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Abstract

Background: Genetic diseases arise from molecular alterations that disrupt protein function,
gene regulation, or chromosome dosage. Sequencing can identify causal variants, but
interpretation requires integration of clinical findings, inheritance patterns, and technical
limitations. This study explored these principles through an explicitly simulated diagnostic
cohort rather than observations from actual patients.

Methods: One hundred synthetic case records were constructed to represent neuromuscular,
developmental, and metabolic presentations. A predefined analytical framework combined
phenotype-directed exome interpretation, copy-number assessment, and hypothetical
segregation testing. Outcomes were assigned as molecularly resolved, uncertain, or negative.
Diagnostic proportions were calculated descriptively. No human participants, biological
specimens, or identifiable information were used.

Results: Sixty-six simulated cases received a molecular diagnosis, 18 retained an uncertain
finding, and 16 remained unresolved. Among resolved cases, 38 involved single-nucleotide
variants, 20 involved small insertions or deletions, and eight involved copy-number changes.
Diagnostic proportions were 75.0% for neuromuscular presentations, 68.6% for
developmental presentations, and 48.0% for metabolic presentations. These differences
reflected the constructed case distribution and should not be interpreted as comparative
clinical performance.

Conclusion: The simulation illustrates how variant classification, inheritance assessment, and
complementary detection methods can organize molecular investigation of inherited disease.
It also demonstrates why uncertain variants should not independently establish a diagnosis.
Because all outcomes were predetermined, the study provides an educational framework
rather than evidence of diagnostic effectiveness. Prospective evaluation using independently
adjudicated clinical cases would be necessary before drawing conclusions about patient
benefit or laboratory performance.
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copy-number variation, genetic counseling
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1. Introduction

Genetic diseases represent a heterogeneous group of conditions caused by alterations in DNA
sequence, chromosome structure, or gene regulation. Their clinical manifestations range from
congenital abnormalities and childhood-onset metabolic disorders to progressive neurological,
cardiovascular, and multisystem disease in adulthood. Although many individual genetic disorders are
rare, collectively they contribute substantially to chronic illness, disability, and complex healthcare
needs. Establishing an accurate molecular diagnosis can clarify disease mechanisms, inform
recurrence-risk counseling, and, in selected conditions, guide surveillance or treatment. Nevertheless,
considerable variation in clinical presentation and genetic architecture continues to complicate
diagnostic evaluation.

The molecular basis of inherited disease extends beyond a simple relationship between a single
variant and a recognizable phenotype. Different pathogenic variants within one gene may produce
distinct clinical syndromes, while variants in multiple genes may result in overlapping manifestations.
Incomplete penetrance, variable expressivity, mosaicism, and environmental influences can further
modify disease presentation. These features create challenges when distinguishing disease-causing
alterations from benign genetic variation, particularly in patients with atypical symptoms or limited
family history. Consequently, meaningful interpretation requires integration of molecular findings
with detailed clinical assessment and, where available, segregation data from relatives.

Advances in next-generation sequencing have expanded the capacity to investigate suspected genetic
disease. Targeted gene panels and whole-exome sequencing enable simultaneous assessment of
numerous disease-associated genes, reducing reliance on sequential testing strategies. However, the
detection of a rare variant does notitself.establish causality. Technical limitations, including uneven
sequence coverage and reduced sensitivity for certain’structuralivariants, repeat expansions, and
noncoding alterations, may leave/clinically relevant-changes undetected. Moreover, variants of
uncertain significance remain a frequent interpretive challenge and should not be treated as
confirmed explanations for a patient’s condition without sufficient supporting evidence.

Diagnostic performance also depends on the population and clinical setting in which testing is applied.
Underrepresentation of someiancestry groupsin-genomic-databases may complicate allele-frequency
interpretation and increase uncertainty invariant classification. Differénces in referral patterns, access
to specialist assessment, and availability of family testing can also/influénce the proportion of patients
receiving a molecular diagnosis. These considerations support clinically/grounded studies that
evaluate sequencing results alongside-phenotypic characteristics-rather than reporting variant
detection alone.

The present study aimed to characterize the molecular-findings in a clinically referred cohort of
patients with suspected inherited disorders undergoing whole-exome sequencing. Its primary
objective was to determine the proportion receiving a molecular diagnosis based on pathogenic or
likely pathogenic variants consistent with the phenotype and expected inheritance pattern. Secondary
objectives were to describe the implicated genes and variant classes, evaluate associations between
selected clinical characteristics and diagnostic outcomes, and characterize unresolved findings. By
integrating standardized phenotyping with structured variant interpretation, the study sought to
identify practical opportunities and limitations in the molecular diagnosis of genetic disease.
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Figure 1. Figure 1. Molecular schematic'of sequence/disruption,-altered protein function, and gene-dosage
imbalance.finherited disease)

2. Materials and Methods

A prospective observational study will investigate the molecular basis of suspected inherited
neuromuscular disorders in 120 unrelated patients.referred to a tertiary medical genetics service over
18 months. Eligible participants will be aged atleast-oneyedr;and have persistent muscle weakness,
hypotonia, exercise intolerance; elevated serum creatine kinase, or/electrophysiological findings
suggesting a hereditary neuromuscular conditioh. Enroliment will/require assessment by a neurologist
and clinical geneticist. Patients with an lestablished acquired explanation, including inflammatory
myopathy, toxic neuropathy, or endocrine disease, will be excluded: Consecutive eligible patients will
be approached to limit selection bias:“The sample size is feasibility-based and intended to estimate
diagnostic yield rather than test a specific:-gene-phenotype association.

Recruitment will begin only after institutional ethics committee approval. Written informed consent
will be obtained from adult participants or parents or legal guardians, with age-appropriate assent
from minors. Pretest counseling will address test limitations, uncertain findings, implications for
relatives, and preferences regarding secondary findings. Participants may decline secondary findings
without affecting enrollment. Clinical and genomic information will be coded and stored on
access-controlled institutional servers, with identifying information maintained separately. Clinically
relevant findings will undergo confirmatory assessment before disclosure through post-test genetic
counseling.

Clinical information will be collected using a standardized case report form covering age at symptom
onset, disease progression, developmental history, consanguinity, medication exposure, and a
three-generation pedigree. Available creatine kinase measurements, electromyography findings,
muscle imaging, and biopsy reports will be reviewed; invasive investigations will not be performed
solely for research. Phenotypes will be encoded using Human Phenotype Ontology terms. Participants
will be classified provisionally as having a predominantly myopathic, neuropathic, motor neuron, or
mixed presentation before sequencing results are reviewed. This classification will guide
interpretation without restricting analysis to a single diagnostic category.

Peripheral blood will be collected in EDTA tubes, and genomic DNA will be extracted using a validated
silica-based method. DNA concentration and purity will be assessed by fluorometry and
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spectrophotometry. Exome libraries will undergo paired-end sequencing, targeting a mean depth of
at least 100-fold and at least 95% coverage of selected coding regions at 20-fold depth. Reads will be
aligned to the GRCh38 reference genome using a validated bioinformatics pipeline. Sample identity,
contamination, coverage, and reported biological sex concordance will be checked. Samples failing
quality thresholds will undergo repeat extraction or sequencing where feasible.

Single-nucleotide variants and small insertions or deletions will initially be assessed within an
established neuromuscular disease gene set. Analysis may subsequently expand to other
disease-associated genes when phenotype or inheritance supports this approach. Prioritization will
incorporate population frequency, predicted consequence, inheritance pattern, gene-disease validity,
and phenotypic concordance. Computational predictions alone will not establish pathogenicity.
Variants will be classified using ACMG/AMP criteria and applicable gene-specific guidance.
Exome-derived copy-number calls will require adequate quality metrics and independent
confirmation. Candidate sequence variants will undergo orthogonal confirmation when technically
indicated; segregation testing will be offered when informative relatives are available. Suspected
repeat expansions, mitochondrial variants, or technically challenging loci will be investigated using
targeted assays when clinically justified and available. These findings will be distinguished from
exome-derived diagnoses.

The primary outcome will be the proportion of participants receiving a molecular diagnosis supported
by pathogenic or likely pathogenic variants consistent with phenotype and inheritance. Variants of
uncertain significance will not count as diagnostic. Two reviewers will independently assess diagnostic
assignments, resolving disagreements/by.consensus. Diagnostic yield will be reported with 95%
Wilson confidence intervals. Exploratory comparisons by age at onset, family history, consanguinity,
and clinical category will use Fisher's-exacttest or appropriate nonparametric tests. Missing clinical
data will be reported without imputation. Technicalfailures and-unresolved cases will be described
separately, and exploratory findingsiwill be interpreted cautiously.

3. Results

The following results describe a hypothetical molecular genetic study using simulated data; they do
not represent observations from an actual.patient-cohort.,The modeled cohort comprised 240
unrelated individuals referred for suspected-inherited disorders. Median age at evaluation was 16
years (interquartile range, 7-32),;.and\130 participants (54.2%) were younger than 18 years. There were
124 females (51.7%) and 116 males(48:3%). A family history suggestive of Mendelian inheritance was
recorded in 92 participants (38.3%),.while parental consanguinity-was reported in 64 (26.7%). The
median interval between symptom onset and genetic evaluation was 4.2 years (interquartile range,
1.8-8.6).

All participants underwent exome sequencing with copy-number analysis, followed by targeted testing
when the clinical phenotype suggested a variant class inadequately assessed by exome sequencing.
Median sequencing depth was 112x, with 97.6% of targeted coding bases covered at least 20x. Twelve
samples required repeat library preparation because of initially insufficient coverage; all subsequently
met the predefined analytical thresholds. These quality metrics supported interpretation of most
coding regions but did not exclude undetected deep intronic variants, low-level mosaicism, or complex
structural rearrangements.

A molecular diagnosis was assigned to 108 participants, corresponding to an overall diagnostic yield
of 45.0%. Diagnosis required pathogenic or likely pathogenic findings consistent with the phenotype
and expected inheritance pattern. Yield varied across referral categories, ranging from 28.0% in
connective tissue and skeletal presentations to 55.0% in neuromuscular presentations (Table 1). These
differences were descriptive and were not interpreted as independent effects of phenotype because
referral characteristics and prior investigations differed between groups.

Table 1. Molecular diagnostic yield by primary referral phenotype in the simulated cohort
Primary referral phenotype Participants, n Molecular diagnoses, n (%)

Neuromuscular disorders 80 44 (55.0)
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Neurodevelopmental disorders 60 24 (40.0)

Metabolic presentations 50 26 (52.0)
Connective tissue and skeletal 50 14 (28.0)
disorders

Total 240 108 (45.0)

Children received a molecular diagnosis more frequently than adults: 72 of 130 (55.4%) versus 36 of
110 (32.7%), respectively. Diagnostic yield was also higher among participants with reported parental
consanguinity, at 40 of 64 (62.5%), compared with 68 of 176 (38.6%) without reported consanguinity.
Among participants with a suggestive family history, 54 of 92 (58.7%) were diagnosed, compared with
54 of 148 (36.5%) without such a history. These unadjusted comparisons could reflect differences in
disease severity, phenotype specificity, or the underlying distribution of inheritance patterns rather
than direct causal relationships.

Small sequence variants accounted for most diagnoses, while copy-number changes and repeat
expansions contributed additional findings (Table 2). Each diagnosed participant was assigned to one
mutually exclusive variant category according to the finding establishing the diagnosis. Six
repeat-expansion diagnoses were obtained through phenotype-directed assays among 18 participants
tested after nondiagnostic exome analysis. This selected subgroup yield should not be generalized to
the entire cohort.

Table 2. Diagnostic variant categories and.inheritance patterns.in the-simulated cohort

Characteristic Diagnosed participants, n Percentage of diagnoses
Single-nucleotide variants or small 84 77.8

insertions/deletions

Copy-number variants 18 16.7

Repeat expansions 6 5.6

Autosomal recessive inheritance 58 53.7

Autosomal dominant inheritance 34 31.5

X-linked inheritance 16 14.8

Variant categories and inheritance patterns in:-Table 2 representseparate classifications of the same
108 diagnoses; percentages within each:classification may differ slightly from 100% because of
rounding. Among autosomal recessive diagnoses, 38 involved-homozygous findings and 20 involved
compound heterozygous findings. Parental testing established variants in trans in all 20 compound
heterozygous cases. Among autosomal dominant diagnoses, 19 findings were confirmed de novo, 11
were inherited, and four had unresolved parental origin because suitable parental samples were
unavailable.

Of the 132 participants without a molecular diagnosis, 46 had at least one phenotype-relevant variant
of uncertain significance, while 86 had no reportable explanatory finding. Uncertain findings were not
counted as diagnoses and did not independently justify disease-specific treatment. Segregation
analysis was completed in 28 of the 46 uncertain cases but did not provide sufficient evidence for
reclassification during the modeled observation period.

Six-month follow-up information was available for 96 diagnosed participants. Documented
management changes occurred in 62, including surveillance recommendations in 30, treatment
modification in 18, and avoidance of additional invasive investigations in 14; these categories
represented the principal recorded change. Genetic counseling was documented for all 108 diagnosed
participants. Clinical improvement was not systematically measured, and the recorded management
changes therefore cannot establish therapeutic benefit or improved long-term outcomes.
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Figure 2. Figure 2. Schematic comparison of single-hucleotide variants,;'small insertions or deletions, and
copy-number changes.

4. Discussion

Molecular genetic investigation'can clarify the-biological-basis of inherited disorders, but its clinical
value depends on integrating sequence variation with"phenotype, inheritance, and the limitations of
available testing. The centraliinterpretive/issue is-not simply/whethet a rare variant is detected, but
whether that variant provides a sufficiently supported explanation for the patient's presentation. This
distinction is important in genetically;heterogeneous-conditions, where overlapping manifestations
may arise from different genes and similar variants’'may produce variable outcomes. Molecular
findings should therefore be understood as evidence within-a'diagnostic framework rather than as
self-sufficient diagnoses.

A major consideration is the relationship between-variant' pathogenicity and the mechanism of
disease. Predicted loss-of-function variants may provide strong evidence when reduced gene dosage
is an established mechanism, but the same inference is inappropriate for disorders caused
predominantly by gain-of-function or dominant-negative effects. Similarly, a missense substitution in a
constrained region may warrant attention without necessarily establishing causality. Interpretation
requires consideration of transcript relevance, population frequency, segregation, functional
evidence, and correspondence with the clinical phenotype. Computational predictions can support
prioritization, but agreement among prediction tools should not be treated as independent
confirmation of pathogenicity because their underlying features and training datasets frequently
overlap.

Phenotypic characterization remains essential even when broad sequencing approaches are used.
Detailed assessment of age at onset, progression, organ involvement, and relevant negative findings
can distinguish competing molecular explanations. However, phenotype matching must remain
flexible because published disease descriptions may overrepresent severe or recognizable
presentations. A patient with an incomplete phenotype may have an age-dependent manifestation, a
milder allelic disorder, or an atypical presentation rather than an unrelated variant. Conversely, broad
clinical similarity should not outweigh substantial contradictory evidence. Iterative communication
between clinicians and laboratory specialists is therefore preferable to a single interpretation
performed without updated clinical information.
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Family-based analysis offers an additional means of assessing causality, particularly in suspected
recessive, X-linked, or de novo disorders. Establishing whether two variants occur on opposite alleles
may be decisive for a recessive diagnosis, while parental testing can distinguish inherited variation
from an apparently de novo event. Nevertheless, segregation evidence requires careful interpretation.
Small pedigrees provide limited statistical support, and incomplete penetrance or variable expressivity
may obscure expected inheritance patterns. An apparently unaffected parent may have subtle
manifestations or tissue-restricted mosaicism. Negative parental testing in blood also does not
exclude germline mosaicism, making recurrence-risk counseling more nuanced than a simple
distinction between inherited and de novo variants.

Uncertain findings represent a substantial interpretive challenge. A variant of uncertain significance
should not independently justify irreversible treatment, predictive testing of unaffected relatives, or
definitive reproductive decisions. Its identification may instead guide targeted phenotyping,
segregation analysis, or an appropriately selected functional investigation. Functional assays are most
informative when they reflect the relevant disease mechanism and include validated controls; an
abnormal laboratory result does not automatically demonstrate that a variant explains the patient’s
condition. Reanalysis can also be valuable as gene-disease relationships and variant classifications
evolve. However, reanalysis requires defined responsibilities, sustainable resources, and clear
communication about whether patients will be actively recontacted.

The absence of a convincing molecular diagnosis should not be interpreted as evidence against a
genetic cause. Depending on the platform and analytical pipeline, testing may miss repeat expansions,
structural rearrangements, mitochondrialvariation, low-level-mosaicism, or variants in poorly covered
and noncoding regions. Some relevant mechanisms, including abnormal methylation or altered
transcript processing, may require;methodsbeyond routine sequence analysis. Further testing should
therefore be driven by the residual'clinical hypothesis'rather than by indiscriminate escalation.
Genome sequencing, RNA analysis, ‘copy-number assessment, or methylation studies may each be
appropriate in selected circumstances, but their incremental value depends on the suspected disorder
and the quality of previous investigations.

The clinical importance of a molecular diagnosis extends beyond naming-a disorder, although
diagnostic resolution should not be equated-with demonstrated-health benefit. A supported diagnosis
may inform surveillance, reduce unnecessary investigations, refine/prognosis, or identify relatives who
could benefit from evaluation. For some conditions, it may influence-treatment selection or eligibility
for targeted therapies. These benefits'are disease-specific and should be assessed separately from
diagnostic yield. In particular, identifying a molecular pathway does/not establish that modifying that
pathway will improve outcomes. Therapeutic implications require evidence appropriate to the
intervention, including attention to timing,~adverse effects;andthe possibility that established tissue
damage may be irreversible.

Any interpretation of a clinical molecular genetics study must also account for selection and
measurement limitations. Referral-based samples may be enriched for severe, familial, or
diagnostically complex presentations and may not represent the wider population with suspected
inherited disease. Differences in prior testing, phenotype documentation, and family participation can
affect the probability of reaching a diagnosis. Underrepresentation of some ancestry groups in
reference databases may further increase uncertainty and complicate frequency-based filtering.
Without independent validation and longitudinal follow-up, conclusions about prognostic accuracy or
changes in patient outcomes should remain limited. Diagnostic performance is also sensitive to the
criteria used to count definitive, probable, and uncertain findings.

Future research should prioritize prospective evaluation of molecular testing within well-characterized
clinical pathways, with transparent classification criteria and systematic assessment of downstream
consequences. Multicenter collaboration may improve representation and support analysis of rare
genotypes, while standardized phenotyping can facilitate comparison without replacing clinical
judgment. Studies should distinguish molecular resolution from changes in management,
patient-reported benefit, and measurable health outcomes. Overall, molecular genetics offers a
powerful approach to inherited disease when supported by rigorous interpretation, appropriate
counseling, and continued reassessment. Its greatest value lies in connecting reliable biological
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evidence to decisions that are meaningful for patients and their families.

5. Conclusion

This study supports the clinical relevance of molecular genetic investigation in the evaluation of
suspected inherited disorders, while emphasizing that a molecular finding is not automatically
equivalent to a definitive diagnosis. The principal implication is that genetic results should be
interpreted alongside clinical presentation, family history, inheritance patterns, and available
functional evidence. This integrated approach can help distinguish potentially disease-causing variants
from incidental findings and variants of uncertain significance, reducing the risk of inappropriate
diagnostic attribution.

The conclusions should remain limited to the population, analytical methods, and variant classes
evaluated. Molecular testing may clarify the biological basis of some genetic conditions and inform
recurrence-risk assessment, genetic counseling, and consideration of condition-specific surveillance.
However, the extent to which these findings improve patient outcomes cannot be assumed without
longitudinal clinical assessment. Similarly, identifying a candidate molecular mechanism does not
establish that a targeted treatment is effective or appropriate for an individual patient.

Important interpretive challenges include incomplete penetrance, variable expressivity, limited
representation of diverse populations in reference datasets, and evolving knowledge about
gene-disease relationships. Negative results do not exclude a genetic etiology, because clinically
relevant changes may occur in regions or variantclasses-that the selected testing strategy does not
adequately assess. Periodic reinterpretation may therefore be-appropriate when clinical suspicion
persists or new evidence becomes/available:

Future research should prioritizelindependentvalidation; broader population representation, and
functional evaluation of unresolved'variants/Prospective studies linking:molecular findings to clinical
decisions, patient-reported outcomes, and healthcare utilization would better define practical benefit.
Overall, molecular genetics offers.avaluable framework for understanding inherited disease, but its
responsible clinical application requires transparentreporting of uncertainty, informed consent, and
access to qualified genetic counseling. The most defensible conclusion isithat molecular evidence
strengthens, rather than replaces,,comprehensive clinical assessment.and should guide care only to
the degree justified by its reliability-
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