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Genetic neurodevelopmental disorders are common in the pediatric
population, and establishing a specific diagnosis early provides
multiple benefits including prognostication, surveillance for disorder-
related complications, accurate recurrence risk, and specific manage-
ment. This report provides an approach to the genetic evaluation of
developmental delay/intellectual disability for the general pediatri-
cian. When possible, genetic testing should be selected by phenotype,
and typical distinguishing clinical features to facilitate this are pre-
sented. If a specific disorder or group of disorders cannot be ascer-
tained by phenotype, an agnostic (or hypothesis-free) approach is
utilized. Recommendations are provided for this agnostic approach
based on diagnostic yield and also practical considerations such as test
complexity and impact on management. The general guidance in this
report for genetic testing does not preclude further evaluation by rel-
evant subspecialists as necessary, including neurologists, developmen-
tal pediatricians, and clinical geneticists.

INTRODUCTION

Global developmental delay (GDD)/intellectual disability (ID) has an
estimated global prevalence of 1% to 3%." Further, in pediatric primary
care, neurodevelopmental disorders are the most common chronic medi-
cal condition, with a combined prevalence of approximately 17%.”
Neurodevelopmental disorders have a considerable impact at individual,
family, and societal levels. Global developmental delay is defined in the
Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-5)
as the failure to meet expected developmental milestones in several areas
of intellectual functioning in an individual younger than 5 years who
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cannot undergo systematic assessment of intellectual func-
tioning, including children too young to participate in stand-
ardized testing. This evaluation necessitates reassessment
after a period of time. Intellectual disability is defined in
the DSM-5 as significant limitations both in intellectual
functioning and in adaptive behavior as expressed in con-
ceptual, social, and practical adaptive skills in individuals
5 years or older.* Children with GDD and ID are often first
evaluated in the general pediatric setting, so it is pertinent
for the general pediatrician to have an initial approach to
the evaluation of these patients.

GDD/ID has diverse etiologies, including prenatal injury
or developmental disorders (eg, in utero infection, terato-
gens, toxins, vascular disruption, developmental brain mal-
formations); perinatal/postnatal insult (eg, hypoperfusion
injury, asphyxia, infections, trauma, neglect, toxins); and
genetic disorders. Genetic disorders account for up to
50% of diagnosed etiologies.>®

Genetic causes can be broadly categorized as:

e chromosomal

e monogenic

¢ imprinting defects
¢ oligo/polygenic

Chromosome disorders are commonly associated with
GDD/ID. Chromosome disorders may be numerical, in
which an entire chromosome or multiple chromosomes
are added to or missing from the normal pair (eg, trisomy
21), or structural, in which a part of a chromosome is
deleted (eg, 22q11.2 deletion), duplicated, or rearranged,
such as with a translocation. Because chromosome disor-
ders affect multiple contiguous genes, they may also be
associated with dysmorphic features, multiple congenital
anomalies, and abnormalities of growth.” Some chromo-
some disorders may be inherited from unaffected or more
mildly affected parents. Supplementary Table 1 summa-
rizes more common and phenotypically identifiable
chromosome disorders. Most chromosome disorders can
be identified on chromosome microarray testing, with the
main exception being balanced structural chromosome
abnormalities, such as translocations and ring chromo-
somes, which require a karyotype. Some exome sequencing
platforms currently offer chromosome (copy number)
analysis as well, although sensitivity is lower than with
chromosome microarray.

Monogenic disorders are caused by variation in a single
gene. There are approximately 20 000 protein-coding genes
in the human genome, and more than 1300 causative genes
and 1100 candidate genes have thus far been implicated in
neurodevelopmental disorders, with this number rapidly
increasing.® Monogenic disorders may be caused by single
nucleotide variants, small insertions or deletions (indels),
larger exon-level deletions or duplications, or expansion
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of an inherently repeating genetic sequence (ie, trinucleo-
tide repeat disorders). Inheritance of monogenic disorders
may be X-linked, autosomal dominant, autosomal recessive,
or even maternally inherited.’ Some forms of mitochondrial
disorders can be inherited in an autosomal recessive man-
ner, and others are maternally inherited (with rare excep-
tions).'® Supplementary Table 2 summarizes a number of
phenotypically identifiable monogenic neurodevelopmen-
tal disorders. Diagnosis of monogenic disorders can be
facilitated by targeted gene testing if the disorder is clini-
cally suspected or can be diagnosed in an agnostic manner
with gene panels or exome sequencing.

Mosaicism refers to cell lines with differing genotypes.
Mosaicism can involve chromosomes (eg, mosaic Turner
syndrome, mosaic trisomy 9) or single genes (eg, PIK3CA
related overgrowth disorders, McCune-Albright syndrome).
The diagnosis of mosaicism may require testing in cultured
skin fibroblasts or other affected tissue, because the abnor-
malities may be difficult to detect or even absent in white
blood cells or buccal swab. Pigmentary mosaicism of the
skin, typically appearing as a whorled pattern of hypo- or
hyperpigmentation following Blaschko lines, can occasion-
ally be a clue to a mosaic disorder.

Imprinting disorders are caused by molecular changes
affecting imprinted chromosomal regions and genes.
Imprinting refers to the expression of genes in a parent-
of-origin specific manner (ie, genes only expressed from
either the maternally or paternally inherited allele, but
not from both). The prototypical imprinting disorders asso-
ciated with GDD/ID are Prader-Willi syndrome and
Angelman syndrome.’* A summary of imprinting disorders
associated with GDD/ID can be found in Table 1. The genetic
diagnosis of imprinting disorders typically requires tar-
geted testing for the specific disorder.

Polygenic disorders are caused by the interaction of a
number of genes, with each gene contributing partially to
the phenotype. If there are only 2 genes involved, this is
termed digenic inheritance. Oligogenic inheritance is when
there are several genes involved, less than in polygenic
inheritance. Examples of these would be modifier genes
in which a second gene variant influences the expres-
sion/penetrance of the condition, such as in Bardet Biedl
syndrome.'? In general, polygenic inheritance is difficult
to delineate in clinical practice, because the ability to assess
the additive or cumulative effects of multiple gene variants
on phenotype is limited.

Reasons to Pursue Specific Genetic Diagnosis for GDD/ID

Pursuing genetic diagnosis for GDD/ID allows for accu-
rate prognostication, facilitates surveillance for potential
disorder-related complications, provides accurate recur-
rence risk in families interested in having additional chil-
dren, and allows for prenatal diagnostic testing and
preimplantation genetic diagnosis (PGD). This will also
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TABLE 1. Imprinting Disorders Associated With Global Developmental Delay and Intellectual Disability

Disorder Genetic Etiology

Clinical Features

Angelman syndrome Abnormal methylation at 15q11.2-g13 (including

UBE3A gene) — maternally imprinted

Feeding difficulties, progressive microcephaly, seizures, ataxia/
tremulousness, epilepsy behavioral peculiarities (happy disposition,
fascination with water), variable developmental delay/intellectual disability13

Prader-Willi syndrome Abnormal methylation of 15q11.2-q13 — paternally

imprinted

Severe feeding difficulties in infancy followed by obesity in childhood, severe
hypotonia, hypogonadism, short stature, behavioral abnormalities, global
developmental delay/intellectual disability'*

Temple syndrome Abnormal methylation of 14g32.2 — paternally

imprinted

Intrauterine growth restriction, short stature, feeding difficulties in infancy
followed by obesity later in childhood, precocious puberty, hypotonia,
variable developmental delay/intellectual disability'

have reproductive implications for the child him- or herself
when they are of reproductive age, as having a genetic diag-
nosis can help inform their own reproductive decisions.
It can directly impact treatment (ie, inborn errors of
metabolism) or identify as candidates for future treatments
(eg, gene therapy); reduce further unnecessary diagnostic
testing; allow access to developmental therapies/services,
appropriate disease-specific support networks, or clinical
trials; and provide positive psychological impact on
parents/caregivers.'®

The diagnostic yield of genetic testing is influenced by the
severity of GDD/ID. In severe ID, as defined in DSM-5, a
genetic etiology may be discovered in approximately 80%
of cases, whereas in mild ID, the diagnostic yield is closer
to 20%.'7 The genetic diagnostic yield is also increased if
there are dysmorphic features, congenital anomalies, or
neurological comorbidities. The genetic evaluation of GDD
and ID requires a thoughtful and systematic evaluation.
This evaluation includes a detailed medical history, family
history, clinical examination, and use of corollary investiga-
tions such as neuroimaging, vision assessment, and hearing
assessment.

GDD/ID can be divided into syndromic and nonsyn-
dromic forms. Syndromic refers to clinical features beyond
GDD/ID that may suggest a specific disorder or category
of disorders, whereas nonsyndromic GDD/ID lacks such
features."”® Up to two-thirds of GDD/ID is considered
nonsyndromic.

If the patient has features suggestive of a syndromic form
of GDD/ID, when possible, a phenotype-driven diagnostic
approach is useful to make the clinical diagnosis or to
refer for more targeted genetic testing to improve testing
accuracy as well as to save cost and time. When a specific
diagnosis is not suspected, or in cases of nonsyndromic
GDD/ID, an agnostic, or “hypothesis-free,” approach may
be utilized.

PHENOTYPE-DRIVEN APPROACH TO DIAGNOSTIC EVALUATION

Following history and examination, the etiology of GDD/ID
can be established in up to 17.2% to 34.2% of cases.'’

PEDIATRICS Volume 156, Issue 1, July 2025

Medical History

The evaluation includes taking a full developmental
history, including gross motor, fine motor, language, social-
emotional, and self-help skills. Developmental delay iso-
lated to the motor domains may suggest a central (eg, brain)
or peripheral (eg, neuromuscular) disorder. Abnormalities
in language and social domains raises concern for autism
spectrum disorder (ASD). Although the genetic etiologies
of ASD may overlap with those associated with GDD/ID,
the genetic diagnostic approach to ASD will not be covered
further in this review.

It is useful to establish the trajectory of the individual’s
development to assess whether there is developmental
regression. Developmental regression may suggest a neuro-
degenerative disorder or acquired process necessitating a
prompt urgent referral to a neurologist and/or geneticist.
The diagnostic evaluation for developmental regression will
not be covered in this review.

Comorbid behavioral abnormalities are important to
elicit in the child with GDD/ID and can suggest a specific
diagnosis. For example, severe self-injurious behaviors can
be seen in Lesch-Nyhan syndrome and Cornelia-de-Lange
syndrome.”®*! Some genetic disorders are associated with
unique behavioral peculiarities, such as fascination with
water or crinkly items in Angelman syndrome, skin picking
and hyperphagia in Prader-Willi syndrome, midline stereo-
typies and intense eye contact in Rett syndrome, and epi-
sodic hyperventilation and breath-holding in Pitt-Hopkins
syndrome, 13142223

In addition to the developmental history, it is useful to
establish whether there are any additional health concerns.
It is often these features that can allow for the differential
diagnosis to be narrowed based on phenotype. Additional
health concerns can include other neurological symptoms
(eg, seizures, movement disorder, weakness, nystagmus,
hypotonia, spasticity, dystonia, hyperreflexia, ataxia, focal
neurological findings); vision loss; hearing loss; feeding dif-
ficulties; organomegaly; and abnormalities of the gastroin-
testinal, dermatologic, dental, respiratory, cardiovascular,
musculoskeletal, or endocrine systems. Occasionally, his-
tory of an unusual odor may prompt evaluation for an
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inborn error of metabolism, such as the maple syrup odor to
urine or ear wax in maple syrup urine disease.**

Family History

Obtaining a 3-generation pedigree (asking specific questions
about siblings, parents, grandparents, aunts, and uncles)
provides important information. Additional family history
of GDD/ID may suggest a specific mode of inheritance.
Absence of other affected individuals may suggest autosomal
recessive inheritance, a de novo autosomal dominant disor-
der, or an X-linked disorder. A history of psychiatric dis-
orders and/or seizures is another potential indicator of
genetic disorders in patients with GDD/ID, because some
genetic disorders associated with GDD/ID can manifest with
psychiatric symptoms and/or epilepsy in other family mem-
bers as the result of incomplete penetrance and variable
expressivity. In addition, psychiatric conditions can indicate
genetic predisposition in their children. A family history of
premature ovarian failure or ataxia/tremor may suggest
fragile X syndrome.> A family history of 3 or more miscar-
riages in an individual may suggest a balanced chromosome
rearrangement in a parent, predisposing to an unbalanced
structural chromosome abnormality in offspring. Advanced
paternal age may suggest a de novo dominant disorder,
whereas advanced maternal age (>35 years) may suggest
an aneuploidy. In vitro fertilization is associated with an
increased risk of imprinting disorders, such as Prader-Willi
syndrome and Angelman syndrome.?®*”

Clinical Examination

Accurate assessment of height, weight, and head circumfer-
ence is important, because these may inform the differential
diagnosis. With respect to head circumference, analysis of
growth velocity using a standardized growth curve will
identify microcephaly (noting whether the microcephaly
is congenital or postnatal), plateauing head circumference,
and progressive microcephaly or macrocephaly. It is impor-
tant to assess weight gain and growth to assess for failure
to thrive.

Notation of dysmorphic features and other congenital
anomalies, such as limb defects, will indicate the need for
referral of the patient to a geneticist for further dysmor-
phology evaluation. For example, dysmorphic craniofacial
features may include abnormal head shape, abnormally
spaced or upslanting/downslanting eyes, epicanthal folds,
depressed nasal bridge, unusual nasal configuration, long
philtrum, and ear abnormalities.

Examination of the skin for neurocutaneous stigmata,
such as café au lait macules, other hypo- or hyperpigmented
skin regions, or vascular skin markings may indicate spe-
cific disorders. Rarely, hair or nail abnormalities also may
suggest a specific disorder. A precordial examination may
detect a murmur indicative of underlying congenital heart
disease. Hepatosplenomegaly can be a feature of genetic
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overgrowth disorders and some inborn errors of metabo-
lism (eg, lysosomal disorders). Cryptorchidism can be asso-
ciated with some genetic neurodevelopmental disorders.
Vision and hearing screening can also be performed by
the pediatrician. A complete neurologic examination may
detect abnormalities of muscle tone, weakness, or a move-
ment disorder.

Corollary Testing: Neuroimaging, Vision, Hearing

In children with GDD/ID, evaluation by an ophthalmologist
should be considered, both for diagnostic and therapeutic
purposes. Retinal and optic nerve abnormalities may pro-
vide insight into an underlying genetic disorder. In children
with language delay, hearing evaluation is also important.
In addition to facilitating treatment, the finding of sensori-
neural hearing loss may offer a phenotypic clue.?®
Neuroimaging with magnetic resonance imaging (MRI)
is indicated in children with GDD/ID and abnormal head
circumference, focal neurological signs or symptoms, seiz-
ures, increased tone or developmental regression.”*’ It may
also be considered in moderate to severe GDD/ID, if a speci-
fic disorder with abnormal neuroimaging is suspected,
or if no etiology is identified following other diagnostic eval-
uations including genetic studies.'® Neuroimaging may dem-
onstrate relatively nonspecific findings, such as underrotated
hippocampi, abnormally contoured and enlarged ventricles,
reduced cerebral volume, delayed myelination, or dysgenesis
of corpus callosum. It may also demonstrate more specific
structural abnormalities, such as polymicrogyria, lissence-
phaly, periventricular nodular heterotopia, holoprosence-
phaly, or cerebellar malformations. There may also be
signal abnormalities of the cerebral white matter or basal
ganglia that can occasionally suggest a specific disorder
based on the pattern.®* Magnetic resonance spectroscopy
may be useful in the evaluation for some inborn errors of
metabolism, including disorders of creatine metabolism.>!

AGNOSTIC APPROACH TO DIAGNOSTIC EVALUATION

If the medical history, family history, clinical examination,
and corollary testing do not lead to a suspected diagnosis,
then a hypothesis-free algorithmic approach could be pur-
sued. This approach considers diagnostic yield, cost and
complexity of the test, and the potential impact of the test
results. Previously published agnostic approaches include a
prior iteration from the American Academy of Pediatrics
(AAP), and recommendations from the American Academy
of Neurology (AAN), Canadian Pediatric Society (CPS), and
the Treatable Intellectual Disability Endeavor (TIDE) proto-
col.»®3? The AAP proposes the following updated tiered
agnostic approach based on diagnostic yield and practical
considerations (see Figure 1). Depending on comfort level,
the pediatrician may opt to refer to a geneticist at any
point in the genetic diagnostic evaluation. If a geneticist
is not available, higher-order evaluation from neurologists
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Concern for GDD/ID

. Obtain patient and family history

. Additional phenotyping as indicated
(including MRI brain, hearing and vision
evaluations

Refer to neurology
Yes—» and/or genetics for
evaluation

developmental
regression
occurred?

No |

Is phenotype
suggestive of a
monogenic
disorder or group
of disorder

Perform targeted
Yes— single gene/panel
testing*

No

Y

Tier 1 Testing*

! Continue if no
Genome Sequencing . N .
OR diagnosis obtained

<l
-

Exome Sequencing +
Chromosomal Microarray
(sequential or concurrent)

Continue if no
diagnosis obtained

Tier 2 Testing*
Screening for treatable
Inborn Errors of Metabolism
(table 4) AND Fragile X

Continue if no
diagnosis obtained

Tier 3 Testing*
Consider:
. Genomic sequencing (if not already performed)
. Testing for imprinting disorders, trinucleotide
repeat disorders, balanced chromosome
disorders

. mtDNA testing
° Further metabolic evaluation (table 3)
. Higher resolution CMA
o Exome/genome re-analysis
FIGURE 1.

Tiered agnostic approach to diagnostic evaluation.

*Refer to genetics for help with genetic testing.

Abbreviations: CMA, chromosome microarray; GDD, global developmental
delay; ID, intellectual disability; MRI, magnetic resonance imaging.

and/or experienced pediatricians including developmental
specialists may be considered.

Tier 1: Genome Sequencing or Exome Sequencing +
Chromosome Microarray

The American College of Medical Genetics and Genomics
(ACMG) recently recommended exome/genome sequencing

PEDIATRICS Volume 156, Issue 1, July 2025

for pediatric patients with GDD/ID or congenital anomalies
asa first- or second-tier test.>* The AAP recommends exome/
genome sequencing as a first-tier test for GDD/ID in most
circumstances because of superior diagnostic yield and
higher cost-effectiveness if pursued earlier in the diagnostic
process. Exome sequencing utilizes high throughput (next
generation) sequencing to evaluate the entirety of protein
coding exons in the human genome. Some exome sequencing
platforms are also able to detect chromosome copy number
variation and larger intragenic deletions and duplications
(typically 3 exons in size or larger). The reported yield
of exome sequencing for GDD/ID ranges from 28% to
43%.3373 Genome sequencing is a technique that evaluates
almost the entire genome, including intronic and noncoding
elements that are not assessed by exome sequencing. It also
has the potential to detect copy number variation and struc-
tural rearrangements. Genome sequencing has been demon-
strated to provide an approximately 10% to 20% higher
diagnostic yield than exome sequencing, so it is preferable
but currently may be less accessible to providers to order
than exome sequencing.33"35 Genome sequencing may utilize
short-read (hundreds of base pairs) or long-read (thousands
of base pairs) sequencing. Long-read sequencing has the
advantage of being potentially better able to detect structural
variations such as large insertions, deletions/duplications,
inversions, repeats, translocations, and highly variable or
repetitive elements; however, it is more costly and time con-
suming than short-read sequencing period.>®

Gene variants reported on exome/genome sequencing are
characterized according to the ACMG and the Association for
Molecular Pathology (ACMG-AMP) system for variant classi-
fication. This classification system utilizes a score based on
strict criteria to establishes 5 “classes” of variants: benign,
likely benign, variant of unknown significance (VUS), likely
pathogenic, and pathogenic.>” In cases in which the signifi-
cance of a variant is not definitive (ie, variants that are clas-
sified as neither benign nor pathogenic), the clinician must
use their best clinical judgement to interpret the clinical
significance. Depending on the situation, testing additional
affected or unaffected family members for further segrega-
tion data may be useful. In addition, there may be a func-
tional test (eg, metabolic testing) or further phenotyping data
that can be obtained (eg, specific neuroimaging abnormal-
ities) that can help to confirm or exclude a genetic diagnosis.
Finally, the significance of a variant may be reinterpreted
over time on the basis of accrued data. Since the interpreta-
tion of these results can be challenging, especially when there
are variants of uncertain significance, the geneticist should
help to provide as much clarification as possible to the family
and the pediatrician (who may be asked for their opinion).
It must be stressed that in some cases the classification of
variants of uncertain significance may change over time.

Pretest genetic counseling should include discussion of
variants of uncertain significance and the potential to detect
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incidental or secondary findings and nonpaternity or non-
maternity. With regard to incidental findings, the ACMG has
specified 81 genes that are regarded as clinically actionable,
including genes related to increased risk of cancer, cardio-
myopathy, cardiac conduction disorders, connective tissue
disorders, and metabolic disorders.*® Pathogenic variants
in these genes are included by default in clinical exome
reports, although the patient and family may choose to
opt out of these findings. There may be implications of such
findings on future insurability such as disability, life, and
long-term insurance. The diagnostic yield of exome/
genome sequencing is improved if a trio sample is sent (pro-
band and both parents), because this can determine de novo
variants and can establish the phase of biallelic variants.
Limitations of exome/genome sequencing include inability
to diagnose repeat disorders and methylation abnormal-
ities.3? In addition, exome sequencing may have poor cover-
age of certain genomic regions, reduced sensitivity at
detecting intragenic deletions (particularly those less than
3 exons in size) and will not detect balanced chromosome
abnormalities. It is also important to note that the labora-
tory interpretation of exome/genome is very much depen-
dent on the phenotype provided to the laboratory by the
ordering clinician. Artificial intelligence is being studied
to help with the automation of interpretation of genome
sequencing for putative candidate variants.*’ In cases in
which the family desires more targeted testing for concern
of identifying candidates in less well understood genes,
more variants of uncertain significance, or incidental find-
ings, then a focused GDD/ID panel using similar sequencing
technology as exome sequencing, but limited to a set of
targeted genes, may be utilized. There is no uniformity
with such testing, so the specific genes included and meth-
odologies used differ significantly between performing
laboratories. One possible benefit, based on the specific lab-
oratory and test utilized, may be improved coverage of the
included genes and better detection of intragenic deletions
and duplications compared with exome sequencing, but the
provider is encouraged to evaluate this on the basis of the
specific panel test. In general, targeted GDD/ID panels have
a lower diagnostic yield than exome/genome sequencing
and are not preferred except in certain situations as noted
previously. If a more targeted GDD/ID panel is nondiagnos-
tic, then exome/genome sequencing may be considered
next. The involvement of a geneticist or genetic counselor
is recommended in these cases to assist in the selection
of appropriate testing.

Chromosome Microarray

Genome-wide chromosome microarray (CMA) has been
considered a first-line diagnostic test in the evaluation of
the child with GDD/ID by the AAP, AAN, CPS, and the
ACMG.*394142 The AAP continues to recommend CMA
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in the first-tier agnostic evaluation for GDD/ID along with
exome sequencing (sequential or concurrent). CMA is a test
that quantitatively evaluates for chromosome gains and
losses. It can occasionally detect smaller intragenic dele-
tions or duplications. The specific resolution of the CMA
varies depending on the platform used. If the CMA utilizes
single nucleotide polymorphism (SNP)-based technology, it
may also detect genomic regions of homozygosity, which
can help to facilitate diagnosis of an autosomal recessive
disorder or an imprinted disorder (in cases of uniparental
isodisomy). The CMA cannot detect balanced chromosome
rearrangements (eg, balanced translocations or balanced
ring chromosomes).'® It is estimated that the diagnostic
yield of this test in the child with GDD/ID is between
15% and 20%.** Because the CMA screens for copy number
variants genome-wide in an unbiased manner, there is the
possibility that a CMA may detect copy number variants of
uncertain significance, consanguinity, or incidental findings
(eg, deletion of a gene implicated in cancer), and so pretest
genetic counseling is indicated.

Pretest genetic counseling involves discussion of possible
results such as benign, likely benign, pathogenic, likely
pathogenic variants, or variants of uncertain significance.
The laboratory uses data to determine these classifications,
and in some cases, there are not enough data to determine
whether a variant is disease causing or not, resulting in des-
ignation of a variant of uncertain significance. Identification
of carrier status is possible if a deletion is found that
includes a gene causing a recessive disorder. Incidental
findings such as deletion of a cancer-causing gene may be
reported. There may be implications of such findings on
future insurability, such as disability, life, and long-term
insurance. Areas of homozygosity (in which areas of both
copies of the chromosome pair are the same) could indicate
possible consanguinity.

Although CMA has a lower diagnostic yield overall
than exome/genome sequencing, it can be superior to
exome sequencing at detecting chromosome deletions/
duplications, including small intragenic copy number var-
iants. CMA also generally has a faster turnaround time
and simpler pretest counseling. Pediatricians and other
non-geneticist providers may elect to begin with a CMA first
on the basis of available resources (eg, access to genetic
counselors) and comfort level with genetic testing, while
facilitating referral to a geneticist for possible exome/
genome sequencing. A CMA may also be performed prior
to exome/genome sequencing on the basis of the individual
case and patient or clinician preference. Alternatively, CMA
can be performed concurrently or following negative exome
sequencing for superior coverage of copy number variation.
If genome sequencing is initially performed, there is typi-
cally adequate evaluation of copy number variation, so
CMA can be deferred in most cases.
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Tier 2: Fragile X Testing and Metabolic Testing
Fragile X Testing

Fragile X syndrome is caused by CGG expansions in the
5’ untranslated region of the FMRI gene, and diagnosis
required targeted testing that measures repeat length
(ie, will not be detected on exome/genome sequencing or
CMA).?® Fragile X testing has historically been considered
in the first-line agnostic diagnostic evaluation of the male
with GDD/ID, including the prior position statements of
the AAP, AAN, and CPS.*?® However, fragile X testing
has a diagnostic yield of only approximately 1% in both
males and females, and some authors have suggested that
it should no longer be included in the first-tier evaluation
of GDD/ID in the absence of clinical suspicion.**> On the
basis of the low diagnostic yield, the AAP recommends
fragile X testing in the second-tier evaluation in both males
and females with apparently nonsyndromic GDD/ID after
exome/genome sequencing and CMA. If there are specific
clinical features or family history consistent with fragile X
syndrome, then it should be pursued earlier in the diagnos-
tic evaluation (see section on phenotype-driven approach).

Screening for Treatable Inborn Errors of Metabolism

Inborn errors of metabolism (IEMs) are monogenic disor-
ders associated with enzymatic defects or abnormal trans-
port of metabolites. They represent the largest treatable
cause of intellectual disability. With early diagnosis and
treatment, there is the potential for improved outcome.

Many newborn screening programs evaluate for a num-
ber of IEMs, although the specific disorders screened for
and testing methodologies vary based on location. It is also
important to distinguish between screening and diagnostic
evaluation and potential for missed diagnoses on newborn
screening.44'45

Karnebeek et al performed a systematic literature review
of treatable inborn errors of metabolism presenting with
intellectual disability as a predominant feature. They
reported 81 total treatable IEMs across 14 different disease
categories. Fifty of 81 were diagnosable with routine blood
and urine tests, whereas for the remaining disorders, more
specialized testing was required, including specific enzyme
testing, cerebrospinal fluid studies, or genetic testing.>?

IEMs often present as syndromic GDD/IDD; however,
[EMs may present as nonsyndromic GDD/ID in the earlier
stages of illness. Red flags that may suggest an IEM include:

e Developmental regression

e Neurological signs - epilepsy, spasticity, movement
disorder

e Multisystem involvement

¢ Abnormal body odor

 Basic biochemical abnormalities (eg, acidosis, hypoglyce-
mia, etc)

PEDIATRICS Volume 156, Issue 1, July 2025

e Abnormal MRI - atrophy, white matter abnormalities,
deep gray structures symmetrically affected, abnormal
spectroscopy (eg, elevated lactate or glycine, reduced
creatine)

¢ Family history of IEM, or consanguinity

The diagnostic yield of metabolic evaluation in children
with GDD/ID has been estimated to be 1% to 5%.*°
Further, this testing has a relatively low cost, prompt turn-
around time, and the potential impact on outcome if one of
these disorders is identified. The 2014 AAP recommenda-
tions® and 2018 CPS position statement® both suggest met-
abolic screening in the first tier evaluation of GDD/ID;
however, given the very low yield in nonsyndromic GDD/
ID, the AAP recommends testing in the second-tier evalu-
ation after exome/genome sequencing and CMA unless
there are specific clinical indications of a metabolic dis-
order (see “red flags” for an IEM and phenotype-driven
approach). Further, CMA and exome/genome sequencing
will detect most IEMs, including IEMs without clinically
measurable biochemical abnormalities. See Table 2 for rec-
ommended initial evaluation for treatable IEMs. In addition
to these specialized biochemical evaluations, general
screening with a complete blood cell count, chemistry panel,
liver function tests, and thyroid function tests may be con-
sidered. A baseline creatine phosphokinase can screen for
some genetic muscle disorders (eg, muscular dystrophies,
some metabolic myopathies), particularly in individuals
with motor delays, hypotonia, and/or weakness (see
phenotype-driven approach).

Tier 3 Evaluation

The third tier in the agnostic genetic evaluation for GDD/ID
is aimed at identifying genetic etiologies that may have been
missed in the first 2 tiers. The third tier includes consider-
ation of: genome sequencing if exome sequencing was pre-
viously performed; an imprinting disorder; trinucleotide
disorder (which may be missed on panel testing or exome/
genome, depending on methodology used); mitochondrial
DNA (mtDNA) testing if not included with prior testing;
potential further biochemical evaluation for an IEM beyond
laboratory tests in tier 2 (see Table 3); karyotype to evalu-
ate for balanced chromosome rearrangements such as ring
chromosomes; and broad screening for intragenic deletion/
duplications that may have been missed on exome sequenc-
ing. The latter may be accomplished with a targeted GDD/ID
deletion and duplication panel test, a higher-resolution
CMA with specific exon-level coverage of disease-associated
genes, or genome sequencing.

If negative, exome/genome sequencing may be clinically
reanalyzed every 1 to 2 years following the initial test.*’
Some clinical laboratories offer a one-time complementary
reanalysis if requested. It is very important for the ordering
clinician to provide any updated phenotype data for the
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TABLE 2. Treatable Inborn Errors of Metabolism Associated With Global Developmental Delay and Intellectual Disability for Tier 2 Evaluation

Disorder (Gene)

Clinical Features (Untreated)

Biochemical Evaluation

Phenylketonuria(PAH)

Developmental delay/intellectual disability, autism, eczema,
reduced skin and hair pigmentation, epilepsy*®

Plasma amino acids (increased phenylalanine)

Classic homocystinuria
(CBS1)

Developmental delay/intellectual disability, marfanoid
habitus (tall stature, scoliosis, pectus excavatum), eye lens
dislocation and/or high myopia, increased risk of
thrombosis*®

Total homocysteine (increased), plasma amino acids
(increased methionine)

Organic acidurias

Developmental delay/intellectual disability, metabolic
acidosis, hyperammonemia, failure to thrive, epilepsy,
movement disorder, metabolic stroke®*

Urine organic acids, plasma acylcarnitines, ammonia

Urea cycle disorders

Episodes of hyperammonemic encephalopathy, protein
aversion®

Ammonia, plasma amino acids (abnormal citrulline and/or
arginine), urine organic acids (+/— increased orotic acid)

Creatine deficiency syndromes
(AGAT, GAMT, SLC6A8)

Developmental delay/intellectual disability, autism, epilepsy®’

Urine creatine/creatinine, plasma creatine, urine and
plasma guanidinoacetate

Lesch-Nyhan syndrome
(HPRT1)

Developmental delay/intellectual disability, autism, spasticity,
movement disorder, uric acid nephropathy®

Plasma uric acid (increased), urine purine and pyrimidines

Mucopolysaccharidoses

Developmental delay, behavioral abnormalities, coarse facial
features, hepatosplenomegaly, ophthalmological findings,
orthopedic anomalies (eg, progressive spine deformities)®

Urine glycosaminoglycans

Biotinidase deficiency

Developmental delay/regression, hypotonia, ataxia, epilepsy,
hearing and vision loss, skin rash, alopecia55

Biotinidase enzyme activity
(if not included on newborn screening or clinical suspicion)

Intellectual Disability

TABLE 3. Additional Tier 3 Screening Evaluation for Inborn Errors of Metabolism Associated With Global Developmental Delay and

Disorder

Clinical Features

Biochemical Evaluation

Congenital disorders of
glycosylation (CDG)

Highly variable phenotype, may include developmental delay/
intellectual disability, abnormal tone, epilepsy, blood clotting
abnormalities (both pro- and antithrombotic), liver disease,

lipodystrophy (abnormal fat distribution)®*

CDG transferrin testing, N-glycans, 0-glycans,
urine oligosaccharides, and free glycans

Lysosomal disorders

Highly variable phenotype, may include developmental delay/
regression, epilepsy, coarse features, hepatosplenomegaly, skeletal
anomalies, corneal or retinal abnormalities, hearing 10ss®

Urine mucopolysaccharides, urine
oligosaccharides, lysosomal enzyme screening
panel

Peroxisomal disorders

Highly variable phenotype, includes developmental delay/regression,
hypotonia, epilepsy, neuropathy, craniofacial dysmorphisms,
enlarged anterior fontanelle, skeletal abnormalities (eg, rhizomelia,
chondrodysplasia punctata), liver disease, renal disease, hearing
loss, retinal disease™

Plasma very long chain fatty acids, red blood
cell plasmalogens

Smith-Lemli-Opitz syndrome (DHCR7)

Craniofacial dysmorphisms, short stature, 2/3 toe syndactyly, failure
to thrive, microcephaly, congenital heart defects, CAKUT™

7-dehydrocholesterol levels

Purine and pyrimidine disorders
(other than Lesch-Nyhan syndrome)

Highly variable phenotype, includes developmental delay/regression,
movement disorder, epilepsy58

Urine purines/pyrimidines

Menkes syndrome (ATP7A)

Sparse and wiry hair, pale complexion, lax skin and joints, severe
hypotonia, microcephaly, global developmental delay, epilepsy®

Serum copper and ceruloplasmin

Abbreviation: CAKUT, congenital anomalies of the kidneys and urinary tract.

reanalysis, because these data may influence the interpre-
tation of the exome/genome sequencing. Some academic
centers may also have the capacity for research-based
exome reanalysis. The additional diagnostic yield of this
iterative approach to exome analysis has been previously

demonstrated.®®

8

OTHER TESTING

Some genetic neurodevelopmental disorders are associated
with abnormal DNA methylation at a single locus (see
imprinted disorders discussed previously), whereas other
disorders are associated with the abnormal methylation

of multiple gene loci. This specific pattern of methylation
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abnormalities across multiple loci, or “methylation signa-
ture,” can be syndrome-specific and exploited for diagnostic
purposes. Recently, such genome-wide methylation signa-
ture testing has become clinically available, although it is
still only able to evaluate for a relatively small number of
disorders, limiting its utility primarily to the evaluation
of variants of uncertain significance in these genes or as a
screening evaluation following otherwise nondiagnostic
testing as above.®!

Finally, various facial recognition computer software
programs are now available that have been designed to bet-
ter recognize genetic disorders based on dysmorphology,
but it remains to be seen what the clinical utility of such pro-
grams is.°% Also, these facial recognition programs are not
routinely available in clinical practice.

ETHICAL ISSUES

There are ethical issues associated with genetic testing,
potential harm from genetic testing (privacy concerns, mis-
attributed parentage) and inequities in access to genetic test-
ing. These issues are beyond the scope of this paper and the
reader is referred to the AAP policy statement “Ethical and
Policy Issues in Genetic Testing and Screening of Children.”

CONCLUSIONS/RECOMMENDATIONS

Genetic neurodevelopmental disorders are common in the
pediatric population, and it is vital for the general pediatri-
cian to have an approach for their initial evaluation.
Establishing a genetic diagnosis early provides multiple
benefits. If possible, genetic testing should be selected by
phenotype, but in many cases, an agnostic approach may
be utilized. The AAP provides recommendations for this
agnostic approach based on diagnostic yield and also prac-
tical considerations such as test complexity and impact on
management. These recommendations for initial testing do
not preclude further evaluation by relevant subspecialists

as necessary, including neurologists, developmental pedia-
tricians, and clinical geneticists. These recommendations
are provided throughout the report and are summarized
in Figure 1.
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