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Background: Developmental delay (DD) and intellectual disability (ID) are prevalent in children and often have genetic causes, particularly copy number variations (CNVs). Chromosomal microarray analysis (CMA) and whole-exome sequencing (WES) are key diagnostic tools for identifying genetic contributions to these disorders. This study assesses the prevalence and clinical impact of CNVs in pediatric DD and ID patients.Methods: Ninety-nine pediatric patients with DD or ID underwent CMA or WES. Of these, 82 received SNP array analysis, while 17 had WES. CNV pathogenicity was assessed using established databases and ACMG guidelines, with inheritance patterns determined where possible.Results: Across the 99 patients, 43 CNVs were identified in 40 individuals, with 32 classified as clinically significant, resulting in a diagnostic rate of 30.3%. These findings included 24 deletions (75%), 7 duplications (22%), and 1 instance of loss of heterozygosity (3%). Of the CNVs with known inheritance, 65.2% were de novo. Recurrent CNVs made up 36.4% of the total, especially in regions 15q11.2-q13.1, 16p11.2, and 22q11.2. Additionally, 11 CNVs were categorized as variants of uncertain significance (VOUS).Conclusion: This study supports CMA as an effective diagnostic tool for DD and ID, highlighting the importance of family-based CNV testing for genetic counseling. The findings emphasize the need for comprehensive genetic testing to improve diagnostic accuracy, with future multi-omics approaches potentially clarifying VOUS mechanisms and CNV variability in neurodevelopmental disorders.Keywords: copy number variations, SNP array, WES, developmental delay, intellectual disability
1 INTRODUCTION
Developmental delay (DD) and intellectual disability (ID) rank among the most common neurodevelopmental disorders in children, affecting approximately 1%–3% of the global pediatric population (Marrus and Hall, 2017). These conditions often manifest through delays in language acquisition, motor skills, social interactions, and cognitive development, posing significant challenges to affected individuals and their families. Identifying the underlying etiology is essential, not only for accurate diagnosis and prognosis but also for genetic counseling and targeted interventions (Xiang et al., 2021).
Genetic factors are now recognized as significant contributors to DD and ID, with studies indicating a genetic basis in up to 50% of cases (Jansen et al., 2023; Shchubelka et al., 2024). Copy number variations (CNVs)—duplications or deletions of DNA segments—are key abnormalities linked to these disorders. Chromosomal microarray analysis (CMA), a high-resolution diagnostic tool, has become the first-tier method for detecting CNVs in patients with DD, ID, autism spectrum disorders (ASD), and congenital anomalies, achieving a diagnostic yield of 15%–25%, markedly higher than traditional karyotyping, especially for small microdeletions and duplications (Jang et al., 2019; Kamath et al., 2022; Perovic et al., 2022). Studies have shown that pathogenic CNVs are often associated with complex phenotypes, including DD, ID, epilepsy, and dysmorphisms, and that inheritance patterns—whether inherited or de novo—can offer insights into the severity and recurrence risk, with de novo CNVs typically indicating more severe clinical presentations. CMA thus serves as a critical tool for identifying causative genomic variations, aiding in clinical management and personalized treatment, especially in unexplained cases of DD and ID (Miclea et al., 2022; João et al., 2024).
This study aims to analyze the prevalence and clinical significance of CNVs in a cohort of pediatric patients with DD and ID using CMA. By examining CNV types, inheritance patterns, and associated phenotypes, this research seeks to expand the understanding of the genetic landscape of DD and ID and reinforce the utility of CMA as a diagnostic tool in neurodevelopmental disorder diagnosis. Furthermore, this study aims to contribute to improved genotype-phenotype correlations, ultimately supporting more informed clinical decision-making and genetic counseling for affected families.
2 MATERIALS AND METHODS
2.1 Subject
This retrospective descriptive study was conducted at the Changzhi Maternal and Child Health Care Hospital, targeting pediatric patients diagnosed with dd or ID between August 2021 and December 2022. A total of 99 pediatric patients, each evaluated by clinical geneticists, were included. The study protocol received approval from the Institutional Ethics Committee (CZSFYLL 2021-015), and informed consent was obtained from each participant’s parent or guardian for molecular diagnostic testing and research use. Of these patients, 82 underwent single nucleotide polymorphism (SNP) array testing, while 17 were assessed with whole-exome sequencing (WES) due to complex or specific clinical features.
2.2 DNA extraction
Peripheral blood samples were collected from each patient. DNA extraction was conducted using the microsample genomic DNA extraction kit (DP316, Tiangen BioTech Co., Ltd., Beijing, China) according to the manufacturer’s protocol. The concentration and purity of the extracted genomic DNA were measured using a NanoDrop 2000 spectrophotometer (Thermo Scientific), and samples were stored at −20°C until further processing.
2.3 SNP array analysis
SNP array analysis was performed on 82 patients using the Affymetrix CytoScan® 750K array kit (Affymetrix, Inc., Santa Clara, CA, United States) following the manufacturer’s instructions. Resulting data were processed to detect CNVs using Affymetrix Chromosome Analysis Suite (ChAS) Software version 3.3.
2.4 WES analysis
For the 17 patients selected for WES, the analysis utilized a whole-exome capture kit from MyGenostics Inc. (Beijing, China). SNP and InDel detection was conducted following previously established protocols (Tao et al., 2023). CNVs were identified through relative read depth analysis of NGS data at targeted positions, employing CNVkit (https://cnvkit.readthedocs.io/en/stable/), as outlined in prior studies (Nord et al., 2011; Quenez et al., 2021).
2.5 Pathogenicity assessment
The pathogenicity of CNVs was evaluated using published literature and several public databases, including DGV (http://dgv.tcag.ca/dgv/app/home), ClinGen (https://www.clinicalgenome.org/), DECIPHER (https://decipher.sanger.ac.uk/), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), gnomAD (https://gnomad.broadinstitute.org/) and OMIM (https://www.omim.org/). This analysis followed the guidelines of the American College of Medical Genetics and Genomics (ACMG) and the Clinical Genome Resource (ClinGen), using the 2020 classification standards (Riggs et al., 2020).
3 RESULTS
3.1 Patient demographics and clinical characteristics
In this study, 99 pediatric patients with a diagnosis of DD or ID were analyzed (Table 1). The cohort included 61 males and 38 females, ranging in age from 2 days to 33 years. The primary clinical features observed were DD in 67 patients and ID in 62 patients. In addition to these primary diagnoses, other frequently observed symptoms included hypotonia (8 cases, 8.08%), delayed or absent speech (12 cases, 12.1%), and abnormal facies (8 cases, 8.08%), which often correlate with genetic syndromic presentations. Autism spectrum-related symptoms were present in 8 cases (8.1%), while seizures were reported in 6 cases (6.1%).
TABLE 1 | Summary of patient demographics and clinical features.
[image: Table 1]3.2 CNV detection and classification
In this cohort of 99 pediatric patients, CMA or WES identified 43 CNVs in 40 patients (Figure 1). Among these, 32 CNVs were deemed clinically significant, impacting 30 patients (30.3%); 31 (96.9%) were classified as pathogenic, while 1 (3.1%) was considered likely pathogenic (Table 2; Figure 2). Additionally, 11 CNVs were identified in 11 patients and were classified as variants of uncertain significance (VOUS) (Supplementary Table 1).
[image: Figure 1]FIGURE 1 | Distribution of CNV types. (a) The number and proportion of deletions, duplications, and loss of heterozygosity (LOH) among all detected CNVs (n = 43). (b) The number and proportion of deletions, duplications, and LOH among clinically significant CNVs (n = 32). (c) Inheritance pattern of all detected CNVs (n = 43).
TABLE 2 | Pathogenic or likely pathogenic CNVs observed in DD/ID patients.
[image: Table 2][image: Figure 2]FIGURE 2 | Chromosomal distribution of pathogenic or likely pathogenic CNVs.
The 32 clinically significant CNVs included 24 deletions (75.0%), 7 duplications (21.9%), and 1 instance of loss of heterozygosity (LOH) (3.1%).
Of the 43 CNVs identified, inheritance data was available for 21 cases. Fifteen CNVs (65.2%) were de novo. Four CNVs were maternally inherited, including two duplications in regions associated with X-linked syndromes. Two CNVs were paternally inherited. The inheritance patterns of the remaining 22 CNVs were unknown, likely due to limited family information or the high cost of parental testing, which some families may not have been able to afford.
3.3 High-risk CNV regions and associated phenotypes
Recurrent CNVs are defined as copy number variations that frequently occur at specific genomic regions predisposed to deletions or duplications across individuals (Smajlagić et al., 2021). Among the 33 clinically significant CNVs identified in this cohort, 12 (36.4%) were located in recurrent CNV regions, including 15q11.2-q13.1 (4 cases), 16p11.2 (2 cases), 16p13.11 (1 case), 22q11.2 (3 cases), Xq28 (1 case), and 7q11.23 (1 case). Additionally, SOX10-related CNVs were identified in two cases, and SHANK3-related CNVs were also found in two cases, with one case presenting deletions in both SHANK3 and SOX10.
3.4 Normal CMA results and clinical phenotypes
In this cohort, 59 out of the 99 pediatric patients (59.6%) had normal results, with no clinically significant CNVs detected. Despite the absence of detectable CNVs, these patients exhibited a range of clinical phenotypes, including DD in 36 cases, ID in 25 cases, hypotonia in 9 cases, and delayed speech in 8 cases. Additional clinical features observed included ASD in 5 cases and seizures in 3 cases.
4 DISCUSSION
This study investigates the genetic underpinnings of neurodevelopmental disorders through a comprehensive analysis of CNVs in pediatric patients with DD and/or ID. It provides valuable insights into recurrent genomic regions, novel pathogenic variants, and the complexities of inheritance patterns. Recurrent CNVs were identified in 12 cases (36.4%), with 15q11.2-q13.1 being the most frequently observed region (4 cases). This region was predominantly associated with DD (3/4 cases) and ID (3/4 cases), along with variable features such as hypotonia, abnormal facies, and speech delay—phenotypes commonly linked to syndromic conditions like Prader-Willi and Angelman syndromes (Ma et al., 2023). 16p11.2 CNVs, identified in two cases, were associated with ID and behavioral symptoms like hyperactivity and absent speech, aligning with known associations to ASD and ADHD. The observed incomplete penetrance in this region, evidenced by an unaffected parent, underscores the need for family testing, especially with penetrance rates of 33% for distal and 47% for proximal deletions (Goh et al., 2024). This variability is crucial for genetic counseling and reproductive planning, as family testing offers insights into inheritance patterns, allowing for accurate recurrence risk assessment and informed reproductive decisions. 22q11.2 CNVs, observed in three cases, were consistently linked to craniofacial anomalies (e.g., cleft lip, abnormal facies) and DD, findings consistent with DiGeorge syndrome (Szczawińska-Popłonyk et al., 2023). Additional high-risk CNV regions, each identified in one case, included 7q11.23, 16p13.11 and Xq28, each contributing unique but well-documented phenotypic associations in neurodevelopmental presentations. The high recurrence of these CNVs supports the diagnostic value of CMA in neurodevelopmental disorders and further underscores the importance of genetic screening and family testing to clarify inheritance patterns and the variable expressivity of these high-risk regions.
Beyond recurrent CNVs, this study identified unique pathogenic variants affecting genes associated with neurodevelopmental outcomesNotably, deletions related to SOX10 and SHANK3 CNVs were each observed in two patients, with one patient exhibiting concurrent deletions of both SOX10 and SHANK3. SOX10, which is typically associated with neural crest development and conditions such as Waardenburg syndrome and peripheral neuropathies (Pingault et al., 2022), was found in this study to be linked with DD and ID. This finding suggests broader phenotypic implications that may involve additional genes within the deleted region. In one patient with an isolated SOX10 deletion, symptoms included hearing impairment, hypotonia, and bilateral semicircular canal malformations, aligning with known SOX10-related craniofacial and auditory features. Another patient with an isolated SHANK3 deletion presented with neurodevelopmental delay, language impairment, autism, and craniofacial features typical of SHANK3-associated Phelan-McDermid syndrome (Mitz et al., 2024). In contrast, the patient with combined SOX10 and SHANK3 deletions exhibited more complex symptoms, including DD, ID, corpus callosum hypoplasia, and hearing impairment, highlighting potential cumulative effects. This combined deletion profile suggests further investigation into gene interactions and their influence on neurodevelopmental outcomes. Additionally, uniparental disomy (UPD) of chromosome 2 was identified in one patient, attributed to a UNC80 gene homozygous mutation c.5609-4G>A causing Infantile hypotonia with psychomotor retardation and characteristic facies-2 (Tao et al., 2021). The UPD-associated UNC80 mutation underscores the critical importance of employing multiple technologies to uncover the genetic basis of “CNV-negative” cases. These findings emphasize the need for a paradigm shift in diagnostic strategies, advocating for the integration of CNV analysis with complementary genomic approaches to better understand the complexities of neurodevelopmental disorders.
The inheritance analysis conducted in this study revealed that 65.2% of CNVs with established inheritance patterns were de novo. This finding aligns with prior research that associates de novo CNVs with complex phenotypes and heightened risks for developmental disorders (Marrus and Hall, 2017; Brunet et al., 2021). Two CNVs were inherited from the father: one was a distal deletion at 16p11.2 from an unaffected father, and a duplication at 2q12.1q12.3, co-segregating in a father-proband pair exhibiting ID and strabismus. Three additional cases of 2q12.1q12.3 duplications (Kocaay et al., 2022) and two ClinVar/Decipher database entries (Variation ID:152,946; Patient 481,619) consistently report speech delays, cognitive deficits, and motor developmental abnormalities. The 2q12.1q12.3 region of our patients encompasses 30 protein-coding genes, with POU3F3 emerging as the strongest candidate due to its association with Snijders Blok-Fisher syndrome, characterized by DD, ID, and neurological anomalies. Although POU3F3 duplications remain unclassified as pathogenic and their molecular mechanisms are undefined, the concordance of neurodevelopmental deficits—such as speech delays, cognitive impairment, and motor dysfunction—across our cases and five previously reported cases strongly suggests a contributory role. However, no established association exists between this duplication and strabismus, highlighting the necessity for further investigation into this relationship. Four CNVs were inherited from the mother, including a case of Xq28 MECP2 duplication in which the child exhibited DD, ID, and hypotonia, while the mother remained asymptomatic. This finding is consistent with previous studies suggesting that female carriers of MECP2 duplications or mutations frequently remain unaffected, potentially due to skewed X-chromosome inactivation (XCI), which may diminish phenotypic expression (Pascual-Alonso et al., 2020; Sun et al., 2021). The findings highlight the significance of family-based CNV testing for effective genetic counseling and reproductive planning. The 22 cases of CNVs with unknown inheritance highlight a limitation of this study, likely attributable to the high cost of parental testing, which constrained thorough family analysis for certain patients.
This study identified 11 CNVs classified as VOUS, highlighting the ongoing challenges in interpreting these variants in clinical genetics. The VOUS entries ranged from 288 kb to 6.25 Mb and involved genes associated with autosomal or X-linked recessive disorders, such as PCDH15, GPC3, GPC4, CSF2RA, and CASK, although the observed clinical symptoms may not fully align with these gene associations. Assessing the pathogenic significance of these variants typically necessitates further research and supplementary testing (Jansen et al., 2023). Furthermore, 59.6% of patients presented with normal CMA results while displaying DD and ID, indicating that additional genetic factors—such as single nucleotide variants, epigenetic modifications, or environmental influences—could play a role in the observed phenotypes. Integrating these additional factors in further research is essential for improving diagnostic accuracy and advancing the understanding of the genetic landscape of neurodevelopmental disorders.
Several limitations of our study should be considered when interpreting the results. First, this was a single-center study with a relatively small sample size, which may not fully capture the genetic heterogeneity present in broader populations. Second, the resolution of chromosomal microarray analysis (CMA) employed in this study may not have been sufficient to detect certain classes of small or balanced genomic alterations, including low-level mosaicism or balanced translocations. Third, the interpretation of variants, particularly variants of uncertain significance (VOUS), is constrained by current knowledge and may evolve with advances in genomic databases and annotation tools. Finally, although inheritance was analyzed when parental samples were available, not all CNVs could be definitively classified due to incomplete parental testing.
5 CONCLUSION
This study underscores the utility of CMA and WES as diagnostic tools in pediatric patients with DD and ID, offering insights into the genetic landscape of neurodevelopmental disorders. The findings support CMA as a first-tier diagnostic method and highlight the role of CNV detection for informed clinical decisions and genetic counseling. Limitations include the small cohort size and lack of long-term follow-up, which restrict understanding of the full clinical impact of specific CNVs. Larger, diverse studies with longitudinal tracking are needed to confirm these findings. The interpretation of VOUS remains challenging, and future research using multi-omics approaches, including transcriptomics and proteomics, may help clarify the mechanisms underlying VOUS and CNV variability.
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Demographic and clinical features n (%)

Gender 99 patients
Male 61 (61.6%)
female 38 (38.4%)

Age 2 days - 33 years
<or=5 years 77 (77.8%)
>5 years 22 (222%)

Clinical features 99 patients
DD 67 (67.7%)
D 62 (62.6%)
Delayed Speech 12 (12.1%)
Hypotonia 8 (8.1%)
Abnormal facies 8 (8.1%)
Autism traits 8 (8.1%)
Seizures 6 (6.1%)
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(37,156,130_38910625)x1
arr Thgas] 22133191333
(18016,192_50759338)x1

arr (hgs]22q1333
(50682948 50759338)x1

arr (hgis]7g31.1q31.2
(111,690830_116.337.226)¢1

are (hg38) Xp2LipiLa
(31934338 39,870419)x0

arr (hgas] 7359363
(143,491,502-159,327,017)x1

arr (hgas] 7q21.1322.1
(91364552.99.779087)x1

arr (hgas] 3p23p222
(31194076 38,634761)x1

are (hgas] 2p253p112
(S0813-241,831,406)2 hme

arr (hgas] 169241242
(86567833 88,082850)x1

are [hgas] 10p15.3p13 (54,108_13,150.380)x1

seq [hg38) del (20) (p123p12.1) che20:
§8750.777-13793273

are IhgsBIYa11222912
(18481471 26653507)<0

arr (hga]13q31.1q34
(87.066205_114342258)3

arr (hg3s) gttt
(223,906,768-248.930,485)x3

sq [hg3s] del (11) (243q29) chrt
128462360 134763513

seq [hg38] dup (21) (22.12q223) che2ls
669355 46661109

del/
dup
@

e

da
dup

del

del

el

el

dup
el

dup

o

el

del

el

o

@

o

del

o

Lon

del

aa

del

dup

dup

el
dup

Size

519Mb

616 Mb

517Mb
138 Mb

513Mb

2820

315Mb

296 Mb

£

167k

143 Mb

62k

29Mb

100 Mb

581Mb
301Mb

188 Mb

172Mb

76k

465 Mb

794Mb

159 Mb

841Mb

744 Mb

202My

152Mb

131 Mb

504Mb

817Mb

23Mb

250Mb

630Mb
12,04 Mb

Inheritance

status

maternal

unknown

unknown
unknown

unknown

maternal

unknown

unknown

de now.

paternal

unknown

maternal

de now.

de novw.

de novo.
de ow.

de nov.

unknown

de now.

de novo.

unknown

de novo.

unknown

unknown

de now.

unknown

unknown

de novo.

unknown

de now.

de novo.

de o,
de now.

Classification

w»

Critical region/gene

15911.2q13 BP1-BP3 region

15q11.2q13 BP1-BP3 region

11511.2q13 BP1-BP3 region
216p15.11 BP2-BP3 region

15q11.2q13 BP1BP3 region

229112 distaregion

229112 proximal region

229112 proximal region

16p11.2 dital region

741123 Willams-Beuren
syndrome region
Xq28 MECP2 region

Cri du chat syndrome.

7p221 region

1936 terminal region

sox10

1. s0x10
2. SHANKS

SHANKS

FoxP2

DMD, CYBB, OTC

KONH2, KMT2C, SHH, MNX1

secE

MLHI, SCNSA

uNeso

roxcz

ZMYNDIL GATAZ

e

AZEFb and AZEc region

Score 150"

Seore 1200

1. Score 0.90°
2 Score 135+

Clinical symptoms

DD, 1D, abrorma facies
1D, delayed speech and language
development

DD, ID, hypotonia

DD, 1D, astasia, absent speech, hypertonia

DD, ID, Cleft lip

DD, abormal ficies

DD, asymmetic crying facies

1D, hyperactivi

DD, 1D, absent speech, hydrocephalus; the
fathter is unaffected

1D, hypospadias
DD, 1D, hypotonia; The mother is normal
bD,ID
oD, ID
DD, ID, prenatal lateral ventricle dilataion,

hearing impariment, choreoathetosis,
cercbral hypoplasi

DD, hearing impairment, hypotonia,
bilteral malformation of semicicular canal
morphalogy and horizontal semicircular
canal,leakodystrophy

DDID. hypoplasia of the corpus callosum,
hearing impairment

Newodevehpmentl dely, langusge
impuirment, autim, sbromal faces
(ddichocephaly, biteal prosis, wide nasd
bridge,pointed chin, largeand prominert cary

DD, hypotonia, dyspraxia, phonlogy
deficits

DD, lethargy,respiratory allalosis
DD, abnormal acies,recurrent fever

DD, 1D, hesring impaiment,dystonia
DD, short staure, hypotonia,feding

diffclties, depressed nasal brdge

DD, ID, severe truncal hypotonia, absent
specch

oD, 1D

DD, D, microcephaly, camptodactyly of toe

DD, abrormal facie, choletass, jaundice,
deayed speech and language development,
scizure, patent ductus areriosus

DD, short staure

DD, ID, teany, language impairment,
periventricular leukomalacia

oD

DD, 1D, abormal facies (hyperteloism,
arched eyebrows), agenesis of corpus
callosum, asymmetric growth

Abbreviation: mo, morthy, yars CNY, copy number variantch,chromosome del, deletions dup, duplication; LOH, os of heterozygosty: Kb, Kilobases Mb, Megabases P, pathogenics P, ikely pathogeric; VOUS, variants of uncertain sigaificance DD, declopment
delay; 1D, inelecual disabily.
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