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Abstract

Background: Rare pediatric neurological diseases (RPND) often remain undiagnosed for
years, creating prolonged and costly diagnostic odysseys. Combining Human Phenotype
Ontology (HPO)-based deep phenotyping with exome sequencing (ES) and reverse pheno-
typing offers the potential to improve diagnostic yield, accelerate diagnosis, and support
sustainable healthcare in resource-limited settings. Objectives: To evaluate the diagnostic
yield and clinical impact of an integrated approach combining deep phenotyping, ES,
and reverse phenotyping in children with suspected RPNDs. Methods: In this multicen-
ter observational study, eighty-one children from eleven hospitals in South Kazakhstan
were recruited via the Central Asian and Transcaucasian Rare Pediatric Neurological Dis-
eases Consortium. All patients underwent standardized HPO-based phenotyping and
ES, with variant interpretation following ACMG guidelines. Reverse phenotyping and
interdisciplinary discussions were used to refine clinical interpretation. Results: A molec-
ular diagnosis was established in 34 of 81 patients (42%) based on pathogenic or likely
pathogenic variants. Variants of uncertain significance (VUS) were identified in an addi-
tional 9 patients (11%), but were reported separately and not included in the diagnostic
yield. Reverse phenotyping clarified or expanded clinical features in one-third of genet-
ically diagnosed cases and provided supportive evidence in most VUS cases, although
their classification remained unchanged. Conclusions: Integrating deep phenotyping, ES,
and reverse phenotyping substantially improved diagnostic outcomes and shortened the
diagnostic odyssey. This model reduces unnecessary procedures, minimizes delays, and
provides a scalable framework for advancing equitable access to genomic diagnostics in
resource-constrained healthcare systems.

Keywords: rare pediatric neurological diseases; deep phenotyping; Human Phenotype
Ontology; exome sequencing; diagnostic odyssey

1. Introduction

Rare pediatric neurological diseases (RPND) represent one of the most complex chal-
lenges in modern medicine. It is known that more than 7000 rare diseases have been
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registered, approximately 80% of which have a genetic basis and may first manifest during
childhood, including various neurological pathologies. Although each individual diagnosis
is rare (approximately 1 in 10,000-40,000 newborns), rare diseases collectively affect 6-8%
of the population, corresponding to over 300 million people worldwide. These figures are
supported by international organizations such as EURORDIS (https://www.eurordis.org,
accessed on 24 March 2025) and Orphanet (https:/ /www.orpha.net, accessed on 30 March
2025) [1].

RPNDs are characterized by high clinical complexity, heterogeneity of presentation,
often unclear etiology, and progressive course, leading to severe disability, reduced quality
of life, and increased mortality in children. Traditional diagnostic methods often result
in prolonged diagnostic processes involving numerous examinations, consultations, and
repeated testing. According to Orphanet, approximately 70% of rare diseases begin in
childhood, and the National Organization for Rare Disorders (NORD) reports that the
diagnostic odyssey may last from 3 to 7 years (https://rarediseases.org/rare-disease-
information/what-are-rare-diseases/, accessed on 02 April 2025). A study published in
Genetics in Medicine showed that more than 60% of patients with rare genetic diseases
underwent over five standard diagnostic procedures before receiving an accurate diagnosis,
which significantly increases the financial burden on the healthcare system and exerts
substantial emotional stress on families [2,3]. These data highlight the need to adopt new
methodological approaches capable of reducing diagnostic time and resource expenditures.

In recent years, significant progress has been made in the fields of deep phenotyping
and genomics, offering innovative opportunities for diagnostics. Deep phenotyping enables
the identification of even subtle clinical features that may be overlooked during standard
clinical assessments [4]. Robinson (2012) emphasized that detailed phenotypic descriptions
are a cornerstone of implementing precision medicine principles [5]. When integrated
with genomic technologies such as exome sequencing (ES) or genome sequencing (GS), it
becomes possible to accurately correlate phenotypic manifestations with genetic mutations,
thereby substantially increasing diagnostic accuracy [6].

In several regions, access to advanced next-generation sequencing (NGS) technologies
remains limited [7]. In settings where the use of costly sequencing platforms is constrained,
deep phenotyping can serve as an effective pre-laboratory method for patient selection
for subsequent genetic testing. This approach narrows the range of suspected genetic
conditions based on clinical presentation, contributing to more rational resource utilization
and reducing the overall cost of molecular genetic diagnostics.

In many low- and middle-income settings, including Kazakhstan, children with early
motor impairments receive a diagnosis of cerebral palsy (CP) based solely on clinical
neurological examination, even when neuroimaging (e.g., MRI) shows no focal lesions
or structural abnormalities to support CP. This blanket application of the CP label over-
looks monogenic syndromes that phenotypically mimic non-progressive motor disorders,
so-called “CP-phenocopies”, for which genetic diagnosis is essential to enable targeted
therapies, refine prognostic expectations, and provide accurate genetic counseling. Incor-
porating systematic evaluation for CP-phenocopies within the deep phenotyping workflow
allows for more precise patient stratification for exome or genome sequencing, thereby
enhancing diagnostic yield and promoting equitable access to precision diagnostics in
resource-limited environments.

The integration of deep phenotyping and genomics is crucial for sustainable healthcare
development. Accurate and early diagnosis optimizes the use of medical resources, reduces
the need for additional testing, and ensures equitable access to advanced technologies,
which is particularly relevant in resource-limited settings. The application of this integrated
approach facilitates the timely initiation of targeted treatment, improves clinical outcomes,
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and alleviates both emotional and financial burdens on patient families. This approach
aligns with the United Nations Sustainable Development Goals (SDGs), particularly SDG 3
(Good Health and Well-being), SDG 9 (Industry, Innovation and Infrastructure), and SDG
10 (Reduced Inequalities) (https://sdgs.un.org/goals, accessed on 10 April 2025) [8].

The Study Objective is to develop and implement an integrated diagnostic approach
combining deep phenotyping using Human Phenotype Ontology (HPO), ES with laboratory
interpretation following American College of Medical Genetics and Genomics (ACMG)
guidelines, and reverse phenotyping based on OMIM data [9]. This approach aims to
shorten the time to accurate diagnosis, optimize resource utilization, and ensure equitable
access to modern diagnostic methods for rare pediatric neurological diseases. Ultimately,
it is expected that combining deep and reverse phenotyping with ES will increase the
proportion of genetically confirmed diagnoses and reduce the duration and number of
diagnostic procedures.

2. Materials and Methods
2.1. Study Design

This study employed a prospective observational design with retrospective data
collection of pre-diagnostic parameters. Although patients were identified and deeply
phenotyped according to a standardized prospective protocol, the key clinical and proce-
dural measures—such as time to diagnosis, number of diagnostic interventions prior to ES,
and turnaround time—were collected retrospectively from medical records. This design
allowed for the evaluation of real-world diagnostic trajectories in children with suspected
rare neurological diseases. Such a pilot design enabled a comprehensive assessment of
the effectiveness of a diagnostic algorithm based on deep phenotyping and ES, with a
focus on reducing the time to diagnosis and minimising the diagnostic burden in children
suspected of having rare neurological diseases. The choice of this design is justified by its
appropriateness in studying rare diseases, as it enables the implementation of an integrated
diagnostic approach with rational use of time and resources [10].

Patients were referred from 11 healthcare institutions in South Kazakhstan between 1
July and 20 December 2023. Key stages of the study—deep phenotyping and biological
sample collection—were conducted at the Clinical and Diagnostic Center of the Khoja
Akhmet Yassawi International Kazakh-Turkish University.

The study was conducted in accordance with the Declaration of Helsinki. Ap-
proval was obtained from the Local Ethics Committee of Khoja Akhmet Yassawi Interna-
tional Kazakh-Turkish University (protocol Ne16, 8 June 2023; project identification code:
Ne16,/2023). Written informed consent was obtained from the parents or legal guardians of
all participants.

2.2. Preliminary Phase: Physician Training

Before patient recruitment, individual and group training sessions were conducted for
outpatient physicians. These sessions focused on recognizing rare neurological diseases
with suspected genetic etiology. The training covered key phenotypic features of RPNDs
and aimed to develop physicians’ skills in the early identification of patients who may
benefit from deep phenotyping and genetic testing. Upon completion, pediatric neurolo-
gists and general practitioners referred patients who met the established criteria, ensuring
high-quality patient selection for further investigation.
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2.3. Study Population

Initially, 250 children under the age of 18 with suspected RPNDs were considered
for inclusion. The final study sample was determined based on strict inclusion and exclu-
sion criteria.

Inclusion Criteria: complex neurological phenotype involving a combination of syn-
dromes (e.g., epilepsy, cognitive impairment, movement disorders, neurodegeneration,
psychiatric symptoms, peripheral neuropathy), clinical suspicion of hereditary etiology,
progressive or relapsing disease course with unknown etiology, lack of definitive diagnosis
following clinical and instrumental investigations, CP phenocopies (children initially diag-
nosed with cerebral palsy on clinical grounds, with normal neuroimaging but an atypical
or progressive clinical course), developmental and epileptic encephalopathy phenotype
(early-onset, drug-resistant seizures with significant global developmental impairment in
the absence of acquired causes).

Exclusion Criteria: established non-genetic causes (infectious or toxic CNS injuries
and vascular brain lesions—excluded by thorough clinical history review, TORCH serol-
ogy, toxicology screening, and neuroimaging for infarcts/hemorrhages), neuromuscular
diseases confirmed by electromyography, muscle biopsy, or molecular genetic testing,
specific nosologies (e.g., isolated epilepsy, confirmed chromosomal abnormalities), signif-
icant structural brain abnormalities detected by MRI or CT that do not require genetic
confirmation.

After applying these criteria, the final study sample included 81 patients. This sample
size is sufficient for the objectives of the study, given the epidemiological rarity of the
conditions under investigation and the stringent inclusion/exclusion criteria. This initial
cohort provides a valuable pilot sample for assessing the feasibility and clinical utility of
an integrated diagnostic approach in children with suspected rare neurological diseases.

2.4. Deep Phenotyping

Each patient underwent a comprehensive clinical assessment including detailed
history-taking, neurological examination, and review of instrumental findings [4]. The goal
of this phase was to standardize and systematize clinical data for subsequent correlation
with genetic findings. Deep phenotyping was performed using the HPO system, allowing
for structured and unified documentation of clinical manifestations.

Stages of Deep Phenotyping:

1. Clinical Examination and History Taking: Each patient underwent a detailed physical
and neurological examination, assessing both central and peripheral nervous systems.
History taking focused on identifying neurological and somatic symptoms, their onset,
progression, and dynamics.

2. HPO-Based Coding of Clinical Features: Identified clinical manifestations were con-
verted into standardized terms using the HPO system. Each symptom, its severity, and
specificity were recorded using appropriate HPO codes. Special attention was paid
to the correct term hierarchy: parent terms define general clinical categories, while
child terms specify particular manifestations within those categories. For example, if
a patient had seizures, the parent term “Seizure” (HP:0001250) was used. If general-
ized seizures were present, the child term “Generalized clonic seizure” (HP:0011169)
provided further detail. Similarly, “Severe muscular hypotonia” was recorded as
HP:0006829.

3. Phenotypic Profile Formation: Based on the coded HPO terms, an individual pheno-
typic profile was created for each patient. This profile served as an integrated clinical
map, reflecting all detected symptoms and their characteristics. For instance, if a
patient presented with generalized clonic seizures and severe muscular hypotonia,
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their profile would include HP:0011169, and HP:0006829. This coding ensured a
standardized and precise clinical description, which is critical for subsequent genetic
interpretation.

4. Phenotype Verification: At this stage, the phenotypic profiles were analyzed to elimi-
nate redundant or non-informative data. Each phenotypic feature was assessed for
clinical relevance and consistency with known disease patterns. Results were dis-
cussed during interdisciplinary case reviews. All verified data were uploaded to the
3billion laboratory portal to maintain accuracy and support the precise interpretation
of genetic findings.

2.5. Molecular Genetic Analysis

To identify the genetic causes of the disorders, ES was performed at the 3Billion
laboratory in Seoul, South Korea. Genomic DNA was extracted from peripheral blood
or dried blood spots using standard protocols. Exome capture was performed using
the xGen Exome Research Panel v2 (Integrated DNA Technologies, Coralville, IA, USA),
supplemented with mitochondrial and custom panels. Sequencing was carried out on the
NovaSeq X (Illumina, San Diego, CA, USA), achieving an average depth of 140x and >20x
coverage for 99.6% of the targeted regions. Sequencing quality met clinical-grade standards
(CAP, CLIA certified).

Raw data were processed using 3Billion’s bioinformatics pipeline EVIDENCE v4.2,
which incorporates GATK (v4.4.0) for SNV /INDEL calling, Manta for structural variant
detection, 3bCNV for copy number variation analysis, and ExpansionHunter, MELT, and
AutoMap for repeat expansions, mobile element insertions, and regions of homozygosity,
respectively. Variant annotation was performed using Ensembl’s Variant Effect Predictor
(VEP v104.2) [11].

Variants were filtered using a multi-parameter approach. First, allele frequency thresh-
olds were applied, excluding variants with a minor allele frequency (MAF) > 1% in the
gnomAD v4.1.0 database. Second, predicted pathogenicity was assessed, with prioriti-
zation given to protein-truncating variants such as frameshift, nonsense, and canonical
splice-site changes, as well as to missense variants predicted to be deleterious by mul-
tiple in silico tools, including SIFT, PolyPhen-2, and Combined Annotation Dependent
Depletion (CADD). Third, inheritance patterns were considered, taking into account family
history and zygosity (e.g., homozygous, compound heterozygous, de novo). Finally, only
high-confidence variants with a sequencing depth of at least 20 x were retained for analysis;
low-quality or ambiguous variants were subjected to orthogonal validation by Sanger
sequencing.

Variant classification was performed by 3billion Inc. (Seoul, Republic of Korea) us-
ing the validated Evidence® platform, which implements ACMG /AMP guidelines with
ClinGen specifications. This pipeline integrates multiple in silico prediction tools (includ-
ing SIFT, PolyPhen-2, REVEL, CADD, and SpliceAl). The PP3 criterion was applied only
when several algorithms concordantly indicated a deleterious effect, whereas BP4 was
applied when predictors consistently supported a benign effect. These assignments were
generated automatically by the laboratory pipeline. For transparency, we have Supple-
mented Table S1 with the ACMG evidence codes used for each variant, including PP3
or BP4 where applicable. For each variant, inheritance pattern was annotated accord-
ing to OMIM/HGNC. Zygosity (heterozygous, homozygous, compound heterozygous,
hemizygous, homoplasmic) was determined from WES data.

CNVs were identified from exome sequencing data and subsequently classified ac-
cording to the ACMG/ClinGen technical standards for constitutional CNV interpretation.
The classification framework incorporated genomic coordinates, gene content, haploin-
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sufficiency and triplosensitivity scores, population frequency data (gnomAD-SV), ClinVar
records, and published literature.

2.6. Reverse Phenotyping

Reverse phenotyping—the process of correlating identified genetic variants with a
patient’s clinical manifestations to clarify their significance—was conducted using the
OMIM database [12]. The clinical profile of each patient was compared with phenotypic
descriptions associated with the identified genetic variants. The genetic findings were ana-
lyzed during interdisciplinary case discussions involving neurologists and neurogeneticists,
during which their diagnostic relevance and interpretation were assessed, including for
variants of uncertain significance (VUS). VUSs were documented separately and were not
included in the calculation of the primary diagnostic yield. Each VUS was systematically
re-evaluated by reverse phenotyping in the context of patient-specific clinical features.
Multidisciplinary team review was conducted to assess genotype—phenotype correlations,
while final classification followed ACMG/ClinGen guidelines.

2.7. Evaluation of the Reduction in Diagnostic Odyssey

This study assessed the effectiveness of the diagnostic approach in terms of reducing
the so-called “diagnostic odyssey”—the period from the appearance of the first symptoms
to the establishment of a final diagnosis.

The analysis was based on two key parameters:

1. Duration of the Diagnostic Process—the time interval from the onset of the first
symptoms to the patient’s inclusion in the study, as well as from the time of inclusion
to the final diagnosis, was examined. This allowed the evaluation of whether the new
diagnostic algorithm accelerated the diagnostic process.

2. Diagnostic Burden—the total number of diagnostic tests (e.g., specialist consultations,
MR, biopsies, etc.) conducted before and after the patient’s inclusion in the study
was analyzed. This parameter enabled the assessment of whether the new diag-
nostic intervention reduced the number of additional investigations or, conversely,
required more.

The obtained results will help determine the extent to which the proposed approach
contributes to diagnostic optimization, reduction in time and resource expenditures, and
improvement in the quality of medical care for patients.

2.8. Statistical Analysis

Statistical analysis was performed using R software (version 4.3.1) and JASP (version
0.18.1). Descriptive statistics for quantitative variables were presented as median, interquar-
tile range (IQR), range, and standard deviation, depending on the distribution of the data.
Categorical variables were described using absolute numbers and percentages.

Normality of distribution was assessed using the Shapiro-Wilk test and visual inspec-
tion of Q-Q plots. Due to deviations from normal distribution, Wilcoxon signed-rank test
was used to compare paired dependent samples.

To quantify the effect size, Cohen’s d coefficient (adapted for paired samples) was
calculated. The level of statistical significance was set at p < 0.05 for two-tailed tests. All
calculations were conducted with 95% confidence intervals.

Implementation resources required for each step of the pathway are summarized
in Supplementary Table S3. The overall study workflow is illustrated in Supplementary
Figure S1.
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3. Results
3.1. Results of Deep Phenotyping

The study included 81 patients with complex neurological phenotypes. Age at the
time of evaluation ranged from 6 months to 17 years (median: 6 years; interquartile range:
4-11.5 years).

Almost all patients exhibited psychomotor developmental delay and intellectual
disability. Key demographic and clinical features, including sex distribution, epilepsy
prevalence, motor function, and intellectual disability, are summarized in Figure 1.

A. Sex distribution B. Epilepsy prevalence

No epilepsy (26)
Female (29)

Male (52)
Epilepsy (55)

C. GMFCS distribution (5 levels) D. Intellectual disability
NormaMFJ(S)

GMFCS | (11)

o Moderate (11)

GMFCS V (33)

Profound (4)

GMFCS 11 (28)
Severe (59)

GMFCS IIl (3) GMFCS IV (6)

Figure 1. Demographic and clinical characteristics of the study cohort (1 = 81). GMFCS—Gross Motor
Function Classification System.

Each patient’s clinical phenotype was standardized and structured using HPO terms.
On average, 12 HPO terms were assigned per patient (median: 11; range: 2-30), reflecting
the spectrum of clinical manifestations. The most common neurological features included
global developmental delay/intellectual disability, epilepsy, infantile hypotonia, and spastic
paresis, among others. Nearly all patients exhibited complex phenotypes with multiple
(two or more) manifestations, and in over half of the cases, 10 to 15 HPO terms were used
to describe the phenotype.

The development of such detailed phenotypic profiles allowed for a standardized
clinical description, which is essential for the interpretation of subsequent genetic test-
ing results.

Figure 2 presents the distribution of the number of HPO terms per patient. A detailed
clinical characterization of the probands is presented in Table S2.
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Figure 2. Number of HPO Terms Assigned per Patient in the Study Population. HPO—Human
Phenotype Ontology.

3.2. ES Results

In the study group of 81 patients, genomic variations were identified in 43 individuals
(563.1%), including single nucleotide variants (SNVs) in 38 patients (46.9%) and copy number
variations (CNVs) in 5 patients (6.2%).

Among the SNVs, 29 patients (35.8%) carried pathogenic or likely pathogenic variants,
which were considered confirmed molecular diagnoses. An additional 9 patients (11.1%)
harbored VUSs, which were reported separately and not included in the diagnostic yield
(Tables 1 and S1). In one patient, two different SNVs were identified in the IDS and MKKS
genes. In total, 39 rare variants were detected across the cohort; according to ACMG criteria,
18 were classified as pathogenic, 12 as likely pathogenic, and 9 as VUS. The 39 variants
were distributed across 39 different genes, with the most frequently affected being SCN1A,
TSC2, and ARID1B, in which two different variants were identified in distinct patients.
Variants were detected in 27 patients with autosomal dominant genes, 9 with autosomal
recessive genes, 3 with X-linked genes, and 1 with a mitochondrial variant. Within the
autosomal recessive group, most patients carried homozygous or compound heterozygous
variants, while in one case a single heterozygous variant was identified (MTHFS). Detailed
information on inheritance patterns and zygosity is provided in Supplementary Table S1.

A significant portion of the identified variants was associated with developmental
and epileptic encephalopathies (DEE). Pathogenic or likely pathogenic mutations were
identified in genes associated with DEE, including KCNQ2 (DEE?7), SCN1A (Dravet syn-
drome, DEE type 6), SCNSA (DEE13), CDKL5 (DEE2), WWOX (DEE28), DNM1 (DEE31A),
and GRIN2A (focal epilepsy with speech disorder and intellectual disability). Altogether,
variants in DEE-related genes accounted for approximately 20% of all identified mutations.

Another large group of findings (35.5%) involved genes associated with neurodevelop-
mental disorders (intellectual disability, developmental and behavioral impairments). These
included, for example, KDM6B and KCND?2 (both associated with autosomal dominant
forms of developmental delay), UBAP2L and BRAT1 (autosomal recessive neurodevelop-
mental syndromes), as well as TRIO, CUL4B, DYRK1A, and others.
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Table 1. Single nucleotide variants were detected in the studied cohort by ES analysis.

Case Gene Zygosity Phenotype ACMG Criteria

1 RAI Heterozygous Smith-Magenis syndrome Pathogenic

2 KCNQ2 Heterozygous Developmental and epileptic encephalopathy 7 Likely pathogenic

6 SCN8A Heterozygous Developmental and epileptic encephalopathy 13 vus

8 CDKL5 Heterozygous Developmental and epileptic encephalopathy 2 Likely pathogenic

12 SCN1A Heterozygous Dravet syndrome Likely pathogenic

3 KDMé6B Heterozygous Neurodevre;llﬁgrgiesr:;alﬂsiieslzl;gf Zg; ié?rfl(;ili{[sigsfacies and Likely pathogenic

Neurodevelopmental disorder with impaired
9 UBAP2L Heterozygous  language, behavioral abnormalities, and dysmorphic  Likely pathogenic
facies

16 TSC2 Heterozygous Tuberous sclerosis-2 Pathogenic

20 FARI1 Heterozygous Cataracts, spastic paraparesis, and speech delay Pathogenic

21 TSC1 Heterozygous Tuberous sclerosis-1 Pathogenic

27 KLHL20 Heterozygous KLHL20-related disorder Likely pathogenic

25 ANO3 Heterozygous Dystonia 24 Pathogenic

26 BRAT1 Heterozygous Neu;ﬁiepf}l}cf;gexﬁl}ll iisgfgﬁgxi;}eli;iieezellar Likely pathogenic

28 TSC2 Heterozygous Tuberous sclerosis-2 Vus

30 SCN1A Heterozygous SCN1A-related disorder Vvus

36 PRICKLE2 Heterozygous PRICKLE2-related neurodevelopmental disorder \4SE

37 SLC17A5 Homozygous Salla disease Pathogenic

38 MTHFS Heterozygous Neumde‘;eplﬁl‘jg;;?;ﬁ dd}iIs;;SE:ngliitr}:aItIil(i;roCephaly, Likely pathogenic

39 KCND2 Heterozygous KCND2-related neurodevelopmental disorder Likely pathogenic

Neurodevelopmental disorder with growth
41 FRAI0AC1 Homozygous  retardation, dysmorphic facies, and corpus callosum Pathogenic
abnormalities

46 LAMA1 Heterozygous Poretti-Boltshauser syndrome Likely pathogenic

47 TRIO Heterozygous Intellec’lei)arlnciir?;lﬂ(ﬁfn;ﬁrlr:iics;rieghzi;cosomal VUSs

49 CUL4B Hemizygous Intellectuasly(:}legliﬁ?ecr;fé ;ﬁl;g(z;(ligeer, X-linked VUS

50 DYRKIA Heterozygous Intellectual develo(fonl;eir;’;arlltd;sorder, autosomal Pathogenic

53 ARID1B Heterozygous Coffin-Siris syndrome 1 Likely pathogenic

52 VPS13B Heterozygous Cohen syndrome Pathogenic

60 ITPR1 Heterozygous Gillespie syndrome \4SE

61 L2HGDH Homozygous L2-hydroxyglutaric aciduria Pathogenic

62 OCRL Hemizygous Lowe syndrome VUS

63 HRAS Heterozygous Costello syndrome Pathogenic
MKKS Homozygous BARDET-BIEDL SYNDROME 6 Pathogenic

65 IDS Hemizygous Mucopolysaccharidosis II Pathogenic
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Table 1. Cont.

Case Gene Zygosity Phenotype ACMG Criteria
66 MITTL1 Heteroplasmic Mltochonf:lrlal. myopathy, enf:epha%opathy, lactic Pathogenic
acidosis, and stroke-like episodes

69 FGFR2 Heterozygous Crouzon syndrome Pathogenic
70 KMT2D Heterozygous Kabuki syndrome 1 Pathogenic
76 ARID1B Heterozygous Coffin-Siris syndrome 1 Pathogenic
79 WDFY3 Heterozygous Microcephaly 18, primary, autosomal dominant VUS

80 GRIN?A Heterozygous Epﬂgpsy, fo.cal, Wlth gpeech disorder and with or Pathogenic

without impaired intellectual development
81 WWOX Homozygous Developmental and epileptic encephalopathy 28 Likely pathogenic
VUS—Variant of uncertain significance, ACMG—American College of Medical Genetics and Genomics.

In addition, a number of identified variants were linked to hereditary syndromic
disorders: in our cohort, mutations were found that are associated with tuberous sclerosis
(TSC1/TSC2), Costello syndrome (HRAS), Kabuki syndrome (KMT2D), Smith-Magenis
syndrome (RAII), Lowe syndrome (OCRL), Bardet-Biedl syndrome (MKKS), and other
monogenic disorders.

Of particular note are the variants related to inherited metabolic diseases: in par-
ticular, pathogenic mutations were identified that cause Salla disease (SLC17A5) and
L2-hydroxyglutaric aciduria (LZHGDH), as well as a mitochondrial mutation associated
with MELAS syndrome (MTTLI).

The identified CNVs included deletions and duplications of various chromosomal
regions associated with specific phenotypic manifestations (Table 2). All CNVs were
classified as pathogenic or likely pathogenic according to ACMG standards and were
considered confirmed molecular diagnoses. In Case 18, a duplication in 9p24.3p22.2 was
detected in the patient, but it was not associated with any known syndromes. However,
there have been reports of duplications partially or completely involving this genomic
region, in which individuals exhibited phenotypic similarities to this patient [13-15].
Table 2. Identified CNVs in the Study Cohort.

Genes
Genomic Position Size q q Classification Associated
Case  CNV (GRCh37) (Mb) I“‘;°Nl;’ed Zygosity  Inheritance () c\iGiClinGen)  Phenotype
10 3929 NC_000003.11:g.(?_196434422) ; Het Unkn Pathosen ) 3%2? ;
deletion _(196678902_7)de1 . eterozygous nknown athogenic microdeletion
syndrome
Reported in
9p24.3p22.2 NC_000009.11:g.(?_214509) . . patients with
18 duplication (19361961 ?)dup 19.1 61 Heterozygous  Unknown Likely pathogenic overlapping
phenotypes
17q12 NC_000017.10:g.(?_34842544) . 17q12
35 deletion (36104875_2)del 1.3 15 Heterozygous ~ Unknown Pathogenic deletion
syndrome
9p24.3p21.2 NC_000009.11:g.(?_214509 . . .
57 dlfl plicg tion _7(25 678319%§)aup ) 25.5 88 Heterozygous  Unknown Likely pathogenic ~ Trisomy 9p
5p15.33p14.3 NC_000005.9:g.(?_92347) . Cri-du-chat
72 deletion (22078785 ?)del 21.7 68 Heterozygous  Unknown Pathogenic syndrome

CNV—Copy Number Variations.

3.3. Results of Reverse Phenotyping

In the group of 29 patients with pathogenic or likely pathogenic variants, reverse
phenotyping allowed for refinement of the clinical diagnosis in 100% of cases. In all of these
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patients, the clinical features were fully consistent with the identified genetic variants. Re-
verse phenotyping also contributed to the identification of additional phenotypic features
in 10 patients (34.5%). During targeted re-evaluation, previously undocumented find-
ings were discovered, including metabolic abnormalities, dysmorphic features, clinically
insignificant cardiac arrhythmia, and others.

Among the 9 patients with VUS, an in-depth analysis was performed using reverse
phenotyping combined with interdisciplinary discussion. In 8 of these 9 cases (88.9%),
the refined phenotypic profile was consistent with published descriptions of disorders
associated with the respective genes. This provided supportive clinical evidence for a
potential pathogenic role; however, the variants remained formally classified as VUSs
and were not included in the diagnostic yield. The remaining case involved a patient
with a single heterozygous variant in the autosomal recessive gene MTHFS, in whom no
phenotypic correlation could be established.

When formulating the presumptive genetic interpretation, the following factors were
considered: concordance between phenotype and known disease manifestations, results of
repeated phenotypic assessment using HPO terms, and conclusions from interdisciplinary
case review. Although VUSs did not undergo reclassification, these analyses strengthened
their clinical relevance in the individual context.

3.4. Outcomes of the Reduction in Diagnostic Odyssey

Prior to inclusion in the study, the median time interval from the onset of the first
symptoms to participation in the study was 72 months (range: 6-204 months) (Figure 3).
Following participation in the study and the initiation of molecular genetic testing, this
period was reduced to up to 5 months.

16

14

Frequency
oo

0 25 50 75 100 125 150 175 200
Duration of Diagnostic Odyssey (months)

Figure 3. Distribution of Diagnostic Odyssey Duration. Histogram (bars) with overlaid kernel density
estimation curve (blue line) showing the overall trend.

Although visual dispersion appears notable, most diagnoses were achieved within a
narrow 4-5 month window, corresponding to a post-study SD of 0.70 months.

Before undergoing genetic testing, patients underwent an average of 20 different
diagnostic procedures (Figure 4). After the implementation of genetic testing and targeted
confirmatory investigations, the median number of additional tests was 2 (Table S2).

A comparison of these indicators before and after study participation demonstrates a
marked reduction in the diagnostic odyssey. As a result of applying the new diagnostic
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approach, the average time to diagnosis was reduced by approximately 19-fold compared
to the initial period, and the number of required diagnostic procedures decreased more

than tenfold.
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Figure 4. Distribution of Reduction in Diagnostic Tests. Histogram (bars) with overlaid kernel density
estimation curve (purple line) showing the overall trend.

The Q-Q plots demonstrate deviations from normality in both the duration of the diag-
nostic odyssey and the number of diagnostic procedures before genetic testing, indicating
non-normal data distribution (Figure 5).

Q-Q Plot: Procedures Before

e ®
40+
3 30+
2
g
el
o
S 20F
o
10+
-2 -1 0 1 2 -2 -1 0 1 2
Theoretical quantiles Theoretical quantiles

Figure 5. Q-Q Plots Assessing Normality of Diagnostic Odyssey Duration and Number of Procedures
Before Study. Blue dots denote the empirical quantiles of the observed data; the red line is the
reference normal line (theoretical quantiles). Deviations of the dots from the line indicate departures

from normality.

To assess the significance of differences in the duration of the diagnostic process before
and after inclusion in the study, statistical data analysis was performed. The Shapiro-Wilk
test revealed a deviation from normal distribution (p < 0.05) in both groups, which justified
the use of a non-parametric comparison method. The Wilcoxon signed-rank test for paired
samples was applied to assess statistical differences.
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The results demonstrated that the median duration of the diagnostic odyssey was
significantly reduced following implementation of the proposed diagnostic algorithm
(p =191 x 107°). The main statistical indicators are summarized in Table 3. To further
quantify the magnitude of change, an effect size analysis was performed, yielding a Cohen’s
d value of 2.43, which corresponds to a very strong effect in reducing diagnostic time.

Table 3. Comparative analysis of diagnostic process duration before and after the study.

Indicator Before Study Participation After Genetic Investigation
Mean diagnostic duration (months) 102.6 4.2
Standard deviation (months) 57.2 0.70
Median diagnostic duration (months) 72 5
Range (months) 6-204 3-5
Number of diagnostic procedures (median) 20 [7-45] 2[2]
Number of confirmed genetic diagnoses 0 (pre-genetic stage) 34 out of 81 (42%)
Patients with potential genetic findings (VUS) 0 (pre-genetic stage) 8 out of 81 (9.9%)
Patients without molecular findings - 39 out of 81 (48.1%)

4. Discussion

The results of our study demonstrate the high effectiveness of integrating deep phe-
notyping and genomic sequencing in the diagnosis of rare RPNDs. The diagnostic yield
in our cohort reached 42% (34 of 81 patients received a genetically confirmed diagnosis),
which is notably higher than that reported in studies employing genomic testing in the ab-
sence of standardized deep phenotyping approaches, such as HPO-based annotation. Our
findings are comparable to leading international outcomes—for instance, a recent genome
GS study reported a diagnostic yield of 61%, underscoring the value of comprehensive
clinical assessment and reverse phenotyping [16]. Notably, to our knowledge, no similar
large-scale studies integrating structured phenotyping and genomic diagnostics have been
conducted in Central Asia, highlighting the novelty and regional significance of our work.

All patients in our cohort underwent systematic deep phenotyping, including thor-
ough medical history, neurological examination, and standardized documentation using
HPO. While some of the most frequently used HPO terms, such as “global developmental
delay”, are non-specific and appear across numerous genetic conditions, they were never
used in isolation. Instead, they were part of a broader phenotypic profile constructed
using 5-30 HPO terms per patient. We did not perform statistical analysis to assess the
correlation between term frequency and diagnostic outcome, as the study was not pow-
ered for this purpose. However, such an analysis could provide further insights in future
larger-scale studies. This structured approach enabled precise alignment between clinical
manifestations and ES results.

Building upon the diagnostic yield analysis, we further examined the role of reverse
phenotyping, particularly in the context of VUSs. Reverse phenotyping further uncovered
previously unrecognized features in a substantial subset of patients, thereby strengthening
genotype—phenotype correlations. Such methodologies are increasingly endorsed in the cur-
rent literature as effective strategies for interpreting VUSs [16]. Despite the lack of blinded
validation, our experience underscores the practical utility of reverse phenotyping in every-
day clinical settings, especially when performed by trained clinicians with access to both
phenotypic and genetic information. This strategy facilitated timely and context-sensitive
interpretation of genomic data and proved feasible in a resource-limited regional network.
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In addition, eight patients (9.9%) carried variants of uncertain significance (VUS).
Although these variants were not included in the primary diagnostic yield under ACMG
criteria, reverse phenotyping supported their potential clinical relevance, indicating that the
true diagnostic contribution of the approach may be even higher pending future validation.

From a healthcare delivery perspective, this integrated diagnostic model resulted in a
marked reduction in the diagnostic odyssey. Prior to inclusion, the median duration of the
diagnostic process was 72 months, with a median of 20 diagnostic procedures per patient.
Following the implementation of our protocol, diagnoses were achieved within 4-5 months
and required only two confirmatory investigations. Although we stated that the median
number of pre-study diagnostic tests was approximately 20, this figure represents an
average across a clinically heterogeneous cohort. As shown in Table S2, individual patients
underwent a variable number of procedures depending on disease complexity, ranging
from 7 to 33 prior to exome sequencing. This inter-case variability is an important reflection
of real-world diagnostic trajectories and was not intended to imply uniform testing. These
results align with global initiatives aimed at streamlining diagnostics for rare diseases.
While genomic testing incurs initial costs, recent analyses show that early deployment of
such technologies can substantially reduce cumulative diagnostic expenses [17]. Our data
reinforce this notion, demonstrating that a single, well-targeted sequencing test can replace
years of fragmented, inconclusive diagnostics.

Although these findings are compelling, we acknowledge that the broad range of
pre-study diagnostic durations (6 to 204 months) introduces inter-case variability that
may affect the interpretability of the reported median and effect size (Cohen’s d = 2.43).
This variation likely reflects both clinical heterogeneity and disparities in access to timely
genetic testing. While no adjustment for disease severity was made in the current analysis,
the consistently short diagnostic timeline post-intervention suggests that the integrated
approach may offer robust benefits across a wide range of clinical contexts. Future studies
may consider stratified analyses to further refine the impact of disease complexity on
diagnostic timelines.

Beyond economic considerations, timely diagnosis confers significant intangible
benefits—alleviating familial anxiety and enabling earlier clinical management. Thus,
the integrated approach presented here not only enhances diagnostic efficacy but also
supports the broader goal of sustainable healthcare by promoting more rational resource
allocation and improving the lived experiences of affected families.

Comparison with other cohorts reveals that our diagnostic performance is consistent
with or surpasses global benchmarks. The proportion of genetically confirmed diagnoses
in neurodevelopmental disorders is reported to range between 30% and 50%, depending
on clinical severity and sequencing methodology [18-21]. Our study focused on patients
with severe phenotypes—combinations of epilepsy, intellectual disability, and complex
syndromic features—many of which are known to be monogenic, likely contributing to the
high diagnostic yield.

Our findings illustrate a broad genetic spectrum, including well-established pathogenic
variants (e.g., RAIl in Smith-Magenis syndrome, KCNQ?2 in early infantile epileptic en-
cephalopathy) and less characterized gene-disease associations (e.g., a novel KDM6B variant
likely linked to developmental delay). Notably, several molecular diagnoses diverged from
the initial clinical hypotheses, highlighting the diagnostic value of ES in cases with atypical
or overlapping phenotypes.

Despite methodological similarities to prior studies, our work is unique in its demon-
stration of a structured integration of deep and reverse phenotyping into routine clinical
pathways in a resource-limited region, offering a reproducible model for other low-resource
healthcare systems.
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Implementation & Feasibility

The present study was designed as a pragmatic implementation pilot rather than a
comprehensive sustainability model. The pathway combined standardized HPO-based
data entry, outsourced ES, and concise multidisciplinary reverse phenotyping, aiming to
minimize the infrastructure burden on participating hospitals. Importantly, HPO tagging
was performed using freely available online platforms, eliminating the need for licensed
software or specialized local bioinformatics capacity. Sequencing was conducted by an ex-
ternal accredited laboratory under existing institutional agreements, which allowed sample
processing without new capital investment in sequencing equipment. Case discussions
were structured as brief (<30 min) multidisciplinary huddles that could be conducted
remotely, ensuring flexibility and minimal disruption to daily clinical practice.

These features demonstrate short-term feasibility of the approach within a resource-
limited context. The operational requirements were restricted to informed consent, sample
logistics, and standardized digital data entry, all of which were achievable without substan-
tial new infrastructure. Nonetheless, long-term sustainability will depend on stable funding
mechanisms, streamlined procurement processes, and the development of local expertise in
variant interpretation. We explicitly recognize that a formal cost-effectiveness analysis and
health-economic modeling were beyond the scope of this pilot study. Scale-up is currently
planned through integration with the regional rare disease registry, which may provide a
platform for training, case aggregation, and pooled procurement strategies. This stepwise
integration underscores the potential feasibility of the pathway while acknowledging that
durable sustainability requires broader policy support and financial commitment.

This study was intentionally designed as a pilot implementation project rather than a
controlled trial. The absence of a control group reflects the pragmatic focus on feasibility
and diagnostic yield in a real-world, resource-limited setting, where constructing a com-
parator arm would have required substantially greater resources and extended timelines.
Importantly, variants of uncertain significance (VUS) were not counted toward the primary
diagnostic yield. Instead, they were reported separately and systematically re-assessed
through reverse phenotyping and multidisciplinary review. While this process provided
valuable clinical insights and supported hypothesis generation, no formal reclassification
of VUS was performed, in strict accordance with ACMG standards. These methodological
choices ensure that the diagnostic outcomes reported here are conservative and clinically
robust, while also highlighting areas for future research including functional validation
studies and the incorporation of comparator cohorts.

5. Limitations and Future Directions

While this study demonstrates important strengths, several limitations must be ac-
knowledged, many of which reflect the realities of conducting genomic diagnostics in
resource-limited settings.

First, the study was designed as a pragmatic pilot implementation without a control
group. This choice was deliberate to assess feasibility under real-world conditions, but it
limits direct comparisons with standard diagnostic workflows. Future studies incorporating
comparator cohorts will be necessary to fully quantify the incremental benefit of this approach.

Second, genomic testing relied on exome sequencing rather than genome sequencing.
Although exome sequencing is more affordable and widely available, it cannot reliably
detect intronic, structural, or mosaic variants. This limitation likely explains part of the
47% of patients who remained undiagnosed. Integrating genome sequencing, long-read
sequencing, and epigenetic testing could further increase diagnostic yield in future work.

Third, the cohort was drawn from a single geographic region and enriched for children
with severe, complex phenotypes. While this design reflects the referral pattern to tertiary
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care and helps to demonstrate feasibility in the most challenging cases, it may limit the
generalizability of the findings to broader pediatric populations. Larger, multi-regional
studies will be required to validate the diagnostic performance of this model.

Fourth, VUSs were reported separately and were not included in the diagnostic yield.
Reverse phenotyping supported a plausible clinical role in several cases, but no functional
validation was performed and no formal reclassification occurred. This underscores the
importance of ongoing follow-up, segregation analysis, and laboratory studies to clarify
the pathogenicity of unresolved variants.

Finally, retrospective collection of certain pre-diagnostic data (e.g., diagnostic timelines,
number of prior procedures) may have introduced recall or documentation bias, although
prospective phenotyping and standardized HPO annotation were applied consistently.

Despite these limitations, the study provides a unique pilot dataset and demonstrates
the feasibility of integrating deep phenotyping and genomic testing in a resource-limited
region. Future directions include expansion to genome sequencing, incorporation of func-
tional assays, and validation in larger multi-center cohorts to refine genotype—phenotype
correlations and establish clinical utility.

6. Conclusions

To our knowledge, this is one of the first multi-center studies in Central Asia to
demonstrate the successful integration of deep phenotyping and advanced genomic di-
agnostics in pediatric neurology. Unlike isolated case reports, we present a reproducible
and scalable model built on interdisciplinary collaboration, standardized clinical data
collection, phenotype-driven variant prioritization, and reverse phenotyping. This diag-
nostic framework can serve as a prototype for establishing rare disease centers in other
resource-limited settings.

In settings where families affected by rare disorders face significant emotional and
financial strain, shortening the diagnostic journey from years to months represents a major
advancement in care. Our findings not only validate a practical diagnostic approach but
also emphasize the need for continued genomic innovation in unresolved cases. Early,
accurate diagnosis enables targeted management, improves outcomes, and aligns with the
principles of sustainable healthcare.

In conclusion, the integration of deep phenotyping, first-line ES, and reverse pheno-
typing in children with rare neurological disorders yielded a high diagnostic rate (42%),
well above conventional methods. This approach drastically reduced diagnostic delays and
minimized unnecessary investigations, improving both patient quality of life and health-
care system efficiency. Our results support the incorporation of this model into routine
practice and advocate for the broader adoption of genomics-informed, resource-conscious
diagnostic strategies in pediatric neurology

7. Patents

This work resulted in the development of a diagnostic algorithm for complex neu-
rological phenotypes using deep phenotyping methods. The algorithm is registered as a
scientific intellectual property object with the Copyright Certificate No. 56915, issued on 17
April 2025, by the Ministry of Justice of the Republic of Kazakhstan.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijtm5040047 /s1, Figure S1: Diagnostic workflow; Table S1: SNV
detected in the studied cohort by WES analysis; Table S2: Clinical features of the study cohort;
Table S3: Implementation resources required for the HPO—ES—Multidisciplinary team pathway.
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Consortium

GMEFCS Gross Motor Function Classification System

CNV Copy Number Variations

DEE Developmental and epileptic encephalopathy

ES Exome Sequencing

GS Genome Sequencing

HPO Human Phenotype Ontology
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RPNDs Rare Paedjiatric Neurological Diseases
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SNVs Single Nucleotide Variants

VUS Variant of uncertain significance
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