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Abstract 

Pediatric neurological disorders are a diverse group of conditions affecting the 

nervous system in children, often challenging to diagnose due to their nonspecific 

and overlapping clinical features. Advances in molecular diagnostics, particularly 

whole exome sequencing (WES), have significantly improved the identification of 

genetic causes, enabling precise diagnoses and personalized treatments. This 

study explores the application of WES in diagnosing pediatric neurological disor-

ders within Moroccan childrens with undiagnosed or challenging pediatric neu-

rological conditions to uncover genetic causes of complex pediatric neurological 

conditions unresolvable by traditional diagnostic methods. The study included 188 

pediatric patients with complex neurological conditions from the Children’s Hospi-

tal of Rabat who underwent exome sequencing to investigate suspected genetic 

causes. WES revealed a diagnostic yield of 45%, identifying conditions such 

as intellectual disabilities, hereditary metabolic disorders and epilepsies. It also 

uncovered neurodevelopmental and neurodegenerative disorders, neuromuscu-

lar diseases, and genetic syndromes. A total of 157 variants were detected: 34% 

were classified as pathogenic, 28.5% as likely pathogenic, and 37.5% as variants 

of uncertain significance (VUS). These findings underscore the utility of WES as a 

robust diagnostic tool, providing insights into genetic causes and enabling tailored 

treatment strategies. They also highlight the importance of expanding genetic 

research to improve diagnostic accuracy and clinical management of pediatric 

neurological disorders.
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Introduction

Pediatric Neurological Disorders encompass a spectrum of conditions affecting the 
nervous system in children, characterized by diverse symptoms and complex presen-
tations [1]. These disorders pose significant challenges in diagnosis and treatment 
due to their varied manifestations and the limited understanding of their underlying 
genetic causes [2].

Diagnosing Pediatric Neurological Disorders is often fraught with difficulties. Symp-
toms can be nonspecific or overlap with other conditions, leading to misdiagnosis 
or delayed diagnosis [3]. Moreover, many of these rare disorders further complicate 
the diagnostic process. Traditional diagnostic approaches often struggle to provide 
precise molecular diagnoses, hindering prognostic accuracy and targeted therapeutic 
interventions. However, advancements in molecular diagnostic technologies, such 
as next-generation sequencing (NGS), offer promising avenues for elucidating the 
genetic basis of these conditions [4].

Whole exome sequencing (WES), a specializes subset of NGS, has emerged as 
a valuable tool in identifying genetic causes of Pediatric Neurological Disorders by 
efficiently sequencing the protein-coding regions of the genome where a majority of 
disease-causing mutations reside [5]. Its application has greatly facilitated the rapid 
identification of genetic etiologies, allowing for the development of tailored therapeu-
tic strategies and enhancing prognostic capabilities [6].

For this study, we enrolled cases where traditional diagnostic approaches fell 
short, either due to elusive symptoms or resistance to treatment. In response to these 
diagnostic impasses, we turned to WES as a promising avenue for dissecting the 
genetic underpinnings of these complex conditions. By integrating detailed clinical 
histories with advanced sequencing techniques, we aimed to identify pathogenic 
mutations underlying the observed phenotypes.

Materials and methods

Study participant population

The study included 188 patients treated at the neuropediatric services of the Chil-
dren’s Hospital of Rabat of the University Hospital Center, presenting complex 
neurological diseases suspected to have a genetic etiology, or faced diagnostic 
challenges including resistance to conventional treatments from 12-05-2017 to 15-11-
2023. Exome sequencing was conducted on all patients as probands, after obtain-
ing informed consent from their guardians. In cases where the proband’s exome 
sequencing results were positive, and parents were willing to investigate the genetic 
disorder’s inheritance, further examination proceeded with Sanger sequencing of the 
parents. Ethical approval for this study was obtained from the Ethics Committee for 
Biomedical Research of the Faculty of Medicine and Pharmacy of Rabat n°35/17.

Study design

At the neuropediatrics service of the Children’s Hospital of rabat, experienced neuro-
pediatricians diagnose and manage a wide range of pediatric neurological disorders 
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annually. The aim is to deliver the optimal diagnosis and treatment for each patient, tailored to their circumstances. This 
process often entails thorough diagnostic assessments, including magnetic resonance imaging (MRI) scans, comprehen-
sive laboratory evaluations, and additional auxiliary investigations. However, certain patients encounter diagnostic chal-
lenges or demonstrate resistance to conventional treatments, resulting in diagnostic and therapeutic dilemmas. Among 
these cases, where the healthcare professionals (neuropediatrician and geneticist) suspect a potential genetic etiology 
for the patient’s conditions, WES is employed to explore the underlying genetic basis. It is worth noting that cases with an 
identified genetic cause undergo exclusion from exome sequencing, as they typically undergo basic genetic tests such 
as gene panel analysis or other targeted genetic assays. When these tests yield negative results, WES is then performed 
(Fig 1). In this study, we focus solely on the results obtained through WES.

Whole exome sequencing

WES was conducted in partnership with the laboratories Cerba (Frepillon, France) and Centogene (Rostock, Germany), 
ensuring a high-quality and collaborative approach throughout the process. DNA extraction was performed using the 
QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s protocol. Extracted DNA samples 
were then stored at -20°C until sequencing.

Exome sequencing was performed on patient samples using a comprehensive method involving the enrichment of 
exomic regions of the human genome. Followed by paired-end sequencing reactions. This process utilized capture baits 
targeting approximately 36.5 Mb of the human coding exome using Illumina’s Nextera Rapid Capture Exome Kit, SureSe-
lect Human All Exon V5 kit, or Twist Human Core Exome, covering over 98% of coding RefSeq from the human genome 
build GRCh37/hg19. The enriched target regions from fragmented genomic DNA were sequenced using NovaSeq 6000, 
NextSeq500 sequencers, or HiSeq 2000 (Illumina), ensuring at least 20x coverage depth for more than 98% of targeted 

Fig 1.  Workflow for genetic investigation in pediatric neurological disorders.

https://doi.org/10.1371/journal.pone.0324177.g001

https://doi.org/10.1371/journal.pone.0324177.g001
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bases. The sequencing data underwent analysis through a computational pipeline that included read alignment to the 
GRCh37/hg19 of the human reference genome using the Burrows-Wheeler Aligner (BWA) [7]. The resulting alignments 
were converted into binary BAM file format, sorted on the fly, and de-duplicated to remove PCR duplicates. The Genome 
Analysis Toolkit (GATK) pipeline was used to refine alignments, including recalibrating base quality scores (BQSR) and 
marking duplicates. Subsequently, variant calling was performed on the secondary alignment files using GATK Hap-
lotypeCaller, which was used to identify single nucleotide variants (SNVs), and Manta [8] was used for detecting copy 
number variants (CNVs). The identified variants were then annotated using Annovar [9]. Confirmation of parental variants 
was conducted using Sanger sequencing when parental DNA was available. Low-quality variants were validated through 
Sanger sequencing, quantitative polymerase chain reaction (qPCR), or microarray technology (CytoScan® 750K, Array 
Array-CGH).

Variant interpretation

Interpretation of genetic variants involved establishing an analytical framework guided by specific criteria. This included 
identifying variations impacting protein sequences or canonical splice sites with frequencies lower than 1%, as determined 
by data from the dbSNP [10] and gnomAD databases, as well as variants reported as disease-causing in databases such 
as HGMD, ClinVar [11], or CentoMD. The primary goal of genetic variation interpretation was to identify clinically relevant 
variants validated through independent methodologies, focusing on genes relevant to the patient’s condition as deter-
mined by the attending clinician. The investigation prioritized variants within coding exons and adjacent intronic regions 
of genes with well-established gene-phenotype correlations sourced from OMIM information. Various inheritance patterns 
were evaluated, incorporating familial history and clinical data to ascertain the pathogenicity and causality of identified 
variants. Classification of variants followed the ACMG guidelines [12], categorizing them as pathogenic, likely pathogenic, 
variants of uncertain significance (VUS), likely benign, or benign. All relevant variants were thoroughly documented in 
relation to the patient’s phenotype.

Statistical analysis

Descriptive statistics summarized demographic and clinical characteristics of the patients. Associations between clini-
cal features and the individuals with positive WES results were examined using linear and logistic regression models, 
depending on the nature of the outcome variable. The RStudio software was employed for all statistical analyses, setting 
significance at a p-value below 0.05. Results, including odds ratios and confidence intervals, were visualized using the 
ggplot2 package.

Pathway analysis

We used the STRING database [13]. The list of genes identified in the study was uploaded to STRING for analysis. We 
set the interaction confidence threshold to high (≥0.7) to ensure robust results and included both direct and indirect inter-
actions. Functional enrichment analysis was conducted, focusing on KEGG pathways [14], Reactome pathways [15], and 
Gene Ontology (GO) terms [16]. This approach aimed to uncover key molecular and cellular processes associated with 
the genetic variants observed in the study.

Circular plot construction

We used the R programming language with the “circlize” and “RColorBrewer” packages. Data on chromosome sizes 
were downloaded from the human reference genome GRCh37/hg19, and gene positions were obtained from the same 
reference genome using the Ensembl BioMart database. A set of genes of interest was queried, and their chromosome 
locations were retrieved, filtered to retain only standard chromosomes (1–22, X, and Y), and formatted for further analysis. 
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Gene sizes were calculated from genomic coordinates and normalized to adjust line thickness. Each gene was assigned 
a distinct color for clear visualization. Mutation data were integrated, with specific colors representing different mutation 
types. The final visualization was created using “circlize”.

Results

Characteristics of the patients

The study characterization includes a diverse sample of 188 individuals, with an average age at genetic testing of approx-
imately 5.80 years (SD ± 4.08), ranging from 4 month to 18 years. The study population exhibits a slight male predomi-
nance, with 101 males (53.7%) compared to 87 females (46.3%). 36.2% of the participants come from consanguineous 
unions, indicating a strong potential for familial genetic linkage, and 28.7% have a family history of the same condition. 
In terms of clinical features, 71.3% of individuals exhibited motor delays, 63.3% have intellectual disabilities, 58% have 
language disorders, 43.1% experience epileptic seizures, and 32.4% present hypotonia. Other notable features included 
Attention-Deficit/Hyperactivity Disorder (ADHD) is present in 26.1% of the subjects, while Facial dysmorphia is observed 
in 17.6% of the studied group, and Autism Spectrum Disorder (ASD) in 16% (Table 1).

S1 Table summarizes the patient’s epidemiologic, clinical, and Paraclinical data. All patients exhibited various neurological 
manifestations such as seizures, developmental delay, intellectual disability, facial dysmorphism, visual impairment, hear-
ing abnormalities, and abnormal movements. Diagnostic investigations, such as brain MRI, computerized tomography (CT) 
scans, electroencephalogram (EEG), electroneuromyography (ENMG), and electromyography (EMG) were performed based 
on clinical indications. Neuroimaging and neurophysiological findings varied widely among patients. MRI results ranged from 
normal to showing specific abnormalities, such as leukodystrophy, cortical atrophy, and ventricular ectasia. Additional findings 
included both cortical and subcortical atrophy, as well as signs suggestive of mitochondrial diseases and metabolic disor-
ders. EEG findings showed a wide range of outcomes, including normal readings, benign partial epilepsy in infancy, and the 
absence of epileptic anomalies. Some cases revealed diffuse cerebral suffering and EEG abnormalities, such as interictal epi-
leptic anomalies and rare right frontotemporal spike discharges. (S1 Table) also includes the initial clinical suspicions that were 
reached based on comprehensive clinical and paraclinical evaluations. These preliminary diagnoses, formulated by pediatric 
neurologists, integrated presenting symptoms, physical examination findings, and supporting investigations.

Exome sequencing results

Overview of genetic diagnoses. 
Out of the 188 individuals, 60 (32%) had negative results, with no pathogenic variants identified. Among these negative 
cases, incidental findings were reported in two individuals, consisting of two SNVs. These variants included a KCNQ1 
variant (c.914G > T, p.Trp305Leu) associated with Long QT syndrome 1 (proband 87), and an MEFV variant (c.2082G > A, 
p.Met694Ile) associated with Familial Mediterranean fever, autosomal dominant (proband 113).

In contrast, genetic variants were identified in 128 individuals, and classified the WES results as either pathogenic, likely 
pathogenic or VUS. Among these 128 individuals, 85 patients (45%) had a conclusive positive diagnostic result. Notably, this 
group included 11 patients who carried two different pathogenic or likely pathogenic variants, seven had both a pathogenic 
or likely pathogenic variant combined with a VUS, and 1 patient carried two pathogenic variants in addition to a VUS. Addi-
tionally two patients had CNVs, who also received conclusive diagnoses. One patient harbored two different CNVs, while 
another carried a CNV along with a VUS. These CNVs included two chromosomal microdeletions and one microduplication 
on chromosomes 6, 9 and 16. The size of the involved regions ranged from 1.3 to 17.23 Mb (Table 2).

The remaining 43 patients (23%) carried only VUS, including seven patients harboring two distinct VUS. The phenotype-
genotype correlation revealed that 30 out of these 43 patients had phenotypes consistent with the identified genetic VUS 
variants. However, the remaining cases showed discrepancies, including three patients where the phenotype could not be 
conclusively explained due to conflicting traits that both supported and contradicted the effects of the genetic mutation.
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Table 1.  Demographic and Clinical Characteristics of patients with or without a genetic variant.

Group Without Genetic 
variants
(N = 60)

Group With Genetic 
variants
(N = 128)

Overall
(N = 188)

Age at testing (years)

  Mean (SD) 6.08 (3.93) 5.67 (4.16) 5.80 (4.08)

  Median [Min, Max] 6.00 [0.500, 16.0] 5.00 [0.330, 18.0] 5.00 [0.330, 18.0]

Gender

  F 25 (41.7%) 62 (48.4%) 87 (46.3%)

  M 35 (58.3%) 66 (51.6%) 101 (53.7%)

Consanguineous

  Consanguineous 38 (63.3%) 76 (59.4%) 114 (60.6%)

  Non consanguineous 18 (30.0%) 50 (39.1%) 68 (36.2%)

  Missing 4 (6.7%) 2 (1.6%) 6 (3.2%)

Family history

  No 45 (75.0%) 88 (68.8%) 133 (70.7%)

  Yes 14 (23.3%) 40 (31.3%) 54 (28.7%)

  Missing 1 (1.7%) 0 (0%) 1 (0.5%)

Motor delay

  No 18 (30.0%) 36 (28.1%) 54 (28.7%)

  Yes 42 (70.0%) 92 (71.9%) 134 (71.3%)

Intellectual disability

  No 24 (40.0%) 45 (35.2%) 69 (36.7%)

  Yes 36 (60.0%) 83 (64.8%) 119 (63.3%)

Language disorder

  No 20 (33.3%) 59 (46.1%) 79 (42.0%)

  Yes 40 (66.7%) 69 (53.9%) 109 (58.0%)

Epileptic seizures

  No 35 (58.3%) 72 (56.3%) 107 (56.9%)

  Yes 25 (41.7%) 56 (43.8%) 81 (43.1%)

Hypotonia

  No 38 (63.3%) 89 (69.5%) 127 (67.6%)

  Yes 22 (36.7%) 39 (30.5%) 61 (32.4%)

ADHD

  No 43 (71.7%) 96 (75.0%) 139 (73.9%)

  Yes 17 (28.3%) 32 (25.0%) 49 (26.1%)

Facial dysmorphia

  No 48 (80.0%) 107 (83.6%) 155 (82.4%)

  Yes 12 (20.0%) 21 (16.4%) 33 (17.6%)

ASD

  No 48 (80.0%) 110 (85.9%) 158 (84.0%)

  Yes 12 (20.0%) 18 (14.1%) 30 (16.0%)

*ADHD: Attention-Deficit/Hyperactivity Disorder; ASD: Autism Spectrum Disorder.

https://doi.org/10.1371/journal.pone.0324177.t001

https://doi.org/10.1371/journal.pone.0324177.t001
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Association of clinical factors with the presence of genetic variant. 
Ten phenotypic variables were evaluated for their association with individuals that had a conclusive positive diagnostic 
result using logistic regression analysis. The model revealed that language disorder has a statistically significant associ-
ation with a reduced probability of detecting a genetic variant, with an odds ratio (OR) of 0.48 (95% CI: 0.23-0.97). Other 
factors, such as ASD and ADHD, showed a less reduced probability of detecting a genetic variant, with ORs close to 1 
and wider confidence intervals. Intellectual disability was associated with a higher likelihood of the outcome, with an OR 
of 1.86, although the wide confidence interval suggested uncertainty in the estimate. Facial dysmorphia, family history 
and consanguinity also showed increased odds with ORs of approximately 1.70, 1.26 and 1.28, respectively, though their 
CIs overlapped with 1, indicating these associations are not statistically significant. Motor delay, hypotonia and epileptic 
seizures exhibited ORs close to 1, reflecting weaker or no significant associations with the outcome (Fig 2).

Variants finding analysis. 
Overall, the analysis identified a total of 157 variants, including 3 CNVs and 154 SNVs. However, among the SNVs, three 
variants were recurrent: one appeared three times, while two others were found twice (Table 3). According to the ACMG 
classification system, 50 variants (32%) were classified as pathogenic, 45 (29.5%) as likely pathogenic, and 59 (38.5%) 
as VUS.

Among the identified SNVs, 65 had been previously documented in scientific literature, 86 were listed in the ClinVar 
database, and 63 SNVs had no prior record in either the literature or the ClinVar database. We were also able to identify 
inherited variants in 39 individuals, including four autosomal dominant (AD) variants, ten de novo variants, and 33 autoso-
mal recessive (AR) variants (Table 3).

A total of 123 genes were implicated in this group of patients, encompassing all variants, including those classified 
as VUS. These genes were associated with neurological pathologies but involved in different pathways (S2 Table), 
including metabolic pathways, neurodegenerative pathways, and immune-related Pathways. RNASEH2B and LAMA2 
were the most frequently identified genes in this study. RNASEH2B, linked to Aicardi-Goutières syndrome 2, was 
found in three patients who shared the same mutation and exhibited similar clinical features, including pyramidal 
syndrome, dystonia, and psychomotor delay. LAMA2, associated with congenital muscular dystrophy (alpha subunit-
related) and LAMA2-related muscular dystrophy, was found in three patients. Two of these patients shared the same 
mutation, while the third carried a different mutation. All three exhibited comparable clinical features, including facial 
dysmorphia, elevated creatine kinase levels, and generalized hypotonia. Thirteen genes were each implicated in two 
patients: ADD3, CFTR, DNM1, HEXA, IQSEC2, IRF2BPL, KCNA2, NLGN4X, OCRL, PLA2G6, STXBP1, TPP1, and 
TUBB4A (S3 Table). Additionally 108 genes were each identified in one patient. Each identified variant was analyzed 
in correlation with the observed phenotype and the specific mutation found in each gene. This analysis allowed us to 
link the genetic alterations to suspected pathologies potentially underlying the symptoms observed in the patients. For 
instance, each implicated gene was associated with a distinct pathology, providing insights into its functional role in 
disease mechanisms (Table 3).

Table 2.  Summary of CNVs identified in neuropediatric patients.

CNV

Patient 
ID

Deletion/ 
Duplication

Location Classification Estimated Size (Mb) Name of disease

84 Deletion 6q27 P 3.73 Brain malformations.

Duplication 16p13.3p12.3 P 17.23 Intellectual disability and congenital anomalies.

118 Deletion 9q33.3 P 1.3 Autosomal dominant early infantile epileptic enceph-
alopathy type 4.

https://doi.org/10.1371/journal.pone.0324177.t002

https://doi.org/10.1371/journal.pone.0324177.t002
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To better visualize the genomic organization and precisely locate variants within specific genes, a circular plot was 
generated. This visualization illustrates the distribution of the genes and the variants identified in this study. Chromosomes 
are displayed in the outer ring, while genes are positioned according to the chromosomes they belong to based on their 
genomic coordinates. Gene size is represented by the thickness of the line in the inner ring. Mutations were integrated 
into the plot, with distinct colors indicating different mutation types: red for substitution mutations, blue for deletions, black 
for duplications, and green for delins (deletion and insertion) (Fig 3).

Discussion

The introduction of WES into medicine has revolutionized how physicians trace the genetic causes of suspected hereditary 
disorders. WES has recently been adopted in the diagnosis of Mendelian disorders, showing considerable success in iden-
tifying rare and genetically diverse conditions [17]. In this study, we present genetic findings from a large group of Moroccan 
children with undiagnosed or challenging pediatric neurological conditions that remained elusive despite standard testing. 
Using WES while also detailing the clinical profiles of each patient. Our study achieved a diagnostic yield of 45% (85/188), 
successfully identifying the genetic causes of various neurological disorders. To our knowledge, no whole exome sequenc-
ing studies on pediatric neurological diseases have yet been conducted in North Africa. However, a study from South Africa, 
which utilized a targeted gene panels rather than whole exome sequencing, reported an overall diagnostic yield of 45% 
(56/124 patients) [18]. Other studies have reported comparable diagnostic yields for exome sequencing in pediatric neuro-
logical disorders. For instance, a study from Saudi Arabia reported a diagnostic yield of 73% (19/26) [19],an Indonesian study 
documented a 45% yield (9/20) [20], a study from Argentina reported a 40% yield (16/40) [21], and a study from the United 
States observed a 41% diagnostic yield (32/78) in a heterogeneous pediatric population [22]. By streamlining the diagnostic 

Fig 2.  Logistic regression analysis of whole exome sequencing data.

https://doi.org/10.1371/journal.pone.0324177.g002

https://doi.org/10.1371/journal.pone.0324177.g002
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process, WES reduces the time these patients spend waiting for answers, putting an end to years-long diagnostic journeys, 
improving their medical management, and enhancing genetic counseling for their families [21].

The relatively high diagnostic yield in our study likely reflects the patient population served by the Rabat Children’s 
Hospital, a level 3 medical facility that provides highly specialized and advanced care, typically for patients with complex 
pathologies or requiring advanced interventions. As the top tier in the healthcare hierarchy, following primary care cen-
ters (level 1) and secondary hospitals (level 2). It also explains the inter-health heterogeneity observed as WES revealed 
a wide range of etiologies, including neurodevelopmental, neurodegenerative, epileptic, and neurometabolic disorders 
among others.

Our study revealed important insights regarding the effectiveness of WES in detecting genetic variants across differ-
ent clinical phenotypes. Specifically, we found that patients presenting with language disorders had a significantly lower 

Fig 3.  Circular plot representing the spatial distribution of 123 genes and 150 mutations across the genome. Bar thickness represent gene 
sizes; Mutation types indicated by colors: Red for substitutions, blue for deletions, black for duplications, and green for delins (deletion and 
insertion). (The scale of chromosome 19 was duplicated for better visibility).

https://doi.org/10.1371/journal.pone.0324177.g003

https://doi.org/10.1371/journal.pone.0324177.g003
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probability of yielding a positive genetic result from WES. This suggests that language disorders alone may not be as 
strongly linked to the detection of genetic mutations.

In contrast, certain clinical features appeared to have a much stronger association in our study with the identification 
of diagnostic genetic variants in pediatric patients with neurological diseases, though these associations were not statis-
tically significant. Patients diagnosed with intellectual disability (ID) were among the most likely to have a genetic vari-
ant detected, suggesting a strong genetic underpinning for this condition in many cases. Similarly, facial dysmorphia, a 
characteristic often linked to underlying genetic syndromes, also showed a correlation with positive findings from WES. 
Furthermore, patients who had a family history of similar clinical presentations were found to be more likely to receive a 
diagnostic result through genetic testing. These findings underscore the importance of considering a broader clinical and 
familial context when using WES to identify genetic causes of disease. When compared to previous epilepsy-specific 
studies [23], which reported statistically significant associations between genetic findings and clinical features like intellec-
tual disability and motor impairments, our study presents a broader perspective. Unlike these study, our findings did not 
achieve statistical significance. This discrepancy may be explained by the narrower scope of epilepsy-focused research, 
which concentrates on a single etiology and thus benefits from enhanced statistical power.

The analysis of the 123 genes identified in our study revealed a diverse range of pathways, emphasizing the com-
plex interplay between neurological and non-neurological systems. Some pathways, such as those involved in spinoc-
erebellar ataxia and cholinergic synapse signaling, are directly implicated in neurodegenerative conditions [24]. Others, 
however, are linked to broader biological processes, such as lysosomal function and metabolic regulation, which are 
associated with both neurodevelopmental and neurodegenerative disorders [25]. For example, lysosomal storage dis-
eases often result in pediatric neurological impairments like ataxia or cognitive deficits due to disrupted cellular metab-
olism [26]. Additionally, cardiac-related pathways, including cardiomyopathy and hypertrophic cardiomyopathy, may 
indirectly affect brain function by impairing circulatory efficiency [27]. These findings highlight the significant overlap 
between metabolic, immune, and neuronal dysfunctions in pediatric neurological diseases, illustrating the multifacto-
rial nature of these conditions and the interconnectedness of systemic and neurological health. In this study, we also 
identified a high number of VUS, accounting for 38,5% of the identified variants, with 43 patients presenting exclusively 
with VUS. Among these patients, 30 exhibited a phenotype-genotype correlation, if these variants are later confirmed 
as pathogenic, they could significantly increase the diagnostic yield. This observation emphasizes the need for con-
tinued efforts to evaluate and reclassify VUS in order to enhance diagnostic accuracy [28]. These findings emphasize 
the challenges of interpreting such variants, particularly in underrepresented populations such as North Africans and 
the Middle East, where limited genomic data are published [29,30]. Efforts to compare our findings with other regional 
data, such as those from Egypt or neighboring countries, will be crucial for improving variant classification and improv-
ing diagnostic precision in these populations. In this study, parental testing was not conducted in all cases, which could 
have provided valuable insight into the inheritance patterns of the identified mutations. And a larger sample size would 
have been beneficial for better assessment of diagnostic yield and genetic mutation spectrum in pediatrics neurological 
disorders.

Despite this, we also observed a significant number of pathogenic and likely pathogenic variants, which are highly valu-
able for clinical diagnostics. These variants were instrumental not only in confirming clinical hypotheses but also in refining 
and, in some cases, redirecting diagnostic conclusions. In this study, we observed that in some cases, clinical suspicions 
were concordant with the genetic findings. However, genetic testing not only confirmed the diagnosis but also provided 
greater precision regarding the underlying cause. For example, in one patient initially suspected of having congenital 
muscular dystrophy, genetic analysis confirmed a LAMA2-related muscular dystrophy, offering a more specific etiological 
diagnosis.

In some other cases, the clinical suspicion pointed towards one condition, but genetic results revealed a different 
diagnosis that still explained the patient’s phenotype. One such case involved a suspected myopathy, but genetic testing 
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identified Paroxysmal dystonic choreoathetosis with epileptic ataxia, an autosomal dominant condition, which better 
accounted for the patient’s clinical presentation.

We also encountered situations where the clinical hypothesis was not entirely inaccurate, but the genetic diagnosis 
offered a more refined classification. For instance, in a case initially suspected to be a mitochondrial disorder, genetic 
analysis revealed a glutaryl-CoA dehydrogenase deficiency. Although this condition is not a mitochondrial disorder in the 
strict sense, as seen with classical respiratory chain deficiencies, it is an organic aciduria with mitochondrial involvement. 
The deficient enzyme is located in the mitochondria, and thus, the condition is sometimes included in broader classifica-
tions of disorders with secondary mitochondrial implications.

These findings not only provide critical insights into the genetic underpinnings of the conditions studied, but also have a 
profound psychological impact. Parents of affected children often express relief and reassurance upon receiving a defini-
tive diagnosis, as it provides clarity regarding the cause of their child’s symptoms and facilitates informed decision-making 
for future care and management [23]. Moreover, WES contributes to reducing unnecessary healthcare costs by enabling 
faster and more accurate diagnoses, thereby avoiding multiple unrelated and costly diagnostic procedures. This targeted 
approach enhances overall cost-effectiveness and improves the healthcare journey for families [31]. Looking ahead, future 
efforts should focus on exploring how to adapt therapeutic approaches now that we have a clearer understanding of the 
genetic diagnoses in these patients.

Conclusion

In this study, we investigated the genetic basis of pediatric neurological disorders within a Moroccan hospital-based group 
of patients, emphasizing the seamless integration of clinical care and research. Our methodology combined detailed phe-
notyping, supported by up-to-date clinical insights, with the application of current genomic analysis standards and exper-
tise in interpreting genetic variants. This comprehensive approach enhanced our ability to identify genetic contributions to 
these conditions, improving diagnostic outcomes. Expanding the implementation of these genetic approaches in routine 
diagnostic workflows could further refine precision and patient management for individuals with neurological disorders, 
offering a transformative potential for clinical practice.

Supporting information

S1 Table.  The patient’s epidemiologic, clinical, and paraclinical data. 
(XLSX)

S2 Table.  Kegg pathways of the 123 genes identified in the study. 
(DOCX)

S3 Table.  Recurrent genetic findings among cases. 
(DOCX)

Acknowledgments

We would like to express our sincere gratitude to the Children’s Hospital of Rabat and the Mohammed VI Center for 
Research and Innovation (CM6RI), for granting us the opportunity to conduct this study. We also deeply thank the Cento-
gene and CERBBA laboratories, for their essential support in in the analysis and maintenance of data for this research.

Author contributions

Conceptualization: Zainab Gaouzi, Yamna kriouile.

Data curation: Zainab Gaouzi, Aziza Belkhayat, Yamna kriouile.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0324177.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0324177.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0324177.s003


PLOS One | https://doi.org/10.1371/journal.pone.0324177  May 19, 2025 20 / 21

Formal analysis: Zainab Gaouzi.

Investigation: Zainab Gaouzi, Aziza Belkhayat, Yamna kriouile.

Methodology: Zainab Gaouzi, Aziza Belkhayat, Idrissa Diawara.

Project administration: Yamna kriouile.

Resources: Zainab Gaouzi.

Supervision: Idrissa Diawara, Yamna kriouile.

Validation: Zainab Gaouzi, Aziza Belkhayat, Hind Lachraf, Idrissa Diawara, Yamna kriouile.

Writing – original draft: Zainab Gaouzi.

Writing – review & editing: Aziza Belkhayat, Zahra Chebihi Takki, Hind Lachraf, Idrissa Diawara, Yamna kriouile.

References
	 1.	 Ogundele MO, Morton M. Classification, prevalence and integrated care for neurodevelopmental and child mental health disorders: a brief over-

view for paediatricians. World J Clin Pediatr. 2022;11(2):120–35.

	 2.	 Savatt JM, Myers SM. Genetic Testing in Neurodevelopmental Disorders. Front Pediatr. 2021;9:526779. https://doi.org/10.3389/fped.2021.526779 
PMID: 33681094

	 3.	 van Nimwegen KJM, Schieving JH, Willemsen MAAP, Veltman JA, van der Burg S, van der Wilt GJ, et al. The diagnostic pathway in complex pae-
diatric neurology: a cost analysis. Eur J Paediatr Neurol. 2015;19(2):233–9. https://doi.org/10.1016/j.ejpn.2014.12.014 PMID: 25604808

	 4.	 Fogel BL, Satya-Murti S, Cohen BH. Clinical exome sequencing in neurologic disease. Neurol Clin Pract. 2016;6(2):164–76. https://doi.
org/10.1212/CPJ.0000000000000239 PMID: 27104068

	 5.	 Sun H, Shen X-R, Fang Z-B, Jiang Z-Z, Wei X-J, Wang Z-Y, et al. Next-Generation Sequencing Technologies and Neurogenetic Diseases. Life 
(Basel). 2021;11(4):361. https://doi.org/10.3390/life11040361 PMID: 33921670

	 6.	 Fernandez-Marmiesse A, Gouveia S, Couce ML. NGS Technologies as a Turning Point in Rare Disease Research , Diagnosis and Treatment. Curr 
Med Chem. 2018;25(3):404–32. https://doi.org/10.2174/0929867324666170718101946 PMID: 28721829

	 7.	 Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv preprint arXiv:13033997. 2013.

	 8.	 Chen X, Schulz-Trieglaff O, Shaw R, Barnes B, Schlesinger F, Källberg M. Manta: rapid detection of structural variants and indels for germline and 
cancer sequencing applications. Bioinformatics. 2016;32(8):1220–2.

	 9.	 ANNOVAR: functional annotation of genetic variants from high-throughput sequencing data | Nucleic Acids Research | Oxford Academic [Internet]. 
[cited 2024 Oct 20]. Available from: https://academic.oup.com/nar/article/38/16/e164/1749458

	10.	 Sherry ST, Ward MH, Kholodov M, Baker J, Phan L, Smigielski EM, et al. dbSNP: the NCBI database of genetic variation. Nucleic Acids Res. 
2001;29(1):308–11. https://doi.org/10.1093/nar/29.1.308 PMID: 11125122

	11.	 ClinVar: public archive of relationships among sequence variation and human phenotype | Nucleic Acids Research | Oxford Academic [Internet]. 
[cited 2024 Oct 20]. Available from: https://academic.oup.com/nar/article/42/D1/D980/1051029

	12.	 Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines for the interpretation of sequence variants: a joint 
consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet Med. 
2015;17(5):405–24. https://doi.org/10.1038/gim.2015.30 PMID: 25741868

	13.	 Szklarczyk D, Gable A, Lyon D, Junge A, Wyder S, Huerta-Cepas J. String v11: protein-protein association networks with increased coverage, 
supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. 2019;47(D1):D607–13.

	14.	 Kanehisa M. The KEGG Database. In: ‘In Silico’ Simulation of Biological Processes [Internet]. John Wiley & Sons, Ltd; 2002 [cited 2024 Nov 25]. p. 
91–103. Available from: https://onlinelibrary.wiley.com/doi/abs/10.1002/0470857897.ch8

	15.	 Croft D, O’Kelly G, Wu G, Haw R, Gillespie M, Matthews L, et al. Reactome: a database of reactions, pathways and biological processes. Nucleic 
Acids Res. 2011;39:D691–7. https://doi.org/10.1093/nar/gkq1018 PMID: 21067998

	16.	 Gene Ontology Consortium. The gene ontology (GO) database and informatics resource. Nucleic Acids Res. 2004;32(suppl_1):D258–61.

	17.	 Vinkšel M, Writzl K, Maver A, Peterlin B. Improving diagnostics of rare genetic diseases with NGS approaches. J Community Genet. 
2021;12(2):247–56. https://doi.org/10.1007/s12687-020-00500-5 PMID: 33452619

	18.	 Utility of next generation sequencing in paediatric neurological disorders: experience from South Africa | European Journal of Human Genetics 
[Internet]. [cited 2025 Jan 26]. Available from: https://www.nature.com/articles/s41431-024-01582-2

	19.	 Muthaffar OY. The Utility of Whole Exome Sequencing in Diagnosing Pediatric Neurological Disorders. Balkan J Med Genet. 2021;23(2):17–24. 
https://doi.org/10.2478/bjmg-2020-0028 PMID: 33816068

https://doi.org/10.3389/fped.2021.526779
http://www.ncbi.nlm.nih.gov/pubmed/33681094
https://doi.org/10.1016/j.ejpn.2014.12.014
http://www.ncbi.nlm.nih.gov/pubmed/25604808
https://doi.org/10.1212/CPJ.0000000000000239
https://doi.org/10.1212/CPJ.0000000000000239
http://www.ncbi.nlm.nih.gov/pubmed/27104068
https://doi.org/10.3390/life11040361
http://www.ncbi.nlm.nih.gov/pubmed/33921670
https://doi.org/10.2174/0929867324666170718101946
http://www.ncbi.nlm.nih.gov/pubmed/28721829
https://academic.oup.com/nar/article/38/16/e164/1749458
https://doi.org/10.1093/nar/29.1.308
http://www.ncbi.nlm.nih.gov/pubmed/11125122
https://academic.oup.com/nar/article/42/D1/D980/1051029
https://doi.org/10.1038/gim.2015.30
http://www.ncbi.nlm.nih.gov/pubmed/25741868
https://onlinelibrary.wiley.com/doi/abs/10.1002/0470857897.ch8
https://doi.org/10.1093/nar/gkq1018
http://www.ncbi.nlm.nih.gov/pubmed/21067998
https://doi.org/10.1007/s12687-020-00500-5
http://www.ncbi.nlm.nih.gov/pubmed/33452619
https://www.nature.com/articles/s41431-024-01582-2
https://doi.org/10.2478/bjmg-2020-0028
http://www.ncbi.nlm.nih.gov/pubmed/33816068


PLOS One | https://doi.org/10.1371/journal.pone.0324177  May 19, 2025 21 / 21

	20.	 Triono A, Iskandar K, Hadiyanto ML, Nugrahanto AP, Diantika K, Wijayanti VW, et al. Identification of the genetic basis of pediatric neurogenetic 
disorders at a tertiary referral hospital in Indonesia: Contribution of whole exome sequencing. PLoS One. 2023;18(10):e0293113. https://doi.
org/10.1371/journal.pone.0293113 PMID: 37878632

	21.	 Córdoba M, Rodriguez-Quiroga SA, Vega PA, Salinas V, Perez-Maturo J, Amartino H, et al. Whole exome sequencing in neurogenetic odysseys: 
An effective, cost- and time-saving diagnostic approach. PLoS One. 2018;13(2):e0191228. https://doi.org/10.1371/journal.pone.0191228 PMID: 
29389947

	22.	 Srivastava S, Cohen JS, Vernon H, Barañano K, McClellan R, Jamal L, et al. Clinical whole exome sequencing in child neurology practice. Ann 
Neurol. 2014;76(4):473–83. https://doi.org/10.1002/ana.24251 PMID: 25131622

	23.	 Koh HY, Smith L, Wiltrout KN, Podury A, Chourasia N, D’Gama AM, et al. Utility of Exome Sequencing for Diagnosis in Unexplained Pediatric-
Onset Epilepsy. JAMA Netw Open. 2023;6(7):e2324380. https://doi.org/10.1001/jamanetworkopen.2023.24380 PMID: 37471090

	24.	 Moro A, Moscovich M, Farah M, Camargo CHF, Teive HAG, Munhoz RP. Nonmotor symptoms in spinocerebellar ataxias (SCAs). Cerebellum Atax-
ias. 2019;6:12. https://doi.org/10.1186/s40673-019-0106-5 PMID: 31485334

	25.	 Full article: An overview of inborn errors of metabolism affecting the brain: from neurodevelopment to neurodegenerative disorders [Internet]. [cited 
2024 Nov 22]. Available from: https://www.tandfonline.com/doi/full/10.31887/DCNS.2018.20.4/jmsaudubray

	26.	 Platt FM, d’Azzo A, Davidson BL, Neufeld EF, Tifft CJ. Lysosomal storage diseases. Nat Rev Dis Primers. 2018;4(1):1–25.

	27.	 Arrhythmogenic right ventricular cardiomyopathy: evaluation of the current diagnostic criteria and differential diagnosis | European Heart Journal | 
Oxford Academic [Internet]. [cited 2024 Nov 22]. Available from: https://academic.oup.com/eurheartj/article/41/14/1414/5602183

	28.	 A multicenter study of clinical impact of variant of uncertain significance reclassification in breast, ovarian and colorectal cancer susceptibility 
genes - Makhnoon - 2023 - Cancer Medicine - Wiley Online Library [Internet]. [cited 2024 Dec 14]. Available from: https://onlinelibrary.wiley.com/
doi/10.1002/cam4.5202

	29.	 Population Genome Programs across the Middle East and North Africa: Successes, Challenges, and Future Directions | Bio-
medicine Hub | Karger Publishers [Internet]. [cited 2024 Nov 22]. Available from: https://karger.com/bmh/article/8/1/60/854242/
Population-Genome-Programs-across-the-Middle-East

	30.	 known unknown: the challenges of genetic variants of uncertain significance in clinical practice | Journal of Law and the Biosciences | Oxford Aca-
demic [Internet]. [cited 2024 Nov 22]. Available from: https://academic.oup.com/jlb/article/4/3/648/4820755

	31.	 Chung CCY, Leung GKC, Mak CCY, Fung JLF, Lee M, Pei SLC, et al. Rapid whole-exome sequencing facilitates precision medicine in paediatric 
rare disease patients and reduces healthcare costs. Lancet Reg Health West Pac. 2020;1:100001. https://doi.org/10.1016/j.lanwpc.2020.100001 
PMID: 34327338

https://doi.org/10.1371/journal.pone.0293113
https://doi.org/10.1371/journal.pone.0293113
http://www.ncbi.nlm.nih.gov/pubmed/37878632
https://doi.org/10.1371/journal.pone.0191228
http://www.ncbi.nlm.nih.gov/pubmed/29389947
https://doi.org/10.1002/ana.24251
http://www.ncbi.nlm.nih.gov/pubmed/25131622
https://doi.org/10.1001/jamanetworkopen.2023.24380
http://www.ncbi.nlm.nih.gov/pubmed/37471090
https://doi.org/10.1186/s40673-019-0106-5
http://www.ncbi.nlm.nih.gov/pubmed/31485334
https://www.tandfonline.com/doi/full/10.31887/DCNS.2018.20.4/jmsaudubray
https://academic.oup.com/eurheartj/article/41/14/1414/5602183
https://onlinelibrary.wiley.com/doi/10.1002/cam4.5202
https://onlinelibrary.wiley.com/doi/10.1002/cam4.5202
https://karger.com/bmh/article/8/1/60/854242/Population-Genome-Programs-across-the-Middle-East
https://karger.com/bmh/article/8/1/60/854242/Population-Genome-Programs-across-the-Middle-East
https://academic.oup.com/jlb/article/4/3/648/4820755
https://doi.org/10.1016/j.lanwpc.2020.100001
http://www.ncbi.nlm.nih.gov/pubmed/34327338

