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Global developmental delay (GDD) and intellectual disability (ID) occur in up to 3% of the
general population and are even more commonly encountered in the setting of the pediatric
neurology clinic. New advances in technology and in the understanding of genetic
disorders have led to changes in the diagnostic approach to a child with unexplained
GDD or ID. Chromosomal microarray has become a first-line test for evaluation of patients
in this population and has both significantly increased diagnostic yield and introduced new
challenges in the interpretation of copy number variants of uncertain significance. The G-
banded karyotype is now frequently utilized as an adjunct to the microarray rather than as a
first-line test in individuals with GDD or ID. Fragile X DNA testing continues to be
recommended in the initial evaluation of the child with GDD or ID. The presence or absence
of certain cardinal features (such as microcephaly or macrocephaly, seizures, autism,
abnormal neurologic examination, and facial dysmorphism) can be utilized to direct single-
gene molecular testing. The availability of next-generation and massively parallel sequen-
cing technologies has enabled the use of genetic testing panels, in which dozens of genes
associated with GDD or ID may be rapidly analyzed. Most recently, the clinical availability
of whole-genome and whole-exome sequencing has opened new possibilities for the
evaluation of individuals with GDD or ID who have previously eluded a genetic diagnosis.
Consultation with a medical geneticist is recommended when progressing beyond first-tier
analyses to most efficiently prioritize testing.
Semin Pediatr Neurol 19:173-180 C 2012 Elsevier Inc. All rights reserved.
Introduction
Global developmental delay (GDD) and intellectual dis-
ability (ID) affect up to 3% of the general population and

are a common reason for referral to pediatric neurolo-

gists.1,2 GDD is typically used to describe children under
the age of 6 years who have significant delay (Z 2 standard

deviation below age-matched peers) in 2 or more areas.3

Many of these children would later be diagnosed with ID,
which is most commonly defined as having an IQr-75 in

addition to impairment in adaptive functioning.4

New technology and recent advances in the under-
standing of genetic disorders have allowed the development

of genetic tests with greater sensitivity in elucidating an

etiologic diagnosis for GDD or ID. Patients and families
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may benefit from establishment of a genetic diagnosis for
multiple reasons. First, a specific diagnosis allows for a

better understanding of the etiology and prognosis of the

disorder. It may inform treatment decisions for associated
symptoms (such as seizures, behavioral difficulties, and

others), often allows specific anticipatory guidance recom-

mendations, and permits patients and families to have
access to appropriate support groups, research studies, and

educational services. Accurate recurrence-risk information

can only be provided to family members after a precise
genetic diagnosis is elucidated. If a causative genetic

alteration is detected, preimplantation and prenatal diag-

nosis may then be available to at-risk relatives contemplat-
ing a pregnancy. Additionally, arriving at a definite genetic

diagnosis can limit further, often costly, diagnostic testing.

When considering a genetic testing strategy, important
factors include the likely diagnostic yield of the test.

The estimated diagnostic yield of various testing modalities

(eg, karyotype, chromosomal microarray [CMA]) among
individuals with GDD or ID has been investigated in

multiple prior studies.2,5-7 However, the likelihood of
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obtaining a diagnostic result on a specific genetic test is

dependent on many other factors, including the patient’s

specific clinical history, ethnicity, and family histories;
presence or absence of characteristic features on examina-

tion; and the specific test methodology (which may

influence detection rate). Other considerations include
the availability, cost, and invasiveness (eg, peripheral blood

sample vs muscle biopsy) of the test. This review focuses

upon the current strategies in diagnostic genetic testing for
children with GDD or ID, including cytogenetic and

molecular genetic analyses. Evaluation for primary bio-

chemical disorders is not specifically addressed in this
review; however, inborn errors of metabolism should be

strongly considered in individuals with specific clinical

features (episodic decompensation, regression in develop-
mental milestones, and abnormal myelination on brain

magnetic resonance imaging), positive family history, and

specific physical findings (coarse facial features and
hepatosplenomegaly).2
First-Line Genetic Testing
If a child has an identifiable or probable genetic syndrome

for which genetic testing is available, this analysis should
be performed first. For example, on the one hand, CMA

would not be an appropriate initial test for an infant with

features consistent with Down syndrome, for which the
recommended confirmatory test is a routine karyotype. If,

on the other hand, a detailed clinical history, physical

examination, and family history does not suggest a specific
disorder, the following analyses should be considered first
Figure 1 Suggested initial genetic testing app
line for a diagnostic genetic evaluation of an individual

with GDD or ID (Fig 1).
CMA
CMA is increasingly becoming the most commonly ordered
initial genetic diagnostic test in patients with unexplained

GDD or ID. A 2010 consensus statement, based on a meta-

analysis of 33 studies by the International Standard
Cytogenetic Array (ISCA) Consortium, indicated that

CMA should be the first-line diagnostic test for individuals

with GDD or ID, autism spectrum disorders, or multiple
congenital anomalies.8 CMA permits genome-wide detec-

tion of copy number variants (CNVs) at a significantly

higher resolution than G-banded karyotyping. Currently
available CMA platforms allow the detection of CNVs with

a minimum resolution of �100 kb throughout the gen-

ome, compared with a lower limit of detection of �3-5 Mb
on G-banded karyotype, representing a 30-fold to 50-fold

increase in resolution.9 Therefore, CMA allows improved

detection of pathogenic microdeletions and microduplica-
tions, in addition to detection of cryptic genomic imbal-

ances associated with apparently balanced chromosome

rearrangements and more precise characterization of unba-
lanced chromosome rearrangements detected on G-banded

karyotype.10 The 2 main types of CMA currently used are

the comparative genomic hybridization array and the
oligonucleotide array (including the single nucleotide

polymorphism [SNP]–based array). The added advantage

of SNP array is its ability to detect long stretches of
homozygosity, which might represent uniparental disomy
roach for the child with GDD or ID.
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(UPD) or unsuspected consanguinity, and its increased

sensitivity to chromosomal mosaicism compared with other

types of CMA.8,11 Most clinical laboratories recommend
confirmation of chromosomal deletions or duplication

detected by CMA with another methodology, typically

either fluorescence in situ hybridization (FISH) or multi-
plex ligation-dependent probe amplification analysis of the

specific genomic region involved. Subtelomeric FISH,

previously used to detect deletions and translocations
involving the distal portion of the chromosomes in

individuals with GDD or ID, has been replaced by CMA,

which detects CNVs in these regions as well as throughout
the rest of the genome.
Table 1 Selected Chromosome Microdeletion and Microduplication

Location
Size/Dup

or Del
Neurocognitive Features

1q21.1 �1.35 Mb/
Del

Mild-moderate developmental
delay (475%), ID (25%-50%),
microcephaly (50%-75%),
autism (o10%)

Short st
ophtha
dysmo
increa
renal a

1p36 Variable/
Del

Developmental delay or ID
(severe-profound in 90%),
hypotonia (95%), seizures,
structural brain anomalies,
microbrachycephaly (65%), and
large and late-closing anterior
fontanel

Dysm
brac
cong
opht
sens
geni

15q13.3 �2.0 Mb/
Del

Highly variable. Developmental
delay, ID (usually mild) in up to
50%, autistic features (up to
10%), attention difficulties, mood
disorder, impulsive behavior, and
schizophrenia

No re
dysm
incre
defe

15q24 �1.1 Mb/
Del

Developmental delay or ID in all
reported individuals (mild-
severe) and abnormal brain MRI
(25%-50%)

Dysm
anom
anom
anom

16p11.2 �550 Kb/
Del

Developmental delay (especially
speaking ability) in majority, mild
ID, autism spectrum disorder,
and psychiatric disorder
including schizophrenia

No re
dysm
poss
card

16p11.2 �550 Kb/
Dup

Highly variable. Developmental
delay, autism spectrum disorder,
and psychiatric illness

No sp

17q21.31 550-
650 Kb/
Del

Developmental delay, ID (475%),
childhood hypotonia, friendly
disposition, and seizures (50%-
75%)

Distin
hype
anom

22q11.2 1.5 or
3 Mb/
Dup

Highly variable. Developmental
delay (usually mild), ID (mild),
and hypotonia.

Growt
patte

Del, deletion; Dup, duplication; ID, Intellectual disability.
The diagnostic yield of CMA has been clearly established

to be higher than the G-banded karyotype in individuals

with GDD or ID, autism, and multiple congenital anoma-
lies. Traditional chromosome analysis yields a diagnosis in

approximately 5% of individuals with ID, whereas CMA

uncovers an underlying etiology in about 10%-20%.8,11

The yield is even higher in individuals with more severe ID,

multiple congenital anomalies, and dysmorphic features.12

Table 1 contains a selected list of well-characterized
microdeletion and microduplication syndromes causing

GDD or ID.

CMA also frequently detects CNVs of uncertain clinical
significance, which can present a diagnostic and counseling
Syndromes

Other Features
Unaffected

Parent
Described?

Selected
References

ature, failure to thrive,
lmologic abnormalities, mild
rphic features, and an
sed prevalence of cardiac and
nomalies

Yes 13,14

orphic facial features,
hycamptodactyly, short feet,
enital heart defects,
halmologic abnormalities,
orineural hearing loss, and
tourinary malformations

No 15-17

cognizable pattern of
orphic features and possible
ased prevalence of cardiac

cts

Yes 18-20

orphic facial features, digital
alies (�60%), genital
alies (30%), and ocular
alies

No 21,22

cognizable pattern of
orphic features. Obesity and
ible increased prevalence of
iac defects

Yes 23,24

ecific pattern of other features Yes 23,24

ctive facial features, joint
rmobility, cardiac and renal
alies, and normal growth

No 25,26

h restriction, and no specific
rn of dysmorphic features.

Yes 27
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challenge to the provider and the patient’s family. Informa-

tion about CNV locations, gene content, and clinical

correlations is available in several public databases and
online tools, including the DECIPHER database, University

of California, Santa Cruz Genome Browser, and the

Database of Genomic Variants. The ISCA Consortium has
published criteria to assist in the classification of CNVs of

uncertain significance.8 CNVs are more likely to be

pathogenic when they are larger in size, overlap with
known microdeletion or microduplication syndromes, are

gene rich, and contain genes associated with known

phenotypes. Additionally, targeted analysis of both parents
is usually recommended to determine whether the CNV

has been inherited or has occurred as a de novo event.

Inheritance of a CNV from an unaffected parent may
suggest that it is a benign variant; however, this must be

interpreted with caution. It is now known that many

microduplication and microdeletion GDD or ID syndromes
have widely variable expressivity, even within members of

the same family, and may cause very mild or no apparent

cognitive delays in some individuals. Furthermore, it has
been proposed that some CNVs may cause GDD or ID via a

‘‘2-hit’’ mechanism, whereby a chromosome microdeletion

or microduplication acts as a significant risk factor for ID,
and a second insult (co-inheritance of another CNV, an

alteration in a single gene, or an environmental event) is

needed to cause a clinically significant developmental
phenotype.28
Traditional G-banded Karyotype
and FISH Analysis
Prior to 2010, the G-banded karyotype was a standard,

first-tier test for the evaluation of the child with unex-

plained GDD or ID, especially if there were concomitant
dysmorphic features or congenital anomalies. Currently,

controversy exists about whether a standard karyotype

should be performed concurrently with CMA; only after a
normal CMA result is obtained; or not at all, except in

certain clinical circumstances. Given the superior resolu-

tion and diagnostic yield of CMA, the ISCA Consortium has
recommended performing traditional cytogenetic analysis

only if the patient has a recognizable chromosomal

syndrome that would be detectable on karyotype (eg,
Turner syndrome), a family history of chromosome rear-

rangements, or history of multiple reproductive losses or

infertility.8,11 For patients with recognizable chromosome
microdeletion or microduplication syndromes (eg, Wil-

liams syndrome, velocardiofacial or DiGeorge syndrome),

FISH analysis for the specific syndrome can be used as an
initial diagnostic test before CMA. However, because CMA

is superior to FISH in detecting very small duplications or

deletions, CMA should still be utilized if an individual with
a suspected chromosome deletion or duplication syndrome

showed a negative result in FISH analysis. The G-banded

karyotype does have several advantages over CMA, includ-
ing its ability to identify balanced chromosome
rearrangements and low-level mosaicism that might be

missed by certain types of CMA. G-banded karyotyping of a

standard 20 cells can detect mosaicism to about a 14%
level.29 However, current SNP-based CMA may be able to

detect chromosomal mosaicism as low as 5%.30 The 2010

ISCA Consortium meta-analysis of 33 studies estimated
that balanced translocations are identified in �0.3% of

individuals with ID who were tested with traditional

chromosome analysis.8 Some patients with an abnormal
phenotype and an apparently balanced chromosome

rearrangement, found on karyotype, may in fact have a

submicroscopic gain or loss of chromosomal material,
which may be detectable on CMA. The presence of a

truly balanced rearrangement may still potentially be an

explanative of GDD or ID (especially if the rearrange-
ment has occurred de novo or is present in an affected

parent) if the break points of the rearrangement inter-

rupt a gene leading to an absent or abnormal protein
product (through gene truncation or creation of a fusion

gene). These would be undetected if no karyotype is

performed.
Fragile X DNA Analysis
Analysis of the FMR-1 gene is still considered a first-tier test
for the diagnostic evaluation of an individual with unex-

plained GDD or ID and is appropriate testing for both

males and females with mild to moderate ID, especially if
there are concomitant autistic features or a family history

supportive of X-linked inheritance. CGG trinucleotide

expansions (4200 repeats) within the FMR-1 gene with
concomitant aberrant methylation are causative of the

fragile X syndrome. The fragile X syndrome is clinically

characterized by GDD or ID (typically moderate in males
and mild in females), behavioral abnormalities (fre-

quently, autism spectrum disorder), characteristic fea-

tures (especially in males; large head, long face, and
prominent ears), connective tissue changes (joint laxity

and mild aortic dilation), and macro-orchidism. When

55-200 repeats are present (premutation range), there is
an associated risk to develop late-onset cerebellar ataxia

and intention tremor (fragile X-associated tremor or

ataxia syndrome), and females are at risk for premature
ovarian failure. Previous studies have shown that FMR-1

analysis has a diagnostic yield of �2% in males and

females with mild ID.8 Clinical features that, when
present, would decrease the likelihood of a diagnosis of

fragile X syndrome include microcephaly, multiple con-

genital anomalies, or profound ID. Unless a patient’s
family history and clinical features are strongly sugges-

tive of fragile X syndrome (in which case FMR-1 analysis

should be performed before any other genetic tests),
CMA is typically performed first in the evaluation of the

child with GDD or ID, as the estimated diagnostic yield

is higher. FMR-1 testing can be performed after a normal
CMA, or concurrently.
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Second-Tier Testing
Common Single-Gene Syndromes in
Children With GDD or ID
Overview
In patients with normal CMA, G-banded karyotype, and
FMR-1 testing, consideration can be given to further

evaluation with molecular analysis for selected single-gene

causes for GDD or ID. Genetic causes for GDD or ID may
roughly be divided into 2 categories: syndromic (in which

there are additional medical, neurologic, or dysmorphic

features) and nonsyndromic. The presence or absence of
certain major clinical features can help guide decisions

about the appropriateness of additional molecular testing.

Such features include microcephaly (defined as occipito-
frontal circumference [OFC] o third centile; congenital or

acquired), macrocephaly (OFC 4 97th centile), presence

of autistic features, seizures, presence or absence of an
abnormal neurologic examination (eg, hypotonia and

tremor), structural brain abnormalities, presence or

absence of congenital anomalies or dysmorphic features
or both, and concomitant medical issues (eg, vision or

hearing impairment, failure to thrive, and frequent infec-

tions) (Table 2). The severity of GDD or ID may also be
useful in determining the diagnostic yield of a specific test.

It is important to note that most genetic syndromes

represent a spectrum and that not all affected individuals
may present with ‘‘classic’’ features. For this reason, and to

assist in determining the most appropriate, cost-effective

testing strategy, consultation with a clinical geneticist
should be strongly considered when progressing beyond

first-tier testing.
Rett Syndrome or MECP2-
Related Disorders
Mutations in the MECP2 gene, located on the X chromo-
some, are associated with a wide range of neurologic

phenotypes in males and females, including the so-called

classic Rett syndrome, variant Rett syndrome, and ID in
Table 2 Selected Genetic Syndromes With ID Plus

Macrocephaly Microcephaly
� PTEN (especially if autism

present)
� NSD1 or Sotos syndrome
� Fragile X (frequently relative,

not absolute macrocephaly)
� Costello syndrome
� Mutations in RAB39B and

OPHN1
� Lujan syndrome or MED12

mutations

� Rett syndrome or MECP2 m
� AS
� Rett-like disorders (CDKL

mutations)
� Angelman-like (SLC9A6 mu
� Chromosome deletion sy

4p, 5p, 7q11.2, 17p13.3, an
� PHS
� Mowat-Wilson syndrome
� Smith-Lemli-Opitz syndrom
� Cornelia de Lange syndrom
� Ataxia-telangiectasia
� Cohen syndrome
girls, and neonatal encephalopathy and ID in boys.31,32

Classic Rett syndrome is characterized by a 6- to 18-month

period of normal development followed by neurodevelop-
mental regression with loss of purposeful hand movement

and deceleration of head growth. Seizures, ataxia, tremors,

and breath-holding spells are the other common features.
Variant Rett syndrome may be more or less severe than

classic Rett syndrome. Duplications of the MECP2 gene are

causative of infantile hypotonia and ID, often with recur-
rent respiratory infections and seizures. Studies have

shown that MECP2 mutations are found in �1.5% of girls

with moderate to severe GDD or ID and in 0.2%-0.4% of
boys with GDD or ID.8 Molecular testing should include

sequencing of all 4 exons of MECP2 as well as gene

duplication or deletion analysis.
Angelman Syndrome (AS)
AS occurs with equal frequency in males and females and is

characterized by severe ID with near-absence of speech,
gait ataxia, a distinctive behavioral phenotype with epi-

sodes of spontaneous laughter, and frequently, acquired

microcephaly and seizures.33 Girls with AS may occasion-
ally be clinically misdiagnosed as having Rett syndrome;

however, neurodevelopmental regression and loss of pur-

poseful hand use are not characteristic of AS. AS is caused
by decreased or abnormal function of the maternally

inherited UBE3A allele on chromosome 15q11-q13. AS

may arise from several different genetic mechanisms,
including a 5- to 7-Mb deletion of this region on the

maternally inherited chromosome (�70% of patients),

paternal UPD (�7% of patients), mutation in the mater-
nally derived UBE3A allele (�11%), and imprinting center

defects (�3%).34 Approximately 10% of individuals with a

clinical diagnosis of AS do not have an identifiable genetic
abnormality using current testing techniques. The preferred

molecular testing method for evaluating an individual with

a suspected diagnosis of AS is DNA methylation analysis,
which would detect AS due to a deletion, UPD, or

imprinting center defect, and has an estimated detection

rate of 80%. If DNA methylation testing is positive for AS,
Autism Spectrum Disorders

utations

5 and FOXG1

tations)
ndromes (1q21,
d 22q11.2)

e
e

� Fragile X
� PTEN (if macrocephaly present)
� Tuberous sclerosis
� Rett syndrome
� Chromosome deletion syndromes

(16p11.2 and 15q13.3)
� Mutations in SYNGAP1, NLGN 3&4,

PTCHD1, and GDI1 (nonsyndromic)
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further analyses (deletion testing and UPD studies) are

necessary to identify the precise mechanism. Elucidating

the exact underlying genetic cause is essential to providing
accurate recurrence-risk information and prenatal or pre-

implantation diagnosis (as appropriate) to family members.

If the presence of a deletion is detected, high-resolution
G-banded karyotype should be performed to rule out a

chromosomal rearrangement. If DNA methylation studies

are negative, UBE3A sequence analysis is the next appro-
priate test to perform.
Rett- or AS-like Phenotype With
Negative Testing
There are several other single-gene syndromes, which can
cause severe ID, microcephaly, ataxia, and seizures, and

may have considerable phenotypic overlap with Rett

syndrome and AS. These include Christianson syndrome
(X-linked; caused by mutations in SLC9A6), which is

characterized by seizures, ataxia, ID, microcephaly, ataxia,

and a happy demeanor.35,36 Heterozygous mutations or
deletions in FOXG1 on chromosome 14 are causative of the

so-called congenital variant of Rett syndrome, with features

of classic Rett syndrome but onset in the first few months
of life. Mutations in CDKL5 (also located on the X

chromosome) can be associated with severe ID and early-

onset seizures; a Rett-like phenotype with neurodevelop-
mental regression has also been reported.37 Pitt-Hopkins

syndrome (PHS) (autosomal dominant; due to mutations in

TCF4) is characterized by severe ID with absence of speech,
distinctive facial features, hyperventilation, and often,

seizures or microcephaly or both; males and females with

PHS can sometimes resemble patients with AS or Rett
syndrome.38 Molecular testing for all of the preceding

disorders is clinically available, either as single-gene tests or

as AS-like or Rett syndrome-like gene panels (offered by
some diagnostic laboratories).
Prader-Willi Syndrome (PWS)
PWS should be a diagnostic consideration for infants with

unexplained hypotonia and feeding difficulties, as well as

older children with GDD or ID and hyperphagia leading to
onset of obesity between 12 months and 6 years. Dis-

tinctive facial features, hypogonadism, and short stature are

other supportive features. Seizures are seen in less than
20%, but the incidence is increased above the general

population incidence. PWS may result from deletions of

the Prader-Willi critical region (PWCR) on the paternally
derived chromosome 15q11.2-q13 (70%-75% of patients),

from maternal UPD of chromosome 15 (�25% of

patients), or from an imprinting center defect (o1%)
within this region.39 DNA methylation analysis for the

PWCR is the preferred first-line molecular test for PWS and

has a detection rate of �99%. Once an abnormal methyla-
tion result is obtained, subsequent testing (deletion testing
and, if negative, UPD studies) is necessary to determine the

exact genetic mechanism. High-resolution chromosome

analysis to exclude a chromosome rearrangement is recom-
mended for individuals found to harbor a deletion of the

PWCR. As discussed earlier, determining the specific

genetic etiology is critical in providing accurate genetic
counseling and estimating the recurrence risks.
PTEN-Related Disorders
Heterozygous mutations in the PTEN gene are estimated to

occur in 10%-20% of individuals with autism spectrum
disorders and macrocephaly, with or without concomitant

GDD or ID.40,41 Other phenotypes that are associated with

PTEN mutations include Cowden syndrome (CS) (a multi-
ple hamartoma syndrome with an increased risk for benign

and malignant tumors of the breast, thyroid, and endome-

trium; distinctive skin findings include trichilemmomas
and papillomatous papules), Bannayan-Riley-Ruvalcaba

syndrome (characterized by multiple hamartomatous

intestinal polyps, lipomas, and pigmented macules on the
glans penis; GDD or ID is present in up to 50%),

Lhermitte-Duclos disease, and proteus-like syndrome. A

well-established protocol exists for tumor screening in
individuals with CS, and it is often recommended that

patients with Bannayan-Riley-Ruvalcaba syndrome follow

similar surveillance guidelines.42 A personal or family
history of PTEN-related tumors should prompt further

consideration of PTEN testing in an individual with

macrocephaly (OFC 4 97th centile) and GDD or ID,
particularly if autistic features are also present. Preferred

molecular testing in a patient with a suspected PTEN-

related disorder includes sequencing and deletion analysis
of the entire coding region of the gene, plus analysis of the

promoter region. The lifetime cancer risk is unknown in

children with autism or, GDD or ID, or both and a PTEN
mutation who do not have a personal or family history of

PTEN-related tumors or characteristic dermatologic lesions.

However, it may be appropriate to recommend the follow-
ing CS tumor screening protocols (starting at age 18) in all

patients with a pathogenic PTEN mutation.
Gene Panels
Several diagnostic laboratories offer multigene panels for

the evaluation of GDD or ID; these panels are frequently

focused on a particular subtype, such as X-linked ID
(XLID), or GDD or ID plus distinctive features, including

microcephaly, macrocephaly, seizures, or autism. The

development of next-generation sequencing (also known
as massively parallel sequencing) has allowed a large set of

known disease genes to be analyzed simultaneously and at

lower cost than if each gene was sequenced separately. It is
estimated that mutations in genes on the X chromosome

may account for about 10% of all cases of ID, and XLID

panels including analysis of 90þ genes are clinically
available.43 Males with unexplained GDD or ID and a
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family history, which is strongly suggestive of X-linked

inheritance, would have the highest diagnostic yield on

XLID gene panel testing. However, females with GDD or ID
and a family history suggestive of X linkage may also be

appropriate for XLID panel testing. Typically, XLID and

other multigene GDD or ID panels are performed after
CMA, fragile X DNA testing (if appropriate), and evaluation

by a clinical geneticist have been unrevealing. One study of

600 families with multiple males with GDD or ID found
causative mutations in 42% of families considered to have

‘‘definite’’ X linkage when they were analyzed using a panel

of 90 known and candidate XLID genes.44 In families
where X-linked inheritance is less certain, X-inactivation

studies on suspected female carriers (such as the mother of

a male proband) may be useful. Inactivation of 1 of the 2 X
chromosomes in females occurs in early embryonic life and

is normally random. Significant deviation from a 50:50

ratio (usually defined as preferential inactivation of either
the paternally inherited or the maternally inherited X

chromosome in 475%-80% cells) may occur when a

female is a carrier of a deleterious X-linked mutation.
Skewed X-inactivation may also occur by chance or, more

rarely, as an isolated dominant trait; thus, the presence of

the skewed X-inactivation in the mother of an affected
child suggests, but does not prove, that she is a carrier of an

XLID disorder.45 However, maternal X-inactivation studies,

which are clinically available, can be a powerful tool when
assessing the utility of pursuing multigene XLID panels.
Future Directions: Whole-Exome
Sequencing (WES) or Whole-
Genome Sequencing (WGS)
Advances in DNA sequencing technology have permitted not
only the development of multigene panels, but also more

recently, have allowed genome-wide analyses to move from the

research to the clinical arena. These analyses include WES,
which refers to the sequence analysis of the areas of the

genome that are primarily protein-coding (about 1% of the

total genome), and WGS, where the majority of all DNA
sequences in a person’s genome are analyzed. WES has the

advantage of being cheaper and less labor intensive than WGS

and is currently offered by several clinical laboratories. In some
cases, WES may be targeted to certain genes of clinical interest

rather than the exons of the entire genome as a whole. WES

and WGS both offer the possibility of identifying a causative
genetic mutation in an individual with GDD or ID for whom

conventional genetic testing (CMA or single-gene analyses) has

been unrevealing. ‘‘Trio’’ analysis, in which an affected child’s
exome sequence data are compared with those of his or her

unaffected parents to identify de novo changes in known or

candidate genes for GDD or ID, has proven to be particularly
powerful in uncovering genetic diagnoses. One recent trio

study of patients with nonsyndromic ID identified de novo

mutations in known or candidate ID genes in 6 of 10
individuals using WES.46 The American College of Medical
Genetics has, in its 2012 policy statement, recommended

consideration of WES or WGS in individuals with a likely

genetic disorder for whom previous testing has failed to
elucidate a diagnosis or with a condition that is known to

have considerable genetic heterogeneity.47

WES or WGS is not without its limitations, however.
First, all areas of the genome may not be captured and

analyzed, even in so-called WGS, meaning that clinically

significant genetic mutations may be missed. Second,
epigenetic changes—heritable alterations in gene function

that occur without a permanent change in DNA

sequence—are not routinely detectable by either WES or
WGS. The cost of WES (currently �$4000-10,000) may

be prohibitive to patients and families, although it may be

covered by medical insurance in certain cases. It is likely
that the cost of WES or WGS will decrease in the future as

DNA technology continues to advance.

Genome-wide analyses also present significant challenges to
laboratories, clinicians, and families. Large-scale sequencing is

likely to uncover multiple alterations of uncertain clinical

significance; additionally, it is possible that an individual may
be found to have a gene mutation associated with a late-onset

disease for which he or she is currently asymptomatic (eg,

Huntington disease and Charcot-Marie-Tooth disease) or a
mutation associated with susceptibility to disease (eg, BRCA1

or BRCA2 cancer-susceptibility genes). Pretest and posttest

counseling with detailed informed consent for patients under-
going WES or WGS is essential and should include a

discussion of the type of incidental findings that may be

generated, and that results will or will not be disclosed.
Conclusion
Advances in molecular and cytogenetic technologies have
resulted in changes in the recommended genetic testing

approach for children with GDD or ID. The most sig-

nificant updates include the inclusion of CMA as a first-tier
diagnostic test, the availability of multigene panels, espe-

cially for individuals with suspected XLID, and the

increasing availability of WES. Any genetic testing
approach should be individualized for a child’s specific

clinical history, physical examination findings, and family

history. Collaboration with clinical geneticists may be
helpful in determining the optimal test strategy, particularly

when progressing beyond first-tier analyses, and in inter-

preting abnormal results.
References
1. Peterson MC, Kube DA, Palmer FB: Classification of developmental

delays. Semin Pediatr Neurol 5:2-14, 1998

2. Michelson DJ, Shevell MI, Sherr EH, et al: Evidence report: Genetic

and metabolic testing on children with global developmental delay.

Report of the Quality Standards Subcommittee of the American

Academy and the Practice Committee of the Child Neurology Society.

Neurology 77:1629-1635, 2011

3. Accardo P, Capute A: Intellectual disability In: in Oski F, Deangelis CD

(eds.), Principles and Practice of Pediatrics. Philadelphia, PA; Lippin-

cott, 1995, pp 73-680



L.A. Flore and J.M. Milunsky180
4. Luckasson R, Borthwick-Duffy S, Buntinx WHE, et al: Intellectual

Disability: Definition, Classification, and Systems of Support, ed 10

Washington, DC, American Association on Intellectual Disability,

1992

5. Aradhya S, Manning MA, Splendore A, et al: Whole-genome array-

CGH identified novel contiguous gene deletions and duplications

associated with developmental delay, mental retardation, and dys-

morphic features. Am J Med Genet A 143A:1431-1441, 2007

6. Friedman JM, Baross A, Delaney AD, et al: Oligonucleotide microarray

analysis of genomic imbalance in children with mental retardation.

Am J Hum Genet 79:500-513, 2006

7. Shaffer LG, Kashork CD, Saleki R: Targeted genomic microarray

analysis for identification of chromosome abnormalities in 150

consecutive clinical cases. J Pediatr 149:98-102, 2006

8. Miller DT, Adam MP, Aradhya S, et al: Consensus statement:

Chromosomal microarray is a first-tier clinical diagnostic test for

individuals with developmental disabilities or congenital anomalies.

Am J Hum Genet 86:749-764, 2010

9. Wain KE, Thorland EC: Clinical utility of chromosomal microarray

testing. Mayo Med Lab Commun 36:1-10, 2011

10. McGillivray G, Rosenfeld JA, McKinlay Gardner RJ, et al: Genetic

counselling and ethical issues with chromosome microarray analysis

in a prenatal setting. Prenat Diagn 32:389-395, 2012

11. Schaaf PS, Wiszniewska J, Beaudet AL: Copy number and SNP arrays

in clinical diagnostics. Ann Rev Genomics Hum Genet 12:25-51,

2011

12. Shaw-Smith C, Redon R, Rickman L: Microarray based comparative

genomic hybridisation (array CGH) detects submicroscopic chromosomal

deletions and duplications in patients with learning disability/mental

retardation and dysmorphic features. J Med Genet 41:241-248, 2004

13. Brunetti-Pierri N, Berg JS, Scaglia F, et al: Recurrent reciprocal 1q21.1

deletions and duplications associated with microcephaly or macro-

cephaly and developmental and behavioral abnormalities. Nat Genet

40:1466-1471, 2008

14. Mefford HC, Sharp AJ, Baker C, et al: Recurrent rearrangements of

chromosome 1q21.1 and variable pediatric phenotypes. N Engl J Med

359:1685-1699, 2008

15. Battaglia A, Hoyme HE, Dallapiccola B, et al: Further delineation of

deletion 1p36 syndrome in 60 patients: A recognizable phenotype and

common cause of developmental delay and mental retardation.

Pediatrics 121:404-410, 2008

16. Gajecka M, Mackay KL, Shaffer LG: Monosomy 1p36 deletion

syndrome. Am J Med Genet C Semin Med Genet 145:346-356, 2007

17. Shapira SK, McCaskill C, Northrup H, et al: Chromosome 1p36

deletions: The clinical phenotype and molecular characterization of a

common newly delineated syndrome. Am J Hum Genet 61:642-650,

1997

18. van Bon BW, Mefford HC, Menten B, et al: Further delineation of the

15q13 microdeletion and duplication syndromes: A clinical spectrum

varying from non-pathogenic to a severe outcome. J Med Genet

46:511-523, 2009

19. Masurel-Paulet A, Andrieux J, Callier P, et al: Delineation of 15q13.3

microdeletions. Clin Genet 78:149-161, 2010

20. Ben-Shachar S, Lanpher B, German JR, et al: Microdeletion 15q13.3:

A locus with incomplete penetrance for autism, mental retardation,

and psychiatric disorders. J Med Genet 46:382-388, 2009

21. Mefford HC, Rosenfeld JA, Shur N, et al: Further clinical and

molecular delineation of the 15q24 microdeletion syndrome. J Med

Genet 49:110-118, 2012

22. Ng ISL, Chin WH, Lim ECP, et al: An additional case of the recurrent

15q24.1 microdeletion syndrome and review of the literature. Twin

Res Hum Genet 14:333-339, 2011

23. Weiss LA, Shen Y, Korn JM, et al: Autism Consortium; association

between microdeletion and microduplication at 16p11.2 and autism.

N Engl J Med 358:667-675, 2008

24. Shinawi M, Liu P, Kang SH, et al: Recurrent reciprocal 16p11.2

rearrangements associated with global developmental delay, beha-

vioural problems, dysmorphism, epilepsy, and abnormal head size. J

Med Genet 47:332-341, 2010
25. Koolen DA, Sharp AJ, Hurst JA, et al: Clinical and molecular

delineation of the 17q21.31 microdeletion syndrome. J Med Genet

45:710-720, 2008

26. Shaw-Smith C, Pittman AM, Willatt L, et al: Microdeletion encom-

passing MAPT at chromosome 17q21.3 is associated with develop-

mental delay and learning disability. Nat Genet 38:1032-1037, 2006

27. Ensenauer RE, Adewyinka A, Flynn HC, et al: Microduplication

22q11.2, an emerging syndrome: Clinical, cytogenetic, and molecular

analysis of thirteen patients. Am J Hum Genet 73:1027-1040, 2003

28. Girirajan S, Rosenfeld JA, Cooper GM, et al: A recurrent 16p12.1

microdeletion supports a two-hit model for severe developmental

delay. Nat Genet 42:203-209, 2010

29. Hook EB: Exclusion of chromosomal mosaicism. Am J Hum Genet

29:94-97, 1977

30. Conlin LK, Thiel BD, Bonnemann CG, et al: Mechanisms of mosai-

cism, chimerism and uniparental disomy identified by single nucleo-

tide polymorphism analysis. Hum Mol Genet 19:1263-1275, 2010

31. Hoffbuhr K, Devaney JM, LaFleur B, et al: MeCP2 mutations in

children with and without the phenotype of Rett syndrome. Neurol-

ogy 56:1486-1495, 2001

32. Van Esch H, Bauters M, Ignatius J, et al: Duplication of the MECP2

region is a frequent cause of severe mental retardation and progressive

neurological symptoms in males. Am J Hum Genet 77:442-453, 2005

33. Williams CA, Driscoll DJ, Dagli AI: Clinical and genetic aspects of

Angelman syndrome. Genet Med 12:385-395, 2010

34. Dagli AI, Williams CA: Angelman Syndrome. [Updated 2011 Jun 16] In:

in Pagon RA, Bird TD, Dolan CR, et al.(eds.), GeneReviewsTM. Seattle,

WA, University of Washington, Seattle, 1993. Available at: http://www.

ncbi.nlm.nih.gov/books/NBK1144/. Accessed June 18, 2012

35. Christianson AL, Stevenson RE, van der Meyden CH, et al: X-linked

severe mental retardation, craniofacial dysmorphology, epilepsy,

ophthalmoplegia, and cerebellar atrophy in a large South African

kindred is localised to Xq24-q27. J Med Genet 36:759-766, 1999

36. Schroer RJ, Holden KR, Tarpey PS, et al: Natural history of

Christianson syndrome. Am J Med Genet A 152A:2775-2783, 2010

37. Bahi-Buisson N, Nectoux J, Rosas-Vargas H, et al: Key clinical features

to identify girls with CDKL5 mutations. Brain 131:2647-2661, 2008

38. Takano K, Lyons M, Moyes C, et al: Two percent of patients suspected

of having Angelman syndrome have TCF4 mutations. Clin Genet

78:282-288, 2010

39. Cassidy SB, Schwartz S: Prader-Willi Syndrome. [Updated 2009 Sep

3] In: in Pagon RA, Bird TD, Dolan CR, et al.(eds.), GeneReviewsTM.

Seattle, WA, University of Washington, Seattle, 1993. Available at:

http://www.ncbi.nlm.nih.gov/books/NBK1330/, Accessed June 12,

2012

40. Butler MG, Dasouki MJ, Zhou XP, et al: Subset of individuals with

autism spectrum disorders and extreme macrocephaly associated with

germline PTEN tumour suppressor gene mutations. J Med Genet

42:318-321, 2005

41. Varga EA, Pastore M, Prior T, et al: The prevalence of PTEN mutations

in a clinical pediatric cohort with autism spectrum disorders,

developmental delay and macrocephaly. Genet Med 11:111-117, 2009

42. Blumenthal GM, Dennis PA: PTEN hamartoma tumor syndromes. Eur

J Human Genet 16:1289-1300, 2008

43. Stevenson RE, Schwartz CE: Clinical and molecular contributions to

the understanding of X-linked mental retardation. Cytogenet Genome

Res 99:265-275, 2002

44. De Brouwer AP, Yntema HG, Kleefstra T: Mutation frequencies of X-

linked mental retardation genes in families from the EuroMRX

consortium. Hum Mutat 28:207-208, 2007

45. Orstavik KH: X chromosome inactivation in clinical practice. Hum

Genet 126:363-373, 2009

46. Vissers LE, de Light J, Gilissen C, et al: A de novo paradigm for mental

retardation. Nat Genet 42:1109-1112, 2010

47. Kearney HM, South ST, Wolff DJ, et al: American College of Medical

Genetics recommendations for the design and performance expecta-

tions for clinical genomic copy number microarrays intended for use

in the postnatal setting for detection of constitutional abnormalities.

Genet Med 13:676-679, 2011

http://www.ncbi.nlm.nih.gov/books/NBK1144/
http://www.ncbi.nlm.nih.gov/books/NBK1144/
http://www.ncbi.nlm.nih.gov/books/NBK1330/

	Updates in the Genetic Evaluation of the Child with Global Developmental Delay or Intellectual Disability
	Introduction
	First-Line Genetic Testing
	CMA
	Traditional G-banded Karyotype and FISH Analysis
	Fragile X DNA Analysis
	Second-Tier Testing
	Common Single-Gene Syndromes in Children With GDD or ID
	Overview


	Rett Syndrome or MECP2-Related Disorders
	Angelman Syndrome (AS)
	Rett- or AS-like Phenotype With Negative Testing
	Prader-Willi Syndrome (PWS)
	PTEN-Related Disorders
	Gene Panels
	Future Directions: Whole-Exome Sequencing (WES) or Whole-Genome Sequencing (WGS)
	Conclusion
	References




