al.
(2013) [42] Case report 1 case

A 29-year-old female patient presented a BRAO. The
patient was treated with oral acetazolamide, topical

timolol, ocular massage and anterior chamber
paracentesis. The visual field defect partially recovered.

After an extensive work-up, a small-sized PFO was
detected by TEE. Low-dose aspirin therapy was initiated,

and over the subsequent two years, no other embolic
event occurred.

Wisotsky et al.
(1993) [43] Case report 2 cases

A 28-year-old man and a 19-year-old woman presented
BRAO. In each patient, PFO was demonstrated via

transesophageal echocardiography after a transthoracic
study disclosed no abnormalities.

Liu et al. (2017) [44] Case report 1 case

A 21-year-old man presented with an eight-day history of
a blurry patch of vision in the right eye. A BRAO was
diagnosed after fundus and OCT examinations. A TTE

bubble contrast study showed a large right-to-left shunt at
the atrial level. Percutaneous closure of the PFO was

undertaken. Normal visual acuity after 12 months was
recovered.

Grudzińska
et al. (2021) [45] Case report 1 case

A 33-year-old Caucasian man presented a superior nasal
loss of visual field and central scotoma in his left eye. A
BRAO was diagnosed. The patient underwent standard
TTE without any pathological findings. TEE revealed a
marked leak through PFO, and cardiologists decided on

foramen ovale closure.
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Table 1. Cont.

Author (Year) Reference Type of Study Population Outcomes

Sheth et al.
(2009) [46] Case report 1 case

An 18-year-old male claimed sudden-onset left visual loss.
Ophthalmological examination revealed an afferent
pupillary defect secondary to left hemiretinal artery

occlusion. A subsequent cardiology review with TEE
revealed PFO, which was closed surgically.

Sabanis et al.
(2020) [47] Case report 1 case

A patient with no significant comorbidities experienced a
paradoxical thromboembolic episode of CRAO. After a
comprehensive examination, PFO was diagnosed after a

bubble contrast TTE.

Kramer et al.
(2001) [48]

Retrospective
observational case

series
18 cases

A total of 18 patients who were diagnosed with retinal
artery occlusion (7 CRAO, 11 BRAO) were analyzed.

Cardiac or thoracic aortic pathologic conditions, which
were a possible source of the retinal emboli, were detected

by TEE in 13 of the 18 patients (72%). They included
aortic arch atheroma (n = 7), mitral annulus calcification
(n = 4), left atrial appendage thrombus (n = 2), valvular
abnormalities (n = 5), left atrial smoke (n = 3) and PFO

(n = 3). TEE showed higher sensitivity than TTE in
detecting the cardiac emboli source.

Zhu et al.
(2021) [49] Case report 1 case

A 46-year-old woman presented an amaurosis fugax
lasting 20 min and a persistent visual alteration in her left

eye. Fundus examination did not reveal significant
abnormalities. Fundus fluorescein angiography showed a
long arm–retina circulation time. Imaging examinations

revealed bilateral internal carotid artery (ICA) hypoplasia
and a variation in the circle of Willis. Furthermore, TEE

showed the presence of a PFO and a cardiogenic embolic
event. Aspirin 100 mg/day was given to the patient, and

PFO occlusion surgery was recommended.

Si et al. (2023) [50] Review and case
report 1 case

A 40-year-old woman reported a gradual decline in visual
acuity, with visual field defects that had developed in two
stages after HA injection as facial filler into the nasal root.
Multiple retinal artery occlusions were diagnosed. PFO

was detected by TEE. The patient was treated with
intravenous dexamethasone and cobamamide, as well as

extracorporeal counterpulsation therapy.
Visual acuity improved from counting fingers at 30 cm to

20/133 within 3 days.

Pipolo et al.
(2023) [51] Case report 1 case

A 28-year-old woman presented at the clinic 20 h after an
acute visual field defect in the right eye. At that time, she

was 18 weeks pregnant and had no report of
complications in her previous pregnancy. After

ophthalmological evaluation, BRAO was diagnosed. A
transcranial Doppler with contrast indicated a

right-to-left intracardiac shunt, confirmed by the presence
of PFO at the TEE. Thrombophilic conditions were

excluded. Enoxaparin 1 mg/kg was started and kept until
the delivery. Then, a surgical closure of PFO

was programmed.

While the exact pathogenesis of retinal arterial blockage in individuals with PFO
remains incompletely understood, several mechanisms have been proposed. These include
emboli formation within the atrial septum, transient arrhythmias leading to thrombus
formation and paradoxical emboli originating from the peripheral venous system, which
reach the head circulation occluding the ophthalmic artery and its branches [33,37].

Once diagnosed, considering PFO closure may be advisable to reduce the risk of
additional ischemic vasculo-occlusive events [28,33,39,41,44–46].

Moreover, in addition to well-known risk factors like smoke and hypertension, an
association with conditions such as internal carotid artery (ICA) hypoplasia, filler injections
and pregnancy has also been described in patients with PFO developing retinal ischemic
events [26,31,32,36,41,49–51].

179



J. Pers. Med. 2024, 14, 695

ICA is one of the most important blood sources to the head, and its hypoplasia
is rare. Many cases of abnormal development of ICA are asymptomatic, thanks to the
compensatory action of collateral circulation. However, Zhu and co-authors reported a
case of an apparently healthy woman who developed an AF due to the presence of a
concomitant PFO in association with ICA hypoplasia that resulted in an embolism at the
level of the retinal artery [49].

Facial filler with hyaluronic acid (HA) has previously been linked to visual loss. The
retrograde flow mechanism is widely recognized as the primary explanation for sudden
vision loss following HA injection for facial filler procedures. This phenomenon occurs
when the injected filler material inadvertently enters a blood vessel, leading to its backward
movement against the natural blood flow direction until it reaches the ocular circulation [52].
Nevertheless, in a recent report, a young woman presented multiple retinal artery ischemic
events occurring in a peculiar pattern. Indeed, the patient’s visual loss presented in two
stages, rather than directly after injection, and was associated with dyspnea. Hence, the
authors speculated that the HA entered systemic venous circulation, reached the right
heart, passed directly into the left heart through a PFO and then caused retinal artery
occlusion [50].

Various physiological adaptations, encompassing complex cardiovascular, coagulative,
hormonal and immunological changes, occur during pregnancy and can trigger vascular
occlusive events. The concomitant presence of PFO increases the risk of ocular throm-
boembolic events, as demonstrated by retinal vascular occlusion episodes described in two
different reports. In these situations, OCTA, as a dye-free, non-invasive tool, represents a
valuable option to diagnose and analyze the retinal perfusion status in pregnancy [31,51].

Therefore, PFO should be considered in cases of young patients who develop unex-
plained acute retinal ischemic events.

3.3. PFO and Migraine with Aura

Migraine is a neurological disorder characterized by recurrent, severe headaches,
often accompanied by other symptoms, such as nausea, vomiting, sensitivity to light and
visual disorder. Migraine attacks can cause significant pain and discomfort, sometimes
lasting for hours to days, and can greatly disrupt daily life activities. Migraine with
aura is a type of migraine characterized by specific neurological and visual symptoms,
known as “aura”, which usually occurs before the headache phase. The aura symptoms
can vary widely among individuals but commonly include visual disturbances, such as
flashing lights, blind spots or zigzag patterns which are usually bilateral. Other sensory
disorders like tingling sensations in the face or hands, speech difficulties and confusion
can be present. These symptoms develop gradually over a few minutes and last for about
20–60 min before the headache phase begins [53]. Multifactorial causative mechanisms,
such as genetic, environmental and neurological factors, are recognized to be involved in
migraine. Different triggers include stress, bright lights, certain foods, changes in sleep
patterns, hormonal variations, sensory stimuli, weather changes and strong odors [53].

Migraine prevalence varies across different populations and regions, with a higher
incidence among females [54]. The association between PFO and migraine has been
widely described in the literature [10,55,56] (Table 2). Specifically, the relationship be-
tween PFO and migraine with aura was first described in a study carried out by Del Sette
and colleagues. Among 80 migraineurs with aura, with an average age of 37.24 years,
36 individuals (45%) were found to have a cardiac right-to-left shunt [55]. Furthermore,
migraine with aura appears to be more prevalent in individuals with PFO, and the latter
is more common in migraineurs with aura than in the general population. Accordingly,
a meta-analysis conducted by Schwedt et al. demonstrated a higher prevalence of PFO
among migraine patients with aura (40.9–72.0%) compared to migraineurs without aura
(16.2–33.7%). Moreover, the prevalence of migraine in individuals with PFO varied from
22.3% to 64.3% [10].
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Table 2. Summary of the studies showing correlation between migraine and PFO.

Author (Year) Reference Type of Study Population Outcomes

Schwedt et al.
(2008) [10] Systematic review 18 studies,

1517 patients

The aim of this study was to examine the prevalence of migraine in
patients with PFO, the prevalence of PFO in migraineurs and the

effect of PFO closure on migraine. The estimated strength of
association between PFO and migraine, reflected by summary odds
ratios (ORs), was 5.13 [95% confidence interval (CI) 4.67, 5.59], and
between PFO and migraine with aura, the OR was 3.21 (95% CI 2.38,

4.17). The association between migraine and PFO was
OR 2.54 (95% CI 2.01, 3.08). Six studies on PFO closure suggested

improvement in migraine. The low-to-moderate grade of evidence
from observational studies supports an apparent association

between PFO and migraine. PFO closure seemed to affect migraine
patterns favorably.

Del Sette et al.
(2008) [55] Prospective study 87 patients

The objective of this study was to clarify the relationship between
right-to-left shunt (RLS) and white matter lesions (WMLs) in

patients with migraine with aura (MA). Among 80 migraineurs with
aura, with an average age of 37.24 years, 36 individuals (45%) were

found to have a cardiac right-to-left shunt. The comparison of
T2-weighted MRI scans revealed no significant difference in the

number of lesions or lesion loads between patients with and without
RLS. In conclusion, RLS does not increase the likelihood of finding

WMLs in migraineurs.

Liu et al. (2020) [56] Narrative review 99 articles

In this article, the potential pathophysiological mechanisms of
migraine, the clinical symptoms of migraine with PFO and the

clinical features of PFO with migraine were described. The
incidence of PFO in migraine patients is higher than that in the

general population, suggesting that PFO and migraine may be risk
factors for each other, but more research is needed to confirm this

speculation. An increasing number of studies have found that
migraines with aura are more closely associated with PFO, and the
presence of right-to-left shunt (RLS) increased the likelihood of aura

attacks. The evidence supports a “dose–response” relationship
between migraine and PFO, although more work needs to be

conducted in terms of patient selection as well as the inclusion of an
antiplatelet control group for PFO closure interventions to uncover

possible beneficial results in clinical trials.

Wilmshurst
(2018) [57] Randomized

controlled trial 147 patients

The Migraine Intervention with STARFlex Technology (MIST) trial
was a randomized double-blind trial in patients with severe
intractable migraine with aura and moderate–large PFO that

compared the implantation of STARFlex devices with the intention
of closing their PFO versus a sham procedure. The results showed

no significant difference in migraine outcomes between those
receiving the STARFlex implant and those in the sham group.

Dowson et al.
(2008) [58] Randomized

controlled trial 432 patients

The aim of this study was to investigate whether closing patent
foramen ovale (PFO) could effectively treat migraine with aura.

Patients were randomly assigned to transcatheter PFO closure with
the STARFlex implant or to a sham procedure. No significant
difference was observed in the primary endpoint of migraine
headache cessation between the implant and sham groups.

Mattle et al.
(2016) [59] Randomized

controlled trial 107 patients

The Percutaneous Closure of Patent Foramen Ovale In Migraine
with Aura (PRIMA) study aimed to evaluate the efficacy of

percutaneous patent foramen ovale (PFO) closure in reducing
migraine symptoms in patients diagnosed with migraine with aura.
Patients were divided in two groups and treated with a PFO closure

or medical treatment. Despite the safety of the procedure, PFO
closure did not reduce overall monthly migraine days.

Tobis et al.
(2017) [60] Randomized

controlled trial 230 patients

The Prospective, Randomized Investigation to Evaluate Incidence of
Headache Reduction in Subjects With Migraine and PFO Using the
AMPLATZER PFO Occluder to Medical Management (PREMIUM)
study investigated migraine reduction in subjects with persistent

migraines and PFO. It compared medical therapy alone to therapy
combined with PFO closure using the Amplatzer device. The trial
found no superior reduction in migraine attacks with PFO closure

compared to sham control. However, it did show a significant
decrease in headache days among subjects with or without aura

following PFO closure.
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Table 2. Cont.

Author (Year) Reference Type of Study Population Outcomes

Giardini et al.
(2006) [61] Prospective study 38 patients

This study evaluated the long-term outcomes of transcatheter patent
foramen ovale (PFO) closure on migraine headache with aura

(MHA) and recurrent stroke risk. Among 38 patients followed for at
least 3 years after the procedure, 92% reported complete resolution
of MHA after an average of 4.9 years. Recurrent stroke occurred in

5.3% of cases within 5 years, predominantly within the first
15 months after the procedure. Overall, the MIDAS scores

significantly decreased (from 38.6 ± 26.3 to 4.4 ± 5.1, p < 0.0001)
following intervention.

Yan et al.
(2024) [62] Retrospective

study 78 patients

This study aimed to investigate the therapeutic efficacy of patent
foramen ovale (PFO) closure in migraine patients with a massive
right-to-left shunt (RLS). The study included 51 patients without
white matter lesions (WMLs) (control group, CG) and 27 patients
with white matter lesions (WMLs) (observation group, OG). PFO

closure proved effective and safe in treating migraine patients with
RLS. However, for those with WMLs, clinical attention should be

directed toward the treatment of WMLs.

Elbadawi et al.
(2018) [63] Meta-analysis 3 studies,

484 patients

The analysis included three key studies: the MIST, PRIMA and
PREMIUM trials. The primary outcome demonstrated a significant
reduction in monthly migraine attacks, favoring PFO closure over

control groups (p = 0.01). Although complete resolution of migraine
attacks showed a trend favoring PFO closure, the difference did not
achieve statistical significance. In patients with predominant aura

migraine attacks, PFO closure demonstrated a significant reduction
in migraine attacks. No significant differences in responders’ rate

between PFO closure and control groups were found.

Shi et al. (2017) [64] Meta-analysis and
systematic review

8 articles,
546 patients

The study investigated how the closure of patent foramen ovale
(PFO) affected migraine in 546 patients, distinguishing between
those with migraine with aura (MA) and migraine without aura

(MwoA). Following PFO closure, migraine symptoms improved in
81% of MA patients and 63% of MwoA patients. The benefits of PFO
closure were significantly greater for patients with MA compared to

patients with MwoA (p = 0.03).

Zhang et al.
(2022) [65] Meta-analysis

3 RCTs,
1 pooled study,

8 case series,
1165 patients

The aim of the study was to evaluate the impact of patent foramen
ovale (PFO) closure on migraine. The findings revealed a statistically
significant reduction in both monthly migraine attacks and migraine
days, along with a substantial decrease in migraine frequency and

severity in patients undergoing PFO closure, particularly those with
migraines accompanied by aura (MA). The meta-analysis supports
PFO closure as a potentially effective and safe therapeutic option for

reducing the migraine burden, particularly in patients with MA.

Zhang et al.
(2021) [66] Meta-analysis

3 RCTs,
4 observation

studies,
887 patients

The meta-analysis findings indicate that PFO closure leads to a
substantial reduction in both monthly migraine attacks and

migraine days per month compared to control groups. This effect
was particularly pronounced in patients with migraine accompanied
by aura, where there was a notable increase in the rate of complete
cessation of migraine attacks following the procedure. These results
underscore the potential of PFO closure as an effective therapeutic
option for managing migraine, especially in cases where traditional

treatments have been insufficient.

The pathophysiology of migraine with aura in patients with PFO remains uncertain.
Various vasoactive substances, including serotonin or 5-hydroxytryptamine, typically pro-
cessed through the pulmonary circulation, may bypass this route via the PFO, potentially
triggering migraines. Additionally, small emboli passing through the PFO into the arterial
system could lead to microinfarctions or cortical spreading depression, precipitating mi-
graine attacks. Furthermore, focal areas of reduced blood flow near the ischemic threshold
in the occipital regions may lead to visual symptoms during the aura episode [56,57].

Although multiple studies have investigated the effect of closing PFO on migraine,
the therapeutic effect of this surgical procedure is still controversial. The MIST trial found
no significant difference between patients who underwent PFO closure and those who did
not [58]. On the other hand, the PRIMA trial did not demonstrate a reduction in its primary
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endpoint based on decreasing migraine days [59], while the PREMIUM trial showed a
statistically significant decrease in headache days but failed to achieve a reduction in its
primary outcome, defined as a responder rate with a 50% decrease in migraine attacks [60].
Conversely, other reports showed a significant decrease in the frequency of migraine attacks
following PFO closure in patients with migraine with aura [61–66]. Specifically, an overall
reduction in the frequency of migraine attacks per day and a decrease in the number
of headache days were observed over one month [65,66]. Moreover, in patients whose
migraine episodes were with aura, there was a decrease in migraine attacks following PFO
closure compared to control groups [63].

Considering that visual symptoms usually precede the headache, ophthalmologists
play an important role in diagnosing migraine with aura and differentiating it from other
ophthalmic conditions that may present with similar symptoms, such as retinal ischemia
or retinal detachment. Additionally, ophthalmologists may collaborate with neurologists
in the management of migraine with aura, providing guidance on lifestyle modifications
and strategies to manage migraine triggers (e.g., bright lights, stress and irregular sleep
patterns) that may exacerbate symptoms. Moreover, they may prescribe medications to
alleviate symptoms or recommend specialized examinations, such as visual field testing or
neuroimaging studies, to further evaluate the underlying cause of symptoms [67].

3.4. PFO and Impaired Eye Movement

Eye movements are coordinated motions of the eyes, which allow perception of
the surrounding space, the tracking of objects and focusing on specific targets. These
movements are controlled by a complex system, involving muscles, nerves and various
brain regions. Oculomotor disfunctions are characterized by the weakness or paralysis
of the muscles within or surrounding the eye, resulting in impaired ocular action or
control (Figure 2A,B). These can be caused by different factors, including nerve damage,
trauma, inflammation, underlying systemic disorders or ischemic strokes. Injuries at the
level of brain visual-related areas can impair the oculomotor system, resulting in several
alterations in coordination, visual acuity and visual field orientation [68].

 

Figure 2. Impaired eye movement related to PFO: (A) Right eye third nerve palsy presenting a
complete ptosis. (B) After eyelid elevation, the right eye appears to be positioned downward and
outward, with inability to adduce, infraduce or overduce. The pupil is dilated with slow reaction.
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The association between PFO and impaired eye movement is rare, and only few
cases have been described [69–73] (Table 3). Cerebral lesions, involving the midbrain
and other vision areas, were considered the consequence of paradoxical emboli resulting
from the direct pass in the vascular system and in the cerebral circulation through the
right–left shunt [69–73]. Internuclear ophthalmoplegia (IO)—a disorder characterized by a
lesion of medial longitudinal fasciculus resulting in an ipsilesional adduction deficit with
a nystagmus of the abducting eye—is often secondary to brain ischemia. A 39-year-old
woman presented bilateral ptosis and IO associated with PFO diagnosed with TEE. After
undergoing PFO closure and starting aspirin therapy for secondary prevention, the patient
remained clinically stable over a one-year follow-up. [69]. A previously healthy 16-year-old
girl experienced an IO secondary to a lesion of the left midbrain at the level of quadrigemi-
nal lamina. Six months after aspirin therapy and PFO closure, her cerebral lesions and her
eye movements were restored [70]. In addition, Zhuang and colleagues reported a case
of a 55-year-old male who experienced a complete peripheral facial palsy and horizontal
gaze palsy after Valsalva maneuver caused by paradoxical embolization from PFO. After
6 months and surgical closure, the symptoms improved [71]. Conversely, a 61-year-old
man who had a severe embolic event involving the posterior cerebral artery territory,
resulting in left hemiparesis, dysarthria, bilateral ptosis, and impaired eye movement on
both sides, experienced only partial improvement after anticoagulant therapy. [72]. Khan
described a case of an acute pupil-sparing complete third nerve palsy (complete ptosis,
moderate hypotropia, large exotropia and no supraduction/infraduction/adduction) in
a healthy young woman with PFO. After PFO closure, the neurological recovery was
complete, except for diplopia and relatively comitant hypotropia, which responded well to
conventional strabismus surgery [71]. Thus, despite only a few cases having been reported,
PFO should be considered in cases of impaired eye movement secondary to embolic stroke
in apparently healthy people [69–73].

Table 3. Summary of the articles showing correlation between impaired eye movement and PFO.

Author (Year) Reference Type of Study Population Outcomes

Xie et al. (2022) [69] Case report 1 case

A 39-year-old woman presented with sudden bilateral ptosis and
diplopia exacerbated by leftward gaze, persisting for 3 days.

Neurological examination and MRI confirmed acute midbrain
infarction. The tests excluded other stroke causes but confirmed a large

right-to-left shunt via PFO. She underwent PFO closure and
received aspirin.

Mazurkiewicz-
Bełdzińska et al.

(2015)
[70] Case report 1 case

A healthy 16-year-old girl had sudden diplopia and dizziness following
a headache. MRI confirmed left midbrain ischemia with left

internuclear ophthalmoplegia. PFO was discovered by TTE and TEE.
Medical treatment led to full recovery of neurological deficits in two

weeks. Six months after aspirin therapy and PFO closure, her cerebral
lesions and her eye movements were restored.

Zhuang et al.
(2021) [71] Case report 1 case

A 55-year-old man presented with sudden bilateral gaze palsy, upbeat
nystagmus and facial paralysis. MRI revealed new pontine infarctions
linked to PFO with significant shunt. He was treated with rivaroxaban
and underwent PFO closure, resolving his symptoms. A follow-up MRI

at 6 months showed no new lesions.

Takahashi et al.
(2018) [72] Case report 1 case

A 61-year-old heavy smoker presented with sudden vision distortion
and left leg weakness, revealing multiple brain infarctions correlated
with PFO. Treatment included anticoagulants and antiplatelets, but

severe residual deficits persisted after 12 weeks.

Khan (2012) [73] Case report 1 case

A healthy 23-year-old woman experienced sudden right third nerve
palsy and facial weakness. MRI showed midbrain infarction linked to a
large PFO. Surgical closure resolved the symptoms; strabismus surgery

corrected residual right hypotropia, ensuring stable
vision postoperatively.
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3.5. PFO and Endogenous Eye Infections

Endophthalmitis refers to inflammation and infection of the fluids and tissues in-
side the eye and can result in devastating sight-threatening and systemic complications
(Figure 3A–C). It can recognize an exogenous or endogenous origin. Most cases are of ex-
ogenous origin, typically arising from microbes entering the eye through an external source
like penetrating trauma, intraocular surgery or corneal infection. Conversely, endogenous
endophthalmitis results from the spread of bacterial or fungal infections from a distant site
in the body, typically through the bloodstream [74]. In this type of endophthalmitis, the
damage occurs mainly due to a septic embolus entering the posterior segment vasculature
and acting as a trigger for the dissemination of micro-organisms into the surrounding
tissues. After passing the blood–ocular barrier, the infection extends from the retina and
choroid into the vitreous cavity, and subsequently, to the anterior chamber of the eye [75].
The common sources of infection leading to endogenous endophthalmitis include bacte-
rial endocarditis, intravenous drug use and certain systemic infections like candidiasis or
tuberculosis [74].

 

Figure 3. Endogenous eye infection related to PFO: (A–C) Slit lamp images of endophthalmitis show-
ing conjunctival redness, purulent discharge, chemosis, hypopyon and fibrin in the pupillary field.

Rodrigues et al. described a case of endogenous endophthalmitis that developed as the
first manifestation of right-sided endocarditis in a patient with an undiagnosed PFO [76].
A 66-year-old female with chronic renal failure presenting fever and eye endophthalmitis
was treated with systemic antibiotics and enucleation. However, since a persistent systemic
infection with positive blood cultures was observed, adjunctive analyses, including TEE,
were performed, and a right endocarditis with a PFO was diagnosed [76]. Hence, even
though paradoxical embolization through a PFO from right-sided endocarditis is rare [77],
the presence of an interatrial defect caused ocular infection in this case. Therefore, an under-
lying cardiac defect should be taken into account in cases of endogenous endophthalmitis,
where the source of primary infection is unidentified.

4. Discussion

The spectrum of clinical presentations associated with PFO encompasses a wide array
of manifestations, including ophthalmological conditions like retinal artery occlusions,
migraine with aura, impaired eye movements and endogenous infections (Figure 4).

The management of arterial occlusion remains a subject of ongoing debate. In the acute
phase, the foremost goal for the ophthalmologist is to promptly restore retinal blood flow.
Prolonged hypoxia has been demonstrated to lead to irreversible visual damage, underscor-
ing the urgency of this intervention. Moving into the subacute phase, the ophthalmologist’s
focus shifts to assessing the patient in order to ascertain the underlying causative mecha-
nism. This evaluation is crucial for preventing further ocular or systemic complications [34].
Despite the lack of clinical trials, the associations between PFO and acute retinal ischemic
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events have been described in multiple reports. According to retinal and ophthalmic artery
occlusions guidelines provided by the American Academy of Ophthalmology, conditions
like ophthalmic artery occlusion, CRAO and BRAO can potentially indicate life-threatening
situations [78]. Therefore, particularly in cases where the initial examination does not reveal
a causative mechanism for embolic disease, considering the significant risk of ischemic
stroke associated with ocular arterial occlusions, ophthalmologists must refer patients to a
stroke center for multidisciplinary medical evaluation, including echocardiography and
other imaging analyses.

Figure 4. The diagram schematically illustrates the mechanism by which ophthalmic complications
occur due to PFO. The symptoms of each condition are presented in the red squares, while the green
squares show the possible management strategies.

Ophthalmologists frequently serve as the initial specialists to evaluate individuals
experiencing visual symptoms related to migraines. The exact pathophysiological mecha-
nisms linking PFO to migraine with aura remain uncertain. However, the higher prevalence
of PFO among migraineurs with aura compared to the general population was shown
in several studies, suggesting a relationship between these two entities. Although PFO
closure has shown contrasting results in the management of migraine, considering the
low complication rate of the procedure, surgical intervention, as secondary prevention,
represents a valid option.

Managing ocular palsies typically involves several approaches, depending on the
underlying cause, which need to be identified, and on the severity of the condition. Im-
paired eye movement in the presence of PFO is rarely reported. Nevertheless, in cases
of cryptogenic embolic strokes affecting visual motility-related brain regions, the clinical
suspicion of PFO should be raised, especially in young patients.

When suspecting endogenous endophthalmitis, an accurate diagnostic evaluation is
crucial to identify a potential hematogenous spread of micro-organisms from a distant
source in the body. It is worth noting that the presence of PFO may elevate the risk of
paradoxical embolization. Indeed, particularly in patients with predisposing factors, such
as bacterial endocarditis, endogenous ocular infection could be secondary to the presence
of an undetected communication between the two atria. Despite ongoing debates, the
consensus on the therapeutic approach to these conditions remains elusive. However,
according to the guidelines from the European Society of Cataract and Refractive Surgery,
pars plana vitrectomy appears to offer the most favorable visual outcomes in cases where
visual acuity is limited to light perception. For patients with visual acuity exceeding light
perception, the therapeutic strategies remain uncertain. Evidence suggests that combining
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the same antibiotics via both intravitreal and systemic routes is the most effective approach.
Administering ceftazidime (1 mg) and vancomycin (2 mg) separately is considered the gold
standard [79].

In summary, after diagnosing an ocular embolic event, ophthalmologists should
ideally require further investigation, including a TTE or a TEE, by echocardiographic
imaging specialists. Once a PFO is diagnosed, potential interventional therapies should be
considered, including PFO closure and medical therapy. The meta-analysis by Vukadinović
et al. indicated that percutaneous PFO closure significantly reduces the risk of ischemic
recurrences compared to medical therapy, especially in cases of large or moderate shunts [80].
Similarly, Turc et al. stated that PFO closure is superior to antithrombotic therapy in
preventing stroke recurrence after cryptogenic stroke despite an increased risk of atrial
fibrillation after the surgical procedure [81]. Conversely, Liu and colleagues reported that,
compared with drug therapy, PFO closure reduces the risk of recurrent stroke and the
incidence of serious bleeding without increasing the risk of new-onset atrial fibrillation or
atrial flutter [82].

Hence, while the direct involvement of ophthalmologists in diagnosing PFO itself
may be limited, their expertise in assessing ocular health and recognizing subtle signs of
systemic diseases is invaluable. The correlation between ocular signs and symptoms and
systemic diseases has been well documented. Recently, the interest in identifying ocular
risk factors or biomarkers for diagnosing or excluding systemic diseases has significantly
increased, leading to the emergence of oculomics. By examining the eye’s structure and
function, oculomics aims to provide insights into a patient’s overall health, identifying the
potential risk factors for diseases beyond the eye [83]. In this context, the deep-learning al-
gorithm RetiCAC, which uses retinal photographs to predict the presence of coronary artery
calcium (CAC), has demonstrated improved cardiovascular risk stratification compared to
traditional clinical parameters [84].

Nonetheless, collaboration with other specialists like cardiologists and neurologists
still remains essential for ensuring timely diagnosis, comprehensive evaluation and appro-
priate treatment selection.

5. Conclusions

It should be noted that PFO is a highly common condition that can cause severe ocular
complications. This review analyzed the diverse clinical scenarios in which PFO may be
implicated, shedding light on the importance of early recognition and multidisciplinary
management in optimizing patient care. Ophthalmologists, as the first healthcare profes-
sionals to encounter patients presenting with ocular symptoms and signs, upon identifying
suspicious findings, should be aware of this possible subtle entity and promptly refer
patients to appropriate specialists.

6. Future Directions

Given the limited number of reports on certain ocular disorders associated with PFO,
future prospective studies and clinical trials are warranted to provide further insights
into the preventive role and optimal therapeutic strategies for managing these conditions.
Large-scale, multicenter studies with long-term follow-up periods would help elucidate
the natural history of PFO-related ocular complications. Additionally, effective research
comparing different treatment modalities and their impact on clinical outcomes would be
valuable for guiding clinical decision making and optimizing patient care.
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Abstract: The majority of neurodegenerative eye disorders occur with aging and significantly impair
quality of life. Age-related macular degeneration (AMD) is the third most common cause of visual
impairment and blindness worldwide. One of the most important elements in the pathophysiology
of neurodegenerative eye disease is certainly oxidative stress, with neuroinflammation and ocular
ischemia which may also be significant factors. Antioxidants, either by food or oral supplementation,
may be able to mitigate the deleterious effects of reactive oxygen species that build as a result of
oxidative stress, ischemia, and inflammation. Over the past few decades, a number of research works
examining the potential adjuvant impact of antioxidants in AMD have been published. In fact, there
is not only more and more interest in already known molecules but also in new molecules that can
help clinicians in the management of this complex multifactorial disease, such as astaxanthin and
melatonin. However, while some studies showed encouraging outcomes, others were conflicting.
In addition, more and more attention is also being paid to nutrition, considered a pivotal key point,
especially to prevent AMD. For this reason, the purpose of this review is to analyze the main
antioxidant molecules currently used as oral supplements for AMD treatment, as well as the role of
diet and food intake in this ocular disease, to better understand how all these factors can improve the
clinical management of AMD patients.

Keywords: age-related macular degeneration; AMD; diet; food intake; oral supplementation

1. Introduction

Age-related macular degeneration (AMD) is the third most common cause of severe
irreversible vision loss worldwide and it is considered the leading cause of central blindness
in industrialized countries, especially in people over 60 years of age [1]. In fact, prevalence
data suggest that AMD affects around 200 million people today and it is expected to rise
further to almost 300 million by 2040 [1].

AMD is a multifactorial disorder with multiple genetic and environmental risk factors,
including genetic predisposition, older age, smoking, obesity, low dietary intake of several
vitamins and minerals (A, C, E, and zinc), low dietary intake of lutein and omega-3 fatty
acids, and unhealthy lifestyle related to cardiovascular risk factors [2,3].

In 2001, the Age-Related Eye Disease Study (AREDS) [4] first showed that patients
with advanced AMD, or those with at least intermediate AMD (defined as bilateral large
drusen with or without pigment changes) [5], could benefit from taking oral antioxidant
vitamin and mineral supplements [4].
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Indeed, one pivotal element in the pathophysiology of neurodegenerative eye disease
such as AMD is certainly oxidative stress [6] (Figure 1).

 
Figure 1. Factors predisposing the formation of reactive oxygen species (ROS), responsible for
oxidative stress which can lead to an increased risk of age-related macular degeneration.

In response to oxidative stress, which can be induced by molecules like lipopolysaccha-
rides, exosomes derived from retinal pigment epithelial cells (RPE) can induce inflammation
in the retina and thus contribute to AMD pathogenesis. Among the key genes involved in
oxidative stress, interleukin-1 beta (IL-1β), interleukin-6 (IL-6), Nuclear Factor Kappa B
(NF-κB), and tumor necrosis factor alpha (TNF-α) are susceptible to upregulation [7], thus
triggering an inflammatory cascade that contributes to disease progression [8].

Moreover, neuroinflammation and ocular ischemia also have a significant impact on
the disease. Antioxidants, either by food or oral supplementation, may be able to mitigate
the deleterious effects of reactive oxygen species (ROS) that build because of oxidative
stress, ischemia, and inflammation by reducing the expression of the genes involved in
retinal inflammation [6].

Over the past few decades, several studies examining the potential impact of antioxi-
dants in AMD have been published [9,10], showing their potential use in AMD management
and also as adjuvants to the therapeutic action of intravitreal anti-vascular endothelial
growth factor (VEGF) drugs.

For this reason, the purpose of this narrative review was to explore a wide range of
active substances, including not only vitamins and minerals as antioxidants, but also other
substances such as saffron, curcumin, and melatonin, which are currently used as oral
supplements for AMD. Our work differs from previous studies by including a broader
range of these compounds [11]. Additionally, given the growing interest in understanding
the impact of dietary factors on AMD progression, we aimed to integrate recent evidence
on the role of diet and food intake in the management of this disease.
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2. Main Oral Supplements for AMD Management

2.1. Lutein and Zeaxanthin

Lutein and zeaxanthin are pigments produced by plants and belong to the carotenoid
family of xanthophylls. They are two fat-soluble antioxidants with very similar structures,
differing in the location of one double bond in one of the hydroxyl groups. Lutein and
zeaxanthin are only biosynthesized by plants, so these substances must be provided to the
body through diet. Major sources of these carotenoids include broccoli, kale, spinach, corn,
peas, and egg yolks. The recommended daily intake of lutein is about 10.0 mg, while for
zeaxanthin, it is 2 mg [12–14]. Lutein and zeaxanthin are the only dietary carotenoids that
accumulate in the retina, especially in the macula and in the lens of the human eye, and are
called macular pigments, responsible for fine detail vision [12,15].

Given their accumulation in the retina, researchers have investigated the role of lutein
and zeaxanthin in eye health. Their functions include enhancing visual function [16,17],
acting as antioxidants to scavenge free radicals and protect the macula from oxidative
damage [18,19], and filtering blue light [19,20]. Lutein and zeaxanthin are the most potent
antioxidants for the prevention or risk reduction of AMD and various eye-related condi-
tions [21]. Evidence suggests that these xanthophylls may protect the retina from damage
and could potentially prevent or slow down the progression of AMD.

Numerous studies have explored the impact of lutein and zeaxanthin supplementation
(both through whole foods and supplements) and their association with AMD. A multi-
center case–control study conducted across five ophthalmological centers in the United
States was the first epidemiological study to demonstrate a direct relationship between
lutein intake and the risk of AMD [22]. Increasing the consumption of foods rich in spe-
cific carotenoids, particularly dark green, leafy vegetables, may help reduce the risk of
developing advanced or exudative AMD [22].

The evidence supporting the protective effects of lutein and zeaxanthin intake against
AMD development comes from the Age-Related Eye Disease Study 2 (AREDS2) published
in 2013, an important clinical trial conducted in the United States [23]. The original
Age-Related Eye Disease Study (AREDS1) was published in 2001 and was one of the
first significant clinical trials to assess the association between nutrient intake and the
progression of AMD [4]. In this original study, it was demonstrated that a combination
of nutrient supplements (500 mg vitamin C, 400 IU vitamin E, 15 mg β-carotene, 80
mg zinc, and 2 mg cupric oxide) taken daily reduces the risk of developing advanced
macular degeneration by 25% [4]. However, subsequent findings linking β-carotene to an
increased risk of lung cancer among smokers led to revisions in the formulation [24]. Later,
AREDS2 included lutein (10 mg) and zeaxanthin (2 mg) along with omega-3 long-chain
polyunsaturated fatty acids, eliminating beta carotene and reducing zinc doses in the
formulation [23]. While this modified formula did not further reduce the risk of late AMD
progression compared to the previous one, the removal of β-carotene and the addition of
lutein and zeaxanthin provided similar protective effects without introducing additional
risks for smokers [23].

These studies have provided valuable clinical guidance on dietary supplementation
for AMD patients [4,23]. Evidence also indicates that higher intake of lutein and zeaxanthin
may offer significant protection against AMD, especially in individuals with a high genetic
risk based on two major AMD genes [25]. A meta-analysis [21] involving seven controlled
trials using lutein and zeaxanthin supplements [16,26–33] assessed the impact of this
supplementation on visual performance in individuals with established AMD. The results
of the meta-analysis suggest that lutein and zeaxanthin supplementation represents a safe
and effective strategy for enhancing the visual performance and contrast sensitivity of
AMD patients in a dose–response manner [26].

Determining effective doses of lutein and zeaxanthin is challenging due to a lack
of long-term studies. However, current evidence suggests that higher dietary intake of
these compounds may protect against AMD. A diverse diet rich in leafy greens and other
foods can help achieve optimal levels of lutein and zeaxanthin, thus supporting eye health.
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Further research is needed to improve our understanding of lutein and zeaxanthin and
establish recommended targets for these eye-protective carotenoids.

2.2. Astaxanthin

Astaxanthin (3,3′-dihydroxy-β, β-carotene4,4′-dione), is a carotenoid that belongs to
the family of oxygenated derivatives of carotenoids (xanthophylls) present in nature, mainly
in marine environments, where it occurs as a red pigment, contributing to the red color of
shrimp, lobsters, and shrimp pulp. Astaxanthin is biosynthesized by phytoplankton and
microalgae, accumulating in various aquatic species that represent the main dietary sources
of this carotenoid. It is a bioactive compound with promising structural and functional
characteristics in the prevention of numerous human diseases as well as in maintaining
good health [34,35].

Unlike most antioxidants, astaxanthin spans across the double layer of the membrane,
providing protection against oxidative stress by neutralizing ROS and other free radicals
both in the polar (hydrophilic) and nonpolar (hydrophobic) boundary zones of the cell
membrane [36]. Astaxanthin has been shown to have antioxidant activity approximately
ten times higher than that of zeaxanthin and lutein [37], as well as other carotenoids such
as α-carotene, lycopene, and β-carotene [38]. Furthermore, it has been observed that
astaxanthin can suppress the activation of NF-κB inflammatory gene expression induced
by hydrogen peroxide by inhibiting the intracellular ROS accumulation [39]. Indeed, it
has demonstrated multiple beneficial effects, including anti-inflammatory, antioxidant,
anti-diabetic, and anti-cancer activities in addition to protective actions for the skin and the
nervous and cardiovascular systems [36,37,40].

Several recent clinical trials emphasize the potential role of astaxanthin in enhancing
eye health, as suggested by the significant improvement observed in the outcomes of
various ocular conditions such as age-related macular degeneration, diabetic retinopathy,
glaucoma, and cataracts [37].

In a randomized controlled trial, Parisi et al. evaluated the effects of short-term
oral supplementation with carotenoids, including astaxanthin, on retinal function in non-
advanced AMD patients [41]. Twenty-seven participants were randomly divided into
two groups. One group received daily supplementation containing vitamin E (30 mg),
vitamin C (180 mg), zinc (22.5 mg), copper (1 mg), lutein (10 mg), zeaxanthin (1 mg),
and astaxanthin (4 mg) for 12 months, while the other group received no supplementa-
tion. The supplemented group showed improved central retinal function compared to
the placebo group, highlighting the potential benefits of carotenoid supplementation in
AMD management [41]. In another multicenter, prospective open-label randomized study,
145 patients were randomly divided into two treatment groups [27]. One group received
a supplementation containing lutein (10 mg), zeaxanthin (1 mg), astaxanthin (4 mg), and
antioxidants/vitamins, while the other group received no dietary supplementation for a
duration of two years. Patients treated with lutein/zeaxanthin, astaxanthin, and other
nutrients were more inclined to report clinically meaningful stabilization or improvements
in visual acuity, contrast sensitivity, and vision-related functions over 24 months compared
to untreated subjects [27].

Astaxanthin, due to its potent antioxidant activity, can influence choroidal neovas-
cularization (CNV), another factor contributing to AMD. In fact, CNV is associated with
oxidative stress and chronic inflammation in ocular tissues, caused by the overexpression of
VEGF. Astaxanthin has demonstrated its ability to suppress CNV in murine experimental
models, reducing the formation of abnormal new blood vessels in the retina [42]. These
positive effects are supported by molecular mechanisms that regulate the production of
inflammatory mediators such as ICAM-1, MCP-1, VEGF, IL-6, and VEGF receptors [42].

In conclusion, astaxanthin offers promising treatment prospects for combating ocular
diseases and supporting eye health. However, to define optimal dosages and formulations,
improving bioavailability and obtaining more data from clinical studies are essential,
despite its broad safety profile and potential efficacy in various ocular conditions [37,43].
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2.3. Vitamins and Minerals

High concentrations of certain antioxidant vitamins and minerals in the retina, cou-
pled with the high levels of the carotenoids in the macula, suggest the hypothesis that
micronutrient supplementation might protect against AMD. Vitamins A, C, and E are
recognized as the most effective for reducing the risk of macular degeneration [4]. Vitamin
A is essential for RPE cells of the human retina, while vitamins C and E are known to act as
antioxidants. In addition to these vitamins, minerals such as zinc and selenium have also
been associated with eye diseases.

AREDS is the first large multicenter randomized, placebo-controlled study initiated
by the United States National Eye Institute, designed to investigate the effect of high-
dose supplementation with vitamin C and E, beta-carotene, and zinc, either individually
or in combination, on the progression of AMD and cataracts [4]. This study enrolled
3640 patients aged between 55 and 80 years diagnosed with AMD. The AREDS1 study
showed a statistically significant benefit in consuming the AREDS formula, with a 25%
reduced risk of AMD progression over 5 years; although vision loss continued, it occurred
at a slower rate with a reduced risk of developing neovascularization [4]. However, the
study has several limitations. Firstly, it is unclear to what extent and at what exact dosage
vitamin C, vitamin E, and beta-carotene are beneficial for AMD patients because they were
administered only in combination and at a single dosage. Additionally, concerns have been
raised about the long-term safety of supplementation with dosages that clearly exceed the
recommended daily intake [44]. To address some of the original AREDS limitations, the
United States National Eye Institute sponsored a second large-scale randomized clinical
trial. This study, known as AREDS2, aimed to investigate if additional nutritional sup-
plements beyond AREDS1 supplements could further reduce the risk of progression to
advanced AMD [23].

Although AREDS1 and AREDS2 are the most comprehensive studies on vitamin
supplementation’s impact on AMD progression, smaller-scale studies have also been
carried out. However, research findings on the intake of these vitamins and minerals and
their association with AMD risk remain conflicting.

2.3.1. β-Carotene and Vitamin A

Beta-carotene is a carotenoid and it is the precursor of vitamin A. Both compounds
are liposoluble and excellent antioxidants, capable of counteracting the onset of free radi-
cals [45].

In the AREDS1 study, the supplement formulation included beta-carotene at a dose of
15 mg, based on the structural similarities between the components of the macular pigment
and beta-carotene [4]. Therefore, beta-carotene was long part of the recommendation for
supplementation in AMD patients. However, it is now established that high doses of
β-carotene (30 mg per day) increase the risk of lung cancer in smokers [24]. Although the
mechanism behind this harmful effect has not been fully elucidated, side effects do not
occur in non-smokers or when the carotenoid is administered at lower doses [46]. Based on
these data, it was recommended to omit beta-carotene supplementation in smokers with
AMD. Therefore, in the formulation of the AREDS2 study, beta-carotene was replaced with
lutein/zeaxanthin [23].

The protective effect of vitamin A against AMD is demonstrated by epidemiological
data from the National Health and Nutrition Examination Survey (NHANES I), which
showed that those who consumed higher amounts of fruits and vegetables rich in vitamin
A had a reduced risk of any stage of AMD [47]. A prospective population-based cohort
study has demonstrated that the sustained consumption of fruits and vegetables containing
provitamin A carotenoids can further decrease the risk of AMD [48].

However, other studies have not found a significant association between increased
dietary vitamin A intake and reduced AMD risk [22,49]. This conflicting evidence highlights
the need for additional studies to clarify the relationship between vitamin A and AMD.
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2.3.2. Vitamin C

Vitamin C, chemically known as ascorbic acid, is synthesized by plants and certain
mammals. However, humans have lost this ability over evolution making it necessary to
obtain vitamin C from dietary sources. Therefore, vitamin C is an essential micronutrient
for humans, with the recommended daily intake ranging from 75 mg for adult females
to 90 mg for adult males per day [50]. Fruits and vegetables are the primary sources of
vitamin C in the diet. Vitamin C plays a crucial role as a powerful antioxidant, contributing
positively to redox oxidative pathways, inflammation, maintaining endothelial integrity,
and regulating lipoprotein metabolism.

Vitamin C is plentiful in the retina, including in premature infants, and its potential
protective role in age-related retinal diseases is supported by animal studies. Studies in the
mid-1980s showed that ascorbic acid, specifically L-ascorbate, can reduce light-induced
damage in rat retinas, likely due to its antioxidant properties [51]. Another study that
supports the beneficial effect of Vitamin C is conducted by SanGiovanni et al. that found a
reduced risk of neovascular AMD in individuals with a high intake of β-carotene, vitamin
C, and vitamin E [52]. However, conflicting results were reported by Evans and Lawrenson,
who did not find a significant association between vitamin C and the primary prevention
of AMD [11]. This was consistent with other studies that also failed to show a clear
link between dietary vitamin C intake and reduced AMD risk, as reported by Delcourt
et al. [49] and Seddon et al. [22]. The Eye Diseases Control Study noted a significant
correlation between an increased intake of green vegetables and a markedly reduced risk
of AMD [53]. However, they found that total vitamin C consumption did not show a
significant association with reduced AMD risk [22]. Additionally, the study observed that
lower plasma levels of vitamin C were linked to a higher risk of AMD, whereas higher
plasma concentrations did not offer protection [22]. Furthermore, a 10-year follow-up study
did not find significant effects of vitamin C supplementation on AMD risk [54].

Overall, while some studies suggest a potential protective role for vitamin C against
AMD, the evidence remains inconclusive and further research on a larger scale is necessary
to clarify this relationship.

2.3.3. Vitamin E

Vitamin E is a fat-soluble vitamin and comprises four chemical compounds, among
which α-tocopherol is considered the most biologically active and an effective scavenger of
free radicals [55].

The recommended daily dose of 15 mg for adult males is based on α-tocopherol [50].
Photoreceptors and RPE cells, which have a high concentration of vitamin E, respond to
increased oxidative stress by increasing their levels of this vitamin [56]. Some evidence
supports the idea that vitamin E might offer benefits to those with AMD. Several studies
have indicated a correlation between low serum levels of tocopherol and AMD [57,58],
suggesting that elevated plasma carotenoid levels may offer protective effects [59].

An interventional study evaluated the effect of vitamin E on 1193 subjects, admin-
istering 500 IU of vitamin E (equivalent to 335 mg/day of α-tocopherol) or placebo [60].
After 4 years, no significant benefit was found in vitamin E supplementation for AMD
prevention or risk reduction [60].

Most randomized prospective studies evaluating the effect of vitamin E on AMD
have administered vitamin E in combination with other antioxidants, not allowing them
to establish the actual role of vitamin E in protecting against AMD. In fact, while high
blood levels of vitamin E may be considered protective, evidence regarding the influence
of vitamin E alone on the incidence or progression of AMD is currently limited.

2.3.4. Zinc

Zinc is an essential trace element, and it is the second most abundant transition metal
in the human body, following iron [61]. The human body contains approximately 2 g of
this element, with high concentrations in bones, skeletal muscles, liver, and eyes. The eye
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exhibits a relatively high concentration of zinc compared to other organs and tissues, with
the peak concentration reaching around 300 μg/g of dry tissue in the RPE [62]. Zinc is not
stored in the human body; thus, daily diet is the only way for humans to acquire zinc. It
occurs naturally in the form of sulfides or oxides and in food, it is most abundant in meat,
saltwater fish, sunflower and pumpkin seeds, bran, wheat, egg yolks, onion, garlic, and
tea [63]. The recommended daily intake of zinc for adults ranges from 12 to 15 mg/day [50].
Zinc is generally considered safe, particularly when taken orally, although long-term use,
even at low doses, may lead to anemia. There is evidence suggesting that zinc can affect
the utilization of other nutrients, particularly copper [64].

Zinc acts as a cofactor for hundreds of enzymes across all enzymatic classes and thus
participates in a broad range of metabolic functions [65]. Zinc is recognized as important
in the pathophysiology of several groups of diseases, including neurodegenerative dis-
eases [62]. Growing evidence suggests that zinc, due to its antioxidant properties, protects
cells from the damaging effects of oxidative stress, presumed to be a causative factor in the
development of various age-related retinal disorders [66,67].

The first study assessing the effects of oral zinc administration in AMD patients
was conducted in 1988 by Newsome et al. [68]. This was a randomized, 2-year, placebo-
controlled clinical trial involving 151 subjects with drusen or macular degeneration, finding
a statistically significant reduction in visual acuity loss in the group treated with zinc [68].
The study recommended a more definitive trial before making a general recommendation
for zinc supplementation in individuals at risk of vision loss from advanced AMD [68].
Contrary to this finding, two epidemiological studies did not confirm this outcome, where
zinc supplementation had no short-term effect on the progression of AMD [69] and was
not associated with a reduced risk of AMD [70]. After these, the large randomized, placebo-
controlled AREDS/AREDS2 studies were published [4,23]. These studies evaluated sup-
plementation with relatively high doses of some vitamins with or without some minerals,
including zinc administered as zinc oxide at 80 mg and copper at 2 mg per day. Copper was
included in the AREDS formulations along with zinc to prevent copper deficiency anemia,
which can occur due to metabolic competition with zinc during supplementation. These
studies suggested that zinc supplementation in combination with the AREDS formula and
other antioxidants could suppress retinal degeneration [71].

In conclusion, zinc supplementation has shown potential benefits for AMD patients
in certain studies, with some indicating a slowdown in progression. However, there is no
universal consensus on its efficacy, as other studies either found no effect or, in rare cases,
even suggested an adverse effect [62].

2.3.5. Selenium

Selenium is an essential trace element in human body, with recommended daily levels
set at 55 μg for both adult women and men [50]. Known for its antioxidant properties,
recent studies have explored whether selenium can mitigate the risk of AMD, especially
through its role in selenium-dependent glutathione peroxidase, which protects cellular
lipids from oxidative damage [72]. However, current evidence is inconclusive and does
not clearly confirm that selenium can effectively protect the macula from AMD [53]. The
role of selenium in protecting against AMD is still unclear due to a lack of case–control
studies. Further research is needed to determine if selenium can effectively prevent AMD
and associated eye complications.

2.4. Omega-3 Fatty Acids

Omega-3 fatty acids are polyunsaturated fatty acids (PUFAs) defined as essential
fats because humans lack the enzymatic mechanism necessary to synthesize them [73].
Their primary sources include fatty fish such as mackerel, salmon, trout, and tuna, which
are particularly rich in omega-3 eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) [74]. Omega-3 PUFA supplements, such as fish oil, are popular for their recognized
anti-inflammatory properties [75]. EPA and DHA can modulate the immune response
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by reducing the production of pro-inflammatory cytokines (TNF-α, IL-1, IL-6, LTB4) and
leukocyte activation, and by increasing anti-inflammatory derivatives like PGD2 [76,77].
Their anti-inflammatory mechanisms include altering the composition of phospholipid fatty
acids in cell membranes, disrupting lipid rafts, and inhibiting the pro-inflammatory nuclear
transcription factor κB activation, thereby reducing inflammatory gene expression and
activating anti-inflammatory responses [78]. Although generally safe and well-tolerated,
omega-3 fatty acid supplements may exacerbate bleeding and anticoagulation in individu-
als using anticoagulants [79].

In recent years, there has been growing interest in the potential protective role of
omega-3 PUFAs against various retinal diseases linked to inflammation, ischemia, light
exposure, oxidative stress, and aging [80]. DHA is a major structural component of the
retina, and EPA may play a role as a precursor to signaling molecules with a potential role to
influence retinal function [76]. PUFAs have also shown anti-inflammatory and antioxidant
properties, anti-angiogenic, anti-vasoproliferative, and neuroprotective effects [76].

Studies on animal models of macular degeneration have also demonstrated encourag-
ing outcomes with PUFA supplementation [77–82]. Moreover, they reduce pathological
angiogenesis across cellular and animal models by influencing numerous angiogenic factors
like platelet-derived growth factor (PDGF) and VEGF [80,83]. The AREDS2 trial included, in
addition to lutein and zeaxanthin, omega-3 long-chain PUFAs (DHA 350 mg + EPA 650 mg)
in the oral formulation for treating the progression to advanced AMD [23]. Overall, there
was no additional benefit observed from the addition of these components to the formu-
lation. Although the addition of omega-3 to the AREDS formulation did not prove to be
beneficial, it is believed that higher doses of EPA and DHA may have a desirable effect [84].
Additionally, unsaturated fats aid in the absorption of lutein and zeaxanthin [12].

In an observational study conducted by Georgiou and Prokopiou, patients with dry
AMD were supplemented with EPA and DHA for up to 6 months at doses ranging from 5
to 7.5 g per day, showing a significant improvement in vision, with patients experiencing a
gain of at least 15 letters [85].

2.5. Curcumin

Curcumin (diferuloylmethane) is the main bioactive component of the popular In-
dian spice turmeric (Curcuma longa) and is a water-insoluble yellowish-orange colored
polyphenol. It is isolated from the dried rhizome of Curcuma longa L. which belongs to
the Zingiberaceae family [86,87]. Belonging to the group of phytochemicals, curcumin is
considered a bioactive molecule with pleiotropic effects, demonstrating antioxidative, anti-
inflammatory, antimicrobial, antimutagenic, and antiproliferative properties [88–90]. The
mechanism by which curcumin induces its effects is still not fully understood, but it is
considered as a nutraceutical substance for the treatment of some chronic diseases such as
diabetes, neurodegenerative diseases, pulmonary infectious, rheumatism, and oncological
diseases [91,92].

Curcumin exhibits promising therapeutic potential in treating various eye conditions,
including diabetic retinopathy, chronic anterior uveitis, glaucoma, dry eye syndrome, and
AMD [93]. Its mechanisms of action involve reducing apoptosis rates in RPE cells and
decreasing overall inflammation by downregulating genes associated with inflammation
in AMD [93,94]. Specifically, curcumin’s biological, nutraceutical, and pharmaceutical
properties has been linked to its ability to lower levels of TNF-α and proinflammatory
interleukins (IL-1, IL-6, IL-8) [86]. Moreover, curcumin protects RPE against oxidative stress
and inflammation by activating Nrf2/HO-1 signaling and modulating the ERK pathway,
offering potential therapeutic benefits for diabetic retinopathy and AMD [86] (Figure 2).

These positive effects make curcumin a candidate for treating inflammatory and
degenerative retinal eye conditions [86], but research studies on the efficacy of curcumin
are mainly limited to in vitro and in vivo studies.

In an animal study, Mandal et al. observed significant retinal neuroprotection in rats
fed diets supplemented with curcumin (0.2% in diet) for 2 weeks [95]. This effect was
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attributed to curcumin’s ability to downregulate cellular inflammatory genes and inhibit
NF-κB activation [95]. Another study found that curcumin reduced the expression of free
radicals and gene expression of oxidative biomarkers such as superoxide dismutase (SOD),
glutathione, and malondialdehyde [96]. In this study, AMD was modeled by inducing aging
in RPE cells with pulsed H2O2, demonstrating that curcumin led to decreased apoptosis
and thus higher cell viability [96]. In addition, a study demonstrated that curcumin has
post-transcriptional regulatory effects and can induce gene silencing [97]. Curcumin was
also observed to both up-regulate and down-regulate specific microRNAs (miRNAs) that
could play a role in regulating the antioxidant system [97].

Curcumin, as a PPAR-γ agonist, may help slow AMD progression by reducing mi-
croglia’s proinflammatory effects. Saberi et al. found that curcumin activates PPAR-γ,
leading to lower production of matrix metalloproteinases (MMPs), particularly MMP-9,
which is involved in AMD pathogenesis by promoting RPE cell migration and extracellular
matrix degradation [98]. However, exploiting the biomedical potential of curcumin is
difficult due to its limited solubility and poor oral bioavailability. The main factors con-
tributing to the low levels of curcumin in plasma and tissues seem to be attributed to its
poor absorption, rapid metabolism, and rapid systemic elimination [99]. For this reason,
there has been a growing interest on nanoparticles and liposomes to enhance curcumin’s
bioavailability [100].

In conclusion, curcumin has good tolerance and does not exhibit dose-limiting toxicity
and it could be considered safe even at high doses (6 g/day orally for 4–7 weeks) in
humans [101].

Figure 2. Beneficial mechanisms of action of curcumin on retinal diseases.

2.6. Saffron

Saffron is a spice obtained from Crocus sativus L., a plant of the Iridaceae family. Since
ancient times, it has been used as an herbal medicine and as a coloring and flavoring
spice. Saffron and its major constituents, such as crocetin, crocin, picrocin, and safranal, are
natural carotenoids with antioxidant, anti-inflammatory, and neuroprotective effects [102].
These neuroprotective effects have been studied in neurodegenerative diseases such as
Alzheimer’s and Parkinson’s [103] and in ocular diseases including AMD, glaucoma, and
other retinal diseases. An increasing number of studies have explored the effects and
mechanistic pathways of saffron and its compounds to assess their potential therapeutic
use in ocular diseases. Most studies showed that saffron has a strong antioxidant activity,
due to its carotenoids, especially crocin, protecting biomolecules from free radicals [104].
Additionally, saffron components exhibited anti-inflammatory and antiapoptotic effects
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possibly by inhibiting apoptosis mediated by caspase after retinal damage [105,106]. More-
over, crocin and crocetin are also known to enhance oxygen diffusion and improve ocular
blood flow in the retina and choroid, which are crucial factors in AMD progression [107].
Considering AMD patients, six clinical studies assessed vision-related parameters after
oral saffron supplementation [108–113]. All these studies showed significant improvement
in visual acuity across different saffron dosages (ranging from 20 to 50 mg daily), even with
short-term supplementation of around three months [108–113].

It is not possible to make a direct quantitative comparison because the above-mentioned
studies had differences in formulation, dosage, intervention length, test methods, and out-
come measures.

Longer-term data are available from only two non-randomized control trials, both
showing improvements within three months of saffron supplementation (20 mg daily),
with a stabilization over time [109,110].

2.7. Melatonin

Melatonin (N-acetyl-5-methoxytryptamine) is a neurohormone produced by the pineal
gland in the human brain. Is a ubiquitous biomolecule in nature, also produced by other
species of animals, plants, and microorganisms [114]. Additionally, this hormone is synthe-
sized in human ocular tissues, including the retina and ciliary body, which have specific
melatonin receptors [115]. Both melatonin and melanopsin, a regulator of melatonin syn-
thesis in the eyes, are produced in the human lens [116]. Melatonin controls the circadian
rhythm and sleep–wake regulation. Furthermore, it regulates various physiological func-
tions including immune response, retinal physiology, sexual behavior, body temperature,
and aging processes [117]. Melatonin acts as a scavenger for free radicals, playing a crucial
role in detoxifying ROS. This protective action not only shields cells from damage caused
by oxidative stress but also regulates the transcription of antioxidant genes through Nrf2
activation [118,119]. Additionally, melatonin influences several other molecular pathways
including inflammation, apoptosis, angiogenesis, and autophagy [120]. Recent studies
suggest that melatonin may decrease inflammation, oxidative stress, and apoptosis in
the retina and increase viability of RPE cells as well as of photoreceptors, indicating its
potential role in preventing and treating AMD [121,122]. One study reported that AMD
patients have lower levels of nocturnal melatonin production compared to age-matched
controls [123]. This could suggest that the decreased synthesis of melatonin may contribute
to oxidative stress and the onset of AMD. Moreover, another study showed that the daily
use of 3 mg of exogenous melatonin, for 3 months, in one hundred patients with AMD
could protect the retina and delay AMD onset [124].

Phagocytic and autophagic processes in RPE cells are influenced by circadian
rhythms [125], but the specific role of melatonin is not yet clear. Some studies indicated that
melatonin may regulate photoreceptor phagocytosis [126], while others did not confirm
this relationship. Retinal circadian clocks protect photoreceptors by reducing melatonin
secretion during light exposure [127].

Melatonin also protects RPE cells from light-induced apoptosis through the aggre-
gation of melanosomes and the absorption of light by melanin, which acts as an an-
tioxidant [128]. Melatonin plays a crucial role in protecting the blood-retinal barrier in
AMD-associated neovascularization, triggered by the accumulation of ROS [129]. This
molecule may reduce the levels of VEGF and nitric oxide in the retina [129], thus pre-
venting degradation of the blood–retinal barrier. Such action of melatonin suggests its
potential effect in the treatment of AMD and suggests that its administration, especially in
combination with antiangiogenic agents, could increase the efficacy of AMD therapy [119].

3. Role of Diet and Food Intake

In the last few years, in addition to all the aforesaid molecules (Table 1), there has been
a high interest in the role of diet and food intake since they are considered as modifiable
factors for preventing or slowing the progression of AMD [130,131].
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Table 1. Overview of the main effects of the discussed oral supplement compounds for the manage-
ment of age-related macular degeneration.

Active
Compounds

Daily
Therapeutic

Dosage

Prescription
Duration

Effects Bioavailability
Adverse Effect and
Contraindications

References
Clinical Trial

Number

Lutein 1–20 mg Weeks–months
Antioxidant activity

Improvement of
visual function

Moderate No adverse effects
demonstrated [23,31–33]

NCT00345176
NCT00763659
NCT01042860

ISRCTN94557601

Zeaxanthin 2–10 mg Weeks–months
Antioxidant activity

Improvement of
visual function

Moderate

May give the skin a
golden-yellow color
in people with fair

complexions

[10,23,31,33]

NCT01527435
NCT00345176
NCT00763659

ISRCTN94557601

Astaxanthin 4–20 mg Months
Antioxidant activity
Anti-inflammatory

effects
Low/Moderate Minimal toxicity [37,42]

Vitamin A 700–900 mcg Weeks Antioxidant activity Moderate/High

Hypervitaminosis,
with possible

permanent damage to
the liver and spleen

[4] NCT00000145

Vitamin C 100–500 mg Months Antioxidant activity High

Digestive problems,
vomiting, diarrhea,

gastritis;
may increase the risk
of kidney stones in

men

[23,33] NCT00345176
ISRCTN94557601

Vitamin E 400–500 UI Months Antioxidant activity High

Digestive problems,
vomiting, nausea;

may increase blood
pression and reduce
thyroid hormones

[23,33] NCT00345176
ISRCTN94557601

Zinc 2–80 mg Weeks–months Antioxidant activity High

Vomiting, nausea or
diarrhea, irritability,
drowsiness, anemia,

dizziness;
may cause copper
deficiency anemia

[23,33] NCT00345176
ISRCTN94557601

Selenium 50–200 μg Weeks–months Antioxidant activity High
Digestive problems,
vomiting, diarrhea,

nausea
[50,72]

Eicosapentaenoic
acid

Docosahexaenoic
acid

350 mg–7.5 g Weeks–months

Anti-inflammatory
effects

Antioxidant
properties

Anti-angiogenic and
anti-vasoproliferative

effects
Neuroprotective

effects

Moderate May increase the risk
of bleeding [23,31] NCT00345176

NCT00763659

Curcumin 500 mg–3 g 3–4 weeks

Possible prevention of
retinal pigment

epithelium cell death
Anti-inflammatory

effects
Antioxidant activity

Very Low

Minimal toxicity,
predominantly
gastrointestinal

upsets;
may interfere with

antibiotics,
cardiovascular drugs,
anticancer drugs, and

antidepressants

[86]

Saffron 20–30 mg Weeks–months
Anti-inflammatory

effects
Antioxidant activity

Moderate

Mood disorders,
lethal dose of

approximately 20 g;
May interfere with

cardiovascular drugs

[9,111]

ACTRN12612000
729820

IRCT2012052198
20N1

Melatonin 3–20 mg Weeks–months

Antioxidant activity
Anti-inflammatory

effect
Possible increase in

RPE cell viability

Moderate

Drowsiness;
may enhance sedative
effects of some drugs

such as
benzodiazepines

[119,124]

Recent studies have highlighted the relationship between the Mediterranean diet and
AMD [132–134]. The Mediterranean diet is characterized by a high intake of vegetables,
fruits, legumes, grains, and nuts; moderate consumption of poultry, dairy and fish; limited
consumption of red meat; and low to moderate amounts of red wine may be consumed.
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Olive oil is used instead of butter as the main condiment fat. High adherence to this dietary
pattern has been associated with a lower risk of developing AMD [133,134] and has also
been shown to be beneficial for reducing the progression of late AMD [135]. This dietary
approach could potentially mitigate oxidative stress and inflammation and provide a shield
against AMD progression. The consumption of specific foods also appears to protect
against the risk of AMD, such as vegetables rich in carotenoids, especially dark green
leafy vegetables [22,135], and fatty fish containing omega-3 fatty acids [82,136]. Conversely,
high consumption of foods like animal fats containing omega-6 fatty acids [137] and red
and processed meat [138] should be minimized to reduce the risk of AMD progression
(Figure 3).

Figure 3. Simplified schematic representation of the food pyramid showing the possible role of
food intake on age-related macular degeneration.

Table 2 provides a more in-depth overview of the potential role of diet and food intake
in AMD.

Encouraging dietary improvements could help reduce AMD risk by focusing on
nutrient-rich foods and avoiding those that cause oxidative damage. Providing nutritional
guidance alongside standard treatments could be important for managing AMD effectively.
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Table 2. Overview of the possible role of diet and food intake in age-related macular degeneration.

Dietary Factor Possible Effects on AMD General Considerations References

Mediterranean diet Lower risk of developing AMD
Lower risk of AMD progression

High consumption of fruits, vegetables, legumes,
whole grains and nuts; moderate consumption of
fish, poultry and dairy; limited consumption of

red meat; olive oil used as main fat; low to
moderate amounts of red wine

[131–134]

Western diet Increased AMD prevalence
Higher intake of red meat, processed meat,

high-fat dairy products, fried potatoes,
refined grains

[135]

High glycemic
index diets Increased risk of early AMD

Glycemic index is a measure that ranks
carbohydrate-containing foods based on their
impact on blood sugar levels over a 2 h period.
Pure glucose is assigned the reference GI of 100.
High consumption of foods with high GI (>70):
white bread, potatoes, white rice, cereals, honey,

and refined sugar
Low consumption of foods with low GI (<55):

whole fruit and vegetables, whole wheat bread,
pasta, oats, bran, legumes, milk, and yoghurt

[139,140]

Vegetables and fruits Lower risk of AMD
200 g per day of vegetables, in particular

dark green leafy vegetables (broccoli, spinach. . .)
and fruit two times per day

[22,48]

Fish and omega-3 Reduced risk of AMD One or more servings of fish per week [48,136,137]

Red and processed meat Increased risk of developing
AMD

High consumption especially of processed meat
(salami or continental sausages) [138]

Alcohol Higher risk of development AMD More than two drinks a day [141,142]

AMD: Age-related macular degeneration; GI: glycemic index.

4. Discussion

This review focused on the preventive qualities and effects of several oral supplements
as well as food intake for managing AMD. By shielding RPE cells from oxidative stress
and preventing them from apoptosis, most of the oral supplements examined in this
review provide therapeutic benefits through primarily antioxidant actions. While these
supplements cannot replace traditional medical and surgical treatment, they can have a
positive synergistic effect that boosts the efficacy of gold-standard therapies and aids in
stabilizing the patient’s general state of health.

In fact, the growing use of these oral supplements in clinical practice for the man-
agement of AMD has aroused considerable interest on the part of researchers to better
understand their potential beneficial effects for the treatment of this ocular disease, adding
them to conventional therapy characterized by intravitreal anti-VEGF drugs.

Considering oral supplements, all have shown substantially protective activities to-
wards the retina in case of AMD, both in reducing the risk of development and progression
of the disease. Furthermore, except for curcumin, all of these substances have moderate to
high bioavailability when taken orally, with a good safety and tolerability profile. In fact,
excluding curcumin and zinc, which showed a greater interaction with other drugs and a
greater onset of undangerous gastrointestinal disorders, all molecules have demonstrated
minimal toxicity in the clinical studies published in the literature.

While lutein and zeaxanthin are well recognized as retinal protective molecules,
having already been included in the AREDS2 study [23], of particular interest are certainly
astaxanthin, EPA, and DHA, which have shown very promising effects thanks to their anti-
inflammatory, anti-angiogenic, anti-vasoproliferative and neuroprotective properties. In
particular, all these molecules can exert their beneficial effects by modulating the immune
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response, thus reducing the production of pro-inflammatory cytokines and leukocyte
activation, together with the increase of anti-inflammatory derivatives [76,77].

In addition to oral supplements, diet and food intake have also recently attracted
increasing interest in the ophthalmology field, in particular in the clinical management
of degenerative diseases such as AMD. In fact, several studies in the literature have
demonstrated the protective effects of some foods, such as fish, fruit, and vegetables,
and the harmful effects of others, such as red and processed meat, alcohol, and all foods
with a high glycemic index. However, more scientific evidence is needed to better establish
the relationship between AMD and diet, and to better understand the potential benefits of
healthy food for the management and the prevention of this ocular disease.

The narrative and non-systematic nature of this review, together with the fact that it
was composed using only one scientific database (PubMed), could be considered limitations
of this study. Furthermore, only some of the main oral supplements that are currently used
in clinical practice to control AMD have been reviewed in this study.

5. Conclusions

The integrative use of antioxidants, vitamins, organic compounds, and micronutrients,
along with a balanced and healthy diet, may be beneficial for the treatment of AMD, as
well as glaucoma and other ocular disorders [143–145].

However, effective oral supplementation strategies are challenging to design due to a
number of limiting factors, including the complexity of the anatomy and tissues of the visual
system, the timing of patient enrollment in clinical trials, the lack of valid endpoints, and
our incomplete understanding of the underlying molecular causes of neurodegenerative
diseases, including AMD.

For this reason, more investigations and even large-scale multicenter clinical trials
are continuously required to confirm the efficacy of these oral supplements and to gain
a deeper understanding of their mechanisms of action to fully utilize their therapeutical
properties as adjuvant therapeutic alternatives in treatment regimens for AMD, in addition
to the promotion of a healthy diet, given the potential benefits it can bring to AMD patients.
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