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Abstract

Objectives: To describe ophthalmic phenotypes prompting genetic testing and to calculate the molecular diagnostic yield
retrospectively in a real-world tertiary health center cohort.

Methods: This retrospective observational study employed a phenotype-first review of archived clinical genetic testing
records. Unique individuals with documented ocular manifestations were identified and deduplicated using demographic
and phenotype consistency rather than laboratory patient number alone. Patients were assigned one primary molecular
outcome: Phenotype-concordant pathogenic or likely pathogenic diagnosis, candidate/variant of uncertain significance/partial
finding, unresolved, or secondary/non-diagnostic pathogenic or likely pathogenic finding. Variants of uncertain significance,
single pathogenic alleles for recessive disorders, and unphased biallelic variants were not counted as definitive diagnoses.
Results: Among 33 unique individuals, phenotype-concordant molecular diagnoses were established in 18.2% (6/33),
while candidate, variant of uncertain significance, or partial findings were more frequent at 54.5% (18/33). Diagnoses
involved REEP6, TYR, PTEN, BRPFI, and CACNAIF. An additional patient with albinism carried two heterozygous TYR
pathogenic or likely pathogenic variants, but phase was not established; confirmation in trans would increase the yield to
21.2%. Excluding a CACNAIF case with a nonspecific archived phenotype reduced the yield to 15.2%.

Conclusion: The conservative molecular diagnostic yield was 18.2%, with candidate and partial findings substantially out-
numbering definitive diagnoses. This gap underscores the importance of phenotype concordance, inheritance-aware inter-
pretation, and segregation analysis in real-world ophthalmic genetics, where unresolved cases represent a reanalysis cohort
rather than a diagnostic dead end.
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Introduction

Clinical utility of genetic testing relies on identifying causative
etiology rather than isolated variant detection. Establishing
an etiologic molecular diagnosis transforms raw genom-
ic variation into actionable clinical insights, enabling sub-

type-directed therapeutics, recurrence risk estimation, and

predictive family cascade testing (1,2). Conversely, reporting
uncontextualized variants or uncertain findings without es-
tablished causality introduces ambiguity and risks inappro-
priate interventions (3,4). Molecular diagnostic yield (MDY)
refers to the proportion of tested individuals in whom a ge-
netic finding is sufficient to establish a clinically meaningful
diagnosis (5). This distinction matters because sequencing
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often identifies variants that are uncertain or do not fully
explain the observed phenotype (6,7). In inherited retinal
disease, a case is usually considered solved when the detect-
ed variant or variants are pathogenic or likely pathogenic,
match the reported phenotype, and fit the expected inheri-
tance pattern (2,8) although studies vary in both the criteria
used and the stringency with which those criteria are applied
(9,10). MDY therefore reflects not only how often testing
provides a definitive diagnosis, but also how many patients
remain unresolved and may benefit from reanalysis, broader
testing, or further gene discovery (I).

Inherited eye diseases are genetically and phenotypically
heterogeneous: Similar ocular phenotypes may result from
variants in different genes, whereas variants in the same gene
may cause either isolated ocular disease or multisystem syn-
dromes (I1,12). Ocular findings may also precede systemic
manifestations and provide an early clue to an underlying syn-
dromic disorder (I3). However, the same ocular phenotype
often maps to multiple genes and the same gene to variable
ocular and systemic presentations, limiting phenotype-only
prediction (14,15). Establishing a molecular diagnosis can
therefore distinguish phenotypically overlapping disorders
(2,16), refine or confirm the clinical diagnosis, clarify inher-
itance and recurrence risks, guide genetic counselling (17),
and prompt surveillance for extraocular manifestations that
may not yet be clinically apparent. Molecular diagnosis is also
increasingly relevant to treatment, as eligibility for clinical tri-
als and gene- or mechanism-directed therapies may depend
on identification of the causative gene or variant (I).

Despite these benefits, molecular diagnostic yield varies
considerably across inherited retinal disease (IRD) cohorts
according to phenotype definition, cohort ascertainment,
sequencing approach, variant interpretation framework, an-
cestry, and the criteria used to define a molecularly solved
case (1,9). In a systematic review and meta-analysis of pan-
el-based IRD studies including 23,324 patients, pooled diag-
nostic yield was 57.0% in studies with IRD-related enroll-
ment and 61.7% in studies with strict IRD enrollment (10).
In a prospective single-centre cohort of 1,000 patients with
inherited eye disease undergoing genome sequencing, a defi-
nite genetic diagnosis was established in 57.4%, while 16.7%
had unresolved VUS findings in known IRD/ION genes (8).
Thus, even with contemporary genomic testing, a substantial
proportion of patients remain without a definitive molecular
diagnosis (8,10).

A broad sequencing report may contain a pathogenic or
likely pathogenic (P/LP) variant that is incidental to the pre-
senting ocular phenotype, a single P/LP allele in a recessive
disease gene, or one or more variants of uncertain signifi-
cance (VUS) (8). American College of Medical Genetics and
Genomics (ACMG)/Association for Molecular Pathology

(AMP) standards emphasize standardized variant terminol-
ogy and evidence-based classification, including segregation
and inheritance evidence (3). Consequently, variant detec-
tion should not automatically be equated with a pheno-
type-concordant molecular diagnosis (2,18,19).

We therefore evaluated a regional clinical genetics co-
hort retrospectively using a phenotype-first, patient-level
adjudication strategy. Our objectives were to describe the
ophthalmic spectrum that prompted genetic evaluation, de-
termine a conservative phenotype- and inheritance-concor-
dant molecular diagnostic yield, quantify candidate/VUS and
secondary findings, and identify borderline cases in which
segregation or improved ophthalmic phenotyping could alter
molecular resolution.

Methods

Study Design and Setting

This retrospective observational cohort study reviewed ar-
chived clinical genetic testing records from Adiyaman Uni-
versity Faculty of Medicine Department of Medical Genetics,
Adiyaman, Tirkiye, during 7 March 2022-17 March 2025.

Ethics Committee Approval

The study was approved by the Adiyaman University School
of Medicine Ethics Committee for Non-Interventional Clin-
ical Research on May 6, 2026 (approval no. 2026/4-41) and
conducted according to Declaration of Helsinki. The manu-
script was prepared in accordance with the STROBE report-
ing guideline.

Cohort Identification

Patients were eligible when the referral indication or clin-
ical description explicitly documented an ocular, visual, or
periocular manifestation. Eligible findings included retinal
dystrophy/retinitis pigmentosa, optic neuropathy/optic at-
rophy, cataract/lens disorder, microphthalmia, albinism/pho-
tophobia, nystagmus, strabismus, refractive error, ptosis,
proptosis/orbital findings, visual impairment, and multisys-
tem presentations containing an explicit ophthalmic feature.
False-positive text matches, non-ophthalmic uses of similar
terms, and family-history-only ocular findings without a pro-
band ocular phenotype were excluded.

Patient-Level Deduplication

The unit of analysis was the unique individual, not the test
row, accession, or laboratory patient number. Some individ-
uals received different patient numbers during sequential
testing. Records were therefore consolidated using name,
date of birth, sex, and clinical phenotype/identity consisten-
cy. All molecular tests belonging to the same individual were
reviewed together before assigning a final patient-level out-
come.
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Genetic Testing and Variant Interpretation

Testing reflected the clinically ordered next-generation se-
quencing panels, exonic profiling, and sequential gene panels
documented in the archived reports. Variant nomenclature,
transcript, protein consequence, zygosity, and laboratory
classification were transcribed when directly retrievable.
Missing molecular fields were not inferred. Laboratory clas-
sifications were interpreted in the context of ACMG/AMP
terminology (3).

Molecular Adjudication and Primary Outcome

Each patient was assigned one primary outcome. Category
A required a P/LP variant or genotype compatible with both
the presenting phenotype and expected inheritance. Catego-
ry B comprised phenotype-relevant VUS, candidate variants,
single P/LP alleles for recessive disorders, unresolved phase,
or other partial molecular explanations. Category C com-
prised appropriately tested patients without an explanatory
finding. Category D comprised patients whose P/LP finding
was secondary, incidental, carrier-related, or otherwise un-
related to the presenting ophthalmic phenotype and who did
not have a stronger phenotype-relevant candidate category.
Secondary findings were recorded separately and were never
added to the diagnostic numerator. The primary diagnostic
yield was category A divided by all unique individuals in the
primary cohort.

Sensitivity Analysis

Two clinically motivated sensitivity analyses were prespec-
ified during adjudication. First, an albinism case with two
heterozygous TYR P/LP variants was modeled as diagnosed
if segregation established that the variants were in trans.
Second, a hemizygous CACNAIF likely pathogenic case was
removed from the numerator in a strict phenotype analy-
sis because the archived ophthalmic description was limited
to eye deviation. CACNA | F-associated disease can include
myopia and nystagmus and encompasses overlapping reti-
nal phenotypes, supporting biological plausibility while also

underscoring the need for precise ophthalmic phenotyping
(20,21).

Statistical Analysis

Data were analyzed using Microsoft Excel for Microsoft 365
Enterprise, Version 2608 (Microsoft Corporation, Redmond,
WA, USA). Data were summarized descriptively as counts
and percentages. Because the study objective was descrip-
tive and the cohort was small and clinically heterogeneous,
no inferential comparisons between phenotype subgroups
were prespecified. Diagnostic yield was calculated using the
unique patient as the denominator. Sensitivity analyses were
performed by recalculating the diagnostic numerator and
yield under the prespecified TYR phase and strict CACNAIF
phenotype scenarios.

Results

Cohort and Molecular Outcomes

Thirty-three unique individuals met the primary ophthalmic
inclusion criteria after patient-level deduplication. Presenta-
tions included retinal dystrophy/retinitis pigmentosa, optic
nerve disease, albinism, microphthalmia, congenital cataract/
visual impairment, nystagmus, myopia, ptosis, proptosis, pho-
tophobia, and syndromic strabismus. Neurodevelopmental,
neuromuscular, endocrine, craniofacial, and connective-tis-
sue features were common in the syndromic subgroup.

Six of 33 individuals had a phenotype- and inheritance-con-
cordant molecular diagnosis, corresponding to a conservative di-
agnostic yield of 18.2%. Eighteen (54.5%) had candidate/VUS/par-
tial findings, six (18.2%) remained unresolved, and three (9.1%)
had only secondary/non-diagnostic P/LP findings (Table I).

Phenotype-Concordant Diagnoses

The primary diagnoses involved REEPé, TYR, PTEN, BRPFI,
and CACNAIF (Table 2). A homozygous pathogenic REEPé
splice variant was concordant with retinitis pigmentosa. A
pathogenic TYR variant was concordant with albinism. Two
patients with syndromic neurodevelopmental presentations
including strabismus carried PTEN variants. A heterozygous
truncating BRPFI likely pathogenic variant was considered
explanatory in a patient with epilepsy, learning difficulty, and
strabismus. A hemizygous CACNAIF likely pathogenic variant
was retained as diagnostic in the primary analysis, with the
phenotyping caveat addressed by sensitivity analysis.

Candidate, Partial, and Secondary Findings

The largest group comprised 18 patients with candidate/
VUS/partial findings. Examples included a heterozygous
pathogenic PCARE variant without a second confirmed
pathogenic allele in a patient with retinitis pigmentosa and
a heterozygous likely pathogenic GNAT2 frameshift in a pa-
tient with nystagmus and visual loss, insufficient by itself for a
recessive GNAT2-related diagnosis. This distinction parallels
larger inherited-eye-disease studies in which unconfirmed
biallelism and single heterozygous P/LP alleles in recessive
genes constitute a substantial fraction of unresolved case.

Table |. Patient-level molecular outcomes in the primary ophthalmic
cohort

Molecular outcome n %
Phenotype-concordant molecular diagnosis 6 18.2
Candidate/VUS/partial 18 54.5
Unresolved 6 18.2
Secondary/non-diagnostic P/LP only 3 9.1
Total 33 100.0

P/LP: pathogenic/likely pathogenic;VUS: variant of uncertain significance.
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Table 2. Phenotype-concordant molecular diagnoses

Phenotype Gene

Principal variant

Classification / interpretation

Retinitis pigmentosa REEP6
Albinism TYR

Strabismus, macrocephaly,

PTEN
developmental delay
Right-eye strabismus,
autism/nonverbal PTEN
phenotype
Strabilsmu.s, epilepsy, BRPF]
learning difficulty
Eye deviation, hypotonia, CACNAIF

developmental delay

¢.209+1G>A, homozygous
c.715C>T

NM_000314.8:c.413A>G
(p-Tyr138Cys), heterozygous

NM_000314.8:c.l177del
(p-Asp393MetfsTer23), heterozygous

NM_001003694.2: c.1773G>A
(p.Trp591Ter), heterozygous

NM_001256789.3:c.1717G>T
(p-Gly573Cys), hemizygous

Pathogenic; Diagnostic

Pathogenic; Diagnostic

P/LP in source record; Diagnostic

Likely pathogenic; Diagnostic

Likely pathogenic; Diagnostic

Likely pathogenic;
Diagnostic in primary analysist

TRetained in the primary analysis; excluded in strict phenotype sensitivity analysis because the archived ocular phenotype was nonspecific.

Table 3. Diagnostic-yield sensitivity analyses

Analysis Diagnosed/total  Yield
Primary conservative analysis 6/33 18.2%
cormd e e
Strict phenotype analysis excluding 5/33 15.2%

CACNAIF case

One patient with albinism carried TYR NM_000372.5:c.
1264C>T (p.Arg422Trp), heterozygous pathogenic, and TYR
c.1339T>A (p.Tyr447Asn), heterozygous likely pathogenic.
Because phase was not established in the archived report,
the patient was classified as partial rather than definitively
diagnosed. Several other patients carried P/LP findings con-
sidered unrelated to their presenting ophthalmic phenotype;
these findings were recorded but excluded from the diagnos-
tic numerator.

Sensitivity Analyses

The primary diagnostic yield was 18.2% (6/33). If the two
TYR P/LP variants in the additional albinism case are con-
firmed in trans, the yield would be 21.2% (7/33). Excluding
the CACNAIF case under a strict ophthalmic-phenotype cri-
terion yielded 15.2% (5/33) (Table 3).

Discussion

In this retrospective cohort from a regional, tertiary health
center medical genetics service, a conservative molecular
diagnostic yield of 18.2% was observed when the diagnostic
numerator was restricted to phenotype- and inheritance-con-
cordant findings. This yield is lower than most published
IRD-focused sequencing cohorts, where reported yields com-
monly fall in the 50-75% range, but that difference is expect-
ed given the present study’s broader real-world referral base,

inclusion of non-retinal and syndromic ophthalmic presenta-
tions, archived sequential testing pathways, and deliberately
stringent case-adjudication rules (9,22). Published data show
that yields differ markedly even within inherited eye disease,
from relatively low rates in microphthalmia-anophthalmia-col-
oboma to much higher rates in congenital cataract and select-
ed retinal subgroups, underscoring that pooled comparisons
can be misleading when case mix differs (5,23,24). In addition,
the present dataset derived from archived clinical reports gen-
erated across evolving eras of testing, and retrospective series
spanning older sequencing approaches tend to underrepresent
structural, copy-number, deep intronic, noncoding, and tech-
nically challenging variants that are more reliably detected by
contemporary panel, exome, and especially genome sequenc-
ing, as well as by modern reanalysis pipelines (6,8,25,26).

A second major finding was the predominance of partial
or inconclusive results. More than half of the cohort fell into
the candidate/VUS/partial category, whereas only six patients
had no explanatory or potentially explanatory variant. This
pattern is consistent with contemporary inherited-eye-dis-
ease studies, in which unresolved cases often reflect incom-
plete molecular resolution—such as VUS, unconfirmed bi-
allelism, unresolved phase, or variants requiring functional
validation—rather than complete absence of a molecular
signal. Broader testing may also detect pathogenic variants,
carrier states, or other reportable findings unrelated to the
presenting ocular phenotype (8,27-30). Thus, the high pro-
portion of category B cases should not be viewed simply
as testing failure, but as the gap between variant detection
and a fully adjudicated molecular diagnosis, underscoring the
value of standardized ACMG-based interpretation and close
clinician—laboratory correlation (3,5,7,31).

Several cases illustrate this challenge. Single heterozygous
P/LP variants in recessive disease genes are a common source



Cevik, Molecular Yield in Ophthalmic Phenotypes

269

of partial or unresolved diagnoses after broad sequencing,
particularly when phase is unknown or the second allele re-
mains unconfirmed (8,28,32). The TYR case is especially in-
formative: Confirmation that the two heterozygous variants
are in trans would convert a partial finding into a solved
recessive diagnosis, underscoring the value of segregation
analysis or phase-resolving long-read approaches when fam-
ily testing is unavailable (26,30). The solved cases also sup-
port requiring phenotype concordance in addition to labo-
ratory pathogenicity. The homozygous REEP6 splice variant
was strongly consistent with RP, whereas the CACNA/F case
remained more tentative because CACNA|F-related disease
spans overlapping retinal phenotypes and limited archived
phenotyping constrained confident adjudication (20,21).
More broadly, molecular testing can refine or revise both di-
agnosis and inheritance models in heterogeneous retinal dis-
ease, so excluding secondary or phenotype-discordant P/LP
findings from the diagnostic numerator avoids inflating yield.

Several limitations should be acknowledged. The cohort
was small, clinically heterogeneous, retrospectively assem-
bled, and evaluated through a nonuniform testing pathway,
which reflects real-world practice but limits precision and
comparability with prospective or standardized single-plat-
form studies. Archived reports were incomplete in some
cases, molecular fields were not inferred, and meaningful
subgroup analyses were therefore not possible. In addition,
some currently partial cases may ultimately be resolved
through segregation testing, VUS reclassification, or broader
reanalysis, as demonstrated in reinvestigation studies (33).

Molecular diagnostic yield in routine regional medical ge-
netics practice may be lower than that reported in highly
selected inherited retinal disease cohorts, while unresolved
and partially informative findings remain common. This
difference likely reflects not only sequencing technology,
but also patient selection, phenotype concordance, inher-
itance-aware interpretation, and the rigor of patient-level
adjudication. Importantly, an inconclusive result is not nec-
essarily a final diagnostic endpoint, as segregation analysis,
variant reclassification, periodic reanalysis, and advances in
genomic testing may resolve a proportion of cases over time.
Real-world MDY should therefore be viewed as a dynamic
measure shaped by both current interpretive limitations and
the potential for future diagnostic resolution.
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