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Review article

Developments in next-generation sequencing (NGS) techogies 
have assisted in clarifying the diagnosis and treatment of de
velopmental delay/intellectual disability (DD/ID) via molecular 
genetic testing. Advances in DNA sequencing technology have 
not only allowed the evolution of targeted panels but also, and 
more currently enabled genome-wide analyses to progress 
from research era to clinical practice. Broad acceptance of accu
racy-guided targeted gene panel, whole-exome sequencing 
(WES), and whole-genome sequencing (WGS) for DD/ID 
need prospective analyses of the increasing cost-effectiveness 
versus conventional genetic testing. Choosing the appropriate 
sequencing method requires individual planning. Data are re
quired to guide best-practice recommendations for genomic 
testing, regarding various clinical phenotypes in an etiologic ap
proach. Targeted panel testing may be recommended as a first-
tier testing approach for children with DD/ID. Family-based 
trio testing by WES/WGS can be used as a second test for DD/
ID in undiagnosed children who previously tested negative on a 
targeted panel. The role of NGS in molecular diagnostics, treat
ment, prediction of prognosis will continue to increase further 
in the coming years. Given the rapid pace of changes in the past 
10 years, all medical providers should be aware of the changes in 
the transformative genetics field.

Key words: Next-generation sequencing, Developmental delay, 
Intellectual disability

Introduction

Developmental delay (DD) and intellectual disability (ID) af
fect 1% to 3% of children and about have a genetic cause in about 
half of all cases.1-3) The genetic etiologies include chromosomal 
abnormalities, copy number variants (CNVs), or mutations. Ge
netic testing aims to identify a particular disorder and educate the 
family about neurological problems, comorbidities, expected 
future requirements, and possible treatment options. First-gene
ration DNA sequencing with chin-terminating inhibitors dis
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covered by Sanger in 1977, established many genetic etiologies 
and has been generally used for over 30 years in research era and 
clinical settings.4) In 2004, next-generation sequencing (NGS) 
has begun to replace Sanger sequencing since it can sequence a 
large number of genes at once, the whole exome (protein-coding 
regions) or entire genome, and advances in NGS have resulted in 
increased detection of the genetic etiology of DD/ID. In recent 
years, NGS technologies have been widely applied in pediatric 
neurology clinics. Currently, three NGS approaches are in use: 
targeted gene panels (TGPs), whole-exome sequencing (WES), 
and whole-genome sequencing (WGS), and all three approaches 
have superior abilities to sequence large amounts of DNA com
pared to Sanger sequencing.5)

High-throughput DNA sequencing technology has rapidly 
expanded over the past 15 years, and more advanced methods are 
steadily being commercialized.6) Advances in NGS technologies 
have enormously accelerated the pace of data generation in the 
order of hundreds of giga-bases of nucleotides sequenced per 
machine run and reduced the sequencing cost by over 5 orders 
of magnitude. NGS technologies are widely applied clinically 
to facilitate insight into the complexity of disease mechanisms 
and contribute to developments in early diagnostics, prediction 
of prognosis, and proper management of tailored medicine.7) 
Therefore, sequencing by NGS technology has rapidly entered 
the clinical field and NGS technology has overcome many 
barriers in research of rare Mendelian diseases.

Algorithmic approach for children with DD/ID

Diagnostic evaluation to identify an etiology in children with 
global DD/ID (GDD/ID) is guided by a careful 3-generation 
family history, using “head to toe” approach that includes neuro
logic examination and evaluation for dysmorphic features or 
other congenital anomalies), and availability of specific tests.8) 
A systemic diagnostic approach is required for children with 
GDD/ID to determine a particular underlying genetic etiology.2) 
A broad clinical assessment using stepwise evaluation process 
remains the key to planning survey among children with DD/
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conditions, or less differentiated clinical phenotypes.29)

TGP can be customized to cover only specific genomic regions 
of significance, which simplifies the workflow and produce results 
within a few days.30) The experimenter can handle thousands of 
samples on a single sequencing course. Clinical expertise in DD/
ID and the relevant genetic knowledge are important in choosing 
the suitable genes for the panels. The target list of gene panels 
should be regularly edited based on recent findings reflecting 
newly established associations of additional genes for DD/ID.31)

TGP has been preferred because of low sequencing cost, short 
turnaround time, and low rates of nonspecific or incidental 
results, whereas only about 10% of the mutations are perceptible 
by WES were included. Among all the three NGS approaches, 
TGP has the lowest false-negative call rate for a categorized set 
of disease-associated genes.32) The disadvantage of TGP over 
WES and WGS is its limited use for discovering new genes. If the 
panel test does not identify causative genes, WES or WGS can be 
considered the most comprehensive second-tier test.23)

Whole-exome sequencing

WES can be used concurrently interpret the protein-coding 
exons of thousands of genes via NGS techniques, with reads re
presenting about 1%–2% of the genome. Sequencing a patient’s 
exome and comparing it with a normal reference sequence, 
variations in and the causes of an individual’s medical concern 
and the cause of the medical disorders can be found.

WES is generally used in patients who have tested negative 
on previous targeted panels of complex phenotypes without an 
obvious differential diagnosis, and it can be a second-tier option 
in cases where a molecular diagnosis is not applicable. Recently, 
WES is increasingly applicate as the premier and first-line test for 
rare and undiagnosed Mendelian disorders.33-36) The reported 
yield of genetic causes for DD/ID by WES was 16% to 45%.37-

39) Genome-wide analyses using clinical WES have greatly in
creased the diagnostic yield of patients with suspected genetic 

ID.9) Chromosomal microarray analysis (CMA) is considered 
the first-tier test for genetic diagnosis of undiagnosed DD/ID.10) 
Estimates suggest that up to 50% of children are unsuccessful to 
accept molecular diagnosis after extensive testing and enter on a 
diagnostic odyssey which is both time-consuming and expensive 
for health-care providers.11) The diagnostic rate of children 
with clinical presentations such as DD/ID and autism spectrum 
disorders ranged from 5% to 50% in a tertiary center.12-15) The 
traditional approach to diagnosing children with DD/ID is on the 
threshold of a paradigm shift due to the utilization of NGS (Fig. 
1), and the use of TGP, WES, and WGS by NGS is now wide
spread. Many researchers have reported using gene panels, WES, 
and WGS in children with DD/ID for whom the etiology was 
unknown.16) The efficacy of NGS approaches for causative gene 
identification was first shown in undiagnosed rare syndromes. 
17-19) However, considerable discussion is needed regarding its 
optimal application of NGS in the diagnosis of DD/ID in children.

Targeted gene panels

TGP for specific disease categories is used to determine known 
disease-causative genes. The focus on a restricted set of genes 
enables greater depth of coverage which increases analytic sen
sitivity and specificity. Better depth of coverage improves the 
confidence of heterozygous calls and detection of mosaicism 
or low-level heterogeneity in mitochondrial or oncology appli
cations. The cost of TGP varies, but it is generally lower than that 
of WES or WGS.

TGP tests via NGS may be preferable choice for establishing 
a genetic diagnosis of DD/ID.20) Studies have suggested TGP as 
the first-tier testing approach compared with WES for several 
diseases based on diagnostic rate, coverage, depth, and cost 
reduction.21-25) TGP produces a diagnostic rate similar to that of 
WES, while recent reports showed the efficacy of NGS testing 
for specific neurologic diseases.26-28) Targeted panel sequencing 
is not indicated for children with multiple features, overlapping 

Fig. 1. Algorithm for a stepwise approach in children with developmental delay/intellectual 
disability.10,11,83-85) Nowadays, second-tier genetic tests using NGS can be considered 
before other invasive or expensive evaluation (dotted arrows). CMA, chromosomal 
microarray; FMR1, fragile X mental retardation1; NGS; next-generation sequencing.
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diseases.40,41) When the initial WES does identify an etiology, 
reanalysis of the sequencing data can bring resolution in 10% 
to 30% of cases, which is related to the advances in NGS tech
nological advances and new disease associations.42) More than 
97% of variants observed by Sanger sequencing can be identified 
via WES, and with increased information about of mosaicism, 
WES efficiently performs extensive molecular evaluations.

However, WES does not provide a “whole” coverage, and its 
capture step of WES results in greater coverage depth variability. 
The limitations of WES as a diagnostic method relate to develop
ing knowledge of variant interpretation. although its coverage and 
price are between those of TGP and WGS (Fig. 2). WES depth of 
coverage is inconsistent with diagnostic sensitivity, which may be 
lower than that of TGP, since a considerable number of exons in 
known disease-associated genes may not have enough coverage to 
make a sequence cell. Analytic specificity may also be weak with 
lower depth of coverage, requiring additional Sanger testing to 
avoid false-positive variant calls.

Initial comparisons of WES capture kits showed the capture 
of approximately 80% of the coding sequence regions at a 
minimal coverage of 20x.43) This initial deficiency in sequence 
coverage for a relatively large amount of the exome has incited 
clinical laboratories to develop TGP, or custom exome captures 
to achieve good captures, especially for known genetic disorders. 
44) The current estimates of coverage established from whole 
exome capture and sequencing are 90%–95% at >20x, such 
as low-coverage regions including target capture, repetitive and 
GC- or AT -rich regions, copy number variations, and structural 
variations posing calls for complete capture.45-47) Higher cover
age facilitates more precise differentiation between sequencing 
errors and real mutations. Cost reduction makes it possible to 
expand the number of cases to be sequenced, allowing large pop
ulation-based comparisons.

Whole-genome sequencing

In a well-planned cohort of children with severe ID, pathogenic 
CNVs account for 12% of patients; WES identifies the causative 
genetic mutation in a further 27% of patients. Despite these 
extensive tests, the etiology of severe ID cases (61%) remains 
undiagnosed.48) Therefore, more extensive molecular diagnostic 
tests are required. WGS enabled sequencing of the entire 3 
billion bases of the human genome, including both coding and 
noncoding DNA. WGS is mostly used in clinical research or in 
those patients who have been broadly investigated but remain 
unexplained. WGS currently is the most comprehensive genetic 
test, but its widespread application to patient diagnostics has been 
restricted by challenges in processing sequencing data, the test’s 
unknown diagnostic potential, and relatively high cost compared 
with other NGS approaches.49,50)

WGS is a potential single test that can identify nearly all forms 
of genomic variation in an unbiased manner, and increasing 
evidence supports its utility in clinical diagnosis in gene discovery. 
21,48,51) Several reports have highlighted the benefits of WGS in 
mutation detection and WGS analyses of pediatric populations 
identified clinically relevant variants in approximately 40% of 
patients with autism and ~60% of those with ID.48,52) WGS can 
be used as a single genetic test to accurately identify and defined 
the extensive spectrum of genetic variation, supporting a genetic 
diagnosis in the majority of children with severe ID.48,53-55) WGS 
as a primary clinical test provided a higher diagnostic success 
rate than traditional genetic testing in a clinically heterogeneous 
cohort.56) Although WGS can be an option, currently it is not 
widely applied in clinical practice.50)

Overall, bioinformatics tools for WGS are less developed than 
those available for WES or targeted panel sequencing. The cost 
of WGS is higher than that of WES, partly because of the cost of 
data handling and analysis. Sequencing throughput is consistently 
increasing at a stable rate or even at a reduced cost, which also 
allows for higher sequence coverage for WGS. Enhanced algori
thms are being developed for analysis and interpretation of NGS 

Fig. 2. Comparison of targeted gene panel, whole exome sequencing, and whole genome sequencing 
approaches.
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data. The advantage of WGS over other NGS approaches is that 
patient’s comprehensive genomes are more precise. Advance
ments in sequence coverage, variant calls, CNV detection, sequ
encing alignment, and predictions of pathogenicity, are allowing 
for identifying increasing numbers of new genes, and WGS might 
improve the diagnostic yield of genomic testing. WGS facilitates 
analysis of single nucleotide variants, indels, structural variations 
and CNVs in coding and noncoding regions of the genome. 
Although WGS provides the most comprehensive data, it is not 
cost-effective method to find rare variants. WGS also produces 
large amounts of data, which makes analysis especially complex 
and resource intensive. To date, WGS has mostly displayed in a 
lack of coverage of a number of loci also in the reference genome.

Counseling for genetic tests

Compared with classical genetic counseling, further conside
ration and reconsidering of genetic counseling principles are re
quired in the territory of NGS. NGS shows variants relevant to 
a range of disease regardless of the conventional classification of 
medical specialties. Pretest and posttest counseling with well-in
formed consent from the patients and their parents for perform
ing WES or WGS is important and should include a discussion of 
the types of incidental findings that may be found, and whether 
or not results will be disclosed.57) Pediatric neurologists should 
receive additional educational training for genomics, including 
NGS technology, in order to provide adequate genetic counseling 
services. In the clinical setting, the useful databases include ExAC, 
The gnomAD (Genome Aggregation Database), DECIPHER 
(Database of Chromosomal Imbalance and Phenotype in Hu
mans using Ensembl Resources), the MME (Matchmaker Ex
change), DGV (Database of Genomic Variants), ClinVar, and 
dbVar (Database of Genomic Structural Variation).

Discussion and recommendations

Diagnostic approaches have evolved continuously in pediatric 
neurology clinics with a focus on Mendelian-inherited “diag
nostic odyssey” cases that require multiple rounds of diverse 
testing.32,58) NGS is a useful tool for genetic testing for and 
diagnosis of heterogeneous disorders in clinical settings, especially 
in pediatric populations in whom all the clinical features may not 
yet be clear. NGS technology can be personalized as a diagnostic 
tool for rare diseases and serves as an alternative to invasive 
diagnostic modalities. It can also be used to predict future health 
conditions, estimate the risk of recurrence in parents and other 
family members, and accurately identify other family members 
carrying the mutations for appropriate interventions. TGP, WES, 
and WGS are applied today in medical practice with children 
with DD/ID.21,59) Before performing NGS, it is essential to 
determine that the individual gene is covered and that the testing 
is adequate.

Standard approaches are often entail time-consuming algori
thmic involving CMA and TGP, which can be costly and incon
clusive. Clinical guidelines are necessary for optimizing patient 
selection for NGS and we suggested a clinical workflow (Fig. 3). 
However, clinicians modify specific tests for differing various 
phenotypes and different setting of equipment in clinical era. TGP 
or WES in children with DD/ID will be the most efficient clinical 
approaches to early diagnosis. In cases of genetic heterogeneity 
of DD/ID, TGP focused on a wide range of differential diagnosis 
can reduce the cost and result in appropriate outcomes. WES 
or WGS should also be considered when clinical features are 
nonspecific and affect multisystemic symptoms, both of which 
make it difficult to select a particular panel. NGS is a candidate 
for first-tier genetic tests in certain neurologic disorders such as 
Charcot-Maire Tooth disease, syndromic epilepsy, or dystonia.60) 
WES and WGS involving total sequencing of the genome or the 
protein-coding regions of the genome can replace targeted panel 
sequencing. WGS and WES represent a comprehensive testing 
platform with the potential to simplify genetic assessment; how
ever, limited comparative data are available to guide its clinical 
application. A few technical limitations are as follows: WES 
cannot be used to detect mutations in noncoding regions of the 
human genome and neither WES nor WGS covers repetitive 
regions. Most WES/WGS cannot cover platforms accurately 
and find CNVs.61) Microdeletion/duplication could not be reli
ably detected from TGP or WES. Current NGS tests miss dis
eases associated with trinucleotide expansion such as fragile X 
syndrome. Clinician has to understand of mutation spectrum, 
various genetic test methods, and diagnostic sensitivity and spe
cificity. Sequencing depth affects the acute analysis of genome 
fragment and detection of mutations (e.g., potential false negative 
data). While 30xWGS was once the average coverage for genome 
sequencing in the former days, investigators on recent simulations 
recommend that sequencing coverage be extended.62,63) There is 
ample room for further technical advancements considering the 
unequal depth of coverage in the exome, differences in coverage, 
and mapping problems. Selecting the appropriate genetic testing 
method should be based on cost-effectiveness, depth of coverage, 

Fig. 3. Suggested genetic testing approach in children with de
velopmental delay and/or intellectual disability.2,12,21,46,61,86,87) FMR1, 
fragile X mental retardation1. *Autism spectrum disorders, dystonia, 
ataxia, congenital anomalies, etc.
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and optimal timing to guide clinician decision-making.36,41,64,65)

WES and WGS not only give a great opportunity to acquire 
genomic contributions to disease, but also have the potential 
to find genetic information that may not relate to the patient’s 
presenting morbidities, including variants associated with other 
health problems, which may or may not be medically action
able and incidental.66) The use of WES, WGS, or any type of se
quencing is considered as a legal and ethical issues related to data 
security as well as to how and when to make share findings with 
the patient or family, and of data security, so these areas need to 
be approached.67) WES and WGS identify Incidental findings 
in 0.5%–3.5% of individuals tested although this will improve 
as our understanding of genetic causes of disease advances.68,69) 
Due to the difficulties in analyzing and interpreting the large 
amounts of raw data, the widespread application of WES or 
WGS is not straightforward.70)

Diagnosis yields defined as the assured association of a geno
type with the clinical phenotype range from 20% to 60% 
according to multiple factors, including specificity of the clinical 
manifestation, genetic heterogeneity of the disorder, patient en
rollment, evidence of de novo incident of causal variants, and 
date of publication (Table 1).71,72) Approaches to finding novel 
disease-causing genes have profitably applied de novo trio analy
sis to compare the proband’s genome with the parental genomes 
with diagnostic yields of 15% to 40% and an additional 10% to 
20% utilizing homozygosity mapping or biallelic variant analysis 
approach.38,48,73,74) Cost-effective, trio-based exome sequencing 
has aided in determining de novo alterations in DD/ID incidence. 
Family-based sequencing analysis is important for identifying 
pathologic genes for Mendelian disorders and rare associated 
variants.75) In a recent report, exome reanalysis 12 months after 
the primary interpretation showed additional diagnoses, making 
it a cost-saving diagnostic approach.76) With rapid increases 

in the amount of available genetic information, systemic and 
retrospective reanalysis of raw genomic data will result in better 
diagnostic yields.77)

Conclusion

NGS offers expanded the diagnostic options in children with 
undiagnosed DD/ID as well as investigation into the pathogenesis 
of these disorders. Genetic diagnosis plays an important role by 
assisting patients and families with (1) preventing of inappro
priate managements and additional invasive tests such as muscle 
biopsy, (2) family genetic counseling, and (3) proper therapy 
and information pertaining to disease and prognosis. Patient se
quencing will become routine in clinical settings in developed 
countries, specifically as sequencing throughout will further 
make increment at reduced cost.78) Decreasing in the cost of NGS 
will bring on widespread use of family-based trio testing by WES/
WGS as second-tier test for DD/ID, leading to a higher diagnostic 
yield.79,80) Further studies (including ethical, clinical utility, and 
cost-benefit analysis) are necessary before the routine application 
of NGS in clinical praxis.

Not notably, since 2001 NGS had identified a large number of 
genetic etiologies. From 2007 to 2013, the diagnosis of Online 
Mendelian Inheritance of Man introduced new Mendelian 
disorders that expanded database by 87%, with many them asso
ciated with pediatric neurologic diseases,81,82) and new discovery 
still in progress day by day. Collaboration among pediatric neu
rologists and laboratory geneticists is recommended in the 
planning, implementation, and development of genetic testing. 
With the wide application of NGS, we also should know that 
NGS is not “all-powerful.” NGS is not suitable for screening 
for nucleotide repeat expansion disease or detecting large dele

Table 1. Diagnostic yield of developmental delay and/or intellectual disability using next-generation sequencing

Method Study No. of subjects Diagnostic yield (%) Remarks

Gene panel Pekeles et al.86) (2019) 48 21

Gieldon et al.88) (2018) 106 30 Developmental disorders

Han et al.89) (2018) 35 29

Reid et al.90) (2016) 30 89 Neurometabolic phenotypes

Grozeva et al.94) (2015) 986 11 Moderate to severe ID

Brett et al.91) (2014) 8 25 ID, congenital anomalies, and/or ASD

De Ligt et al.38) (2012) 100 53 Severe ID

WES Bowling et al.87) (2017) 127 30

Kuperberg et al.92) (2016) 57 49 Pediatric neurology patientsa) 

Srivastava et al.93) (2014) 78 41 Pediatric neurology patientsb)

Gilissen et al.48) (2014) 100 27 Severe ID

Rauch et al.39) (2012) 51 45-55 Severe ID

WGS Bowling et al.87) (2017) 244 22

Gilissen et al.48) (2014) 50 42 Severe ID, previous negative results in WES

Jiang et al.52) (2013) 32 Families 50 ASD

ASD, autism spectrum disorder; ID, intellectual disability, WES, whole exome sequencing; WGS, whole genome sequencing.
a)Global developmental delay/ID, ataxia, suspected neuromuscular disorder, seizures, dystonia. b)Developmental delay/ID, ASD, cerebral palsy-like 
encephalopathy, delayed/hypomyelination, cerebellar abnormalities.
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tions or duplications. A persistent progression of diagnostic 
genomic testing by NGS is anticipated within the years to come. 
Comprehensive mapping of the whole genome in conjunction 
with further studies investigating their functional elements, 
will be important in the future to comprehend the function of 
noncoding DNA regions in DD/ID. International collaboration 
will become increasingly important in genetic researches on 
children with DD/ID.
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