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In children undergoing genetic testing for physical health concerns, we examined how often the results also revealed information

about their risk for neurodevelopmental disorders. The study sample consisted of 3056 genetic tests (1686 chromosomal

microarrays––CMAs, and 1378 next-generation sequencing––NGS panels) ordered at a tertiary pediatric hospital because of a

physical/congenital health problem. Tests ordered to investigate developmental concerns were excluded. Pathogenic, or likely

pathogenic variants were manually reviewed for diagnostic likelihood, and for evidence of an association with a

neurodevelopmental disorder (e.g., autism or intellectual disability). A total of 169 CMAs (10%) and 232 NGS panels (17%) had likely

diagnostic results. More than half (52%) of all diagnostic results had established evidence of a neurodevelopmental disorder

association. In summary, there is a high prevalence of neurodevelopmental implications from genetic tests ordered for physical/

congenital indications. This broad clinical utility suggests a growing need for genetics-first developmental care pathways.

European Journal of Human Genetics; https://doi.org/10.1038/s41431-022-01181-z

INTRODUCTION
Over the last decade, genetic testing in the form of chromosomal
microarray analysis (CMA) and next-generation sequencing (NGS)
panels have become routine diagnostic investigations for many
health concerns in children. At the same time, our understanding
of the genetic architecture of brain development and neurode-
velopmental disorders (including autism and intellectual disability)
has vastly advanced, with over 1000 associated genes identified.
It has long been understood that many genes impact the

development and function of multiple organ systems (e.g., brain
and heart) simultaneously, a phenomenon known as pleiotropy.
As evidence to this, gene expression analysis has shown that
approximately 85% of human protein coding genes are expressed
in the brain at some point during development [1, 2], and
epidemiologic data consistently support an association between
congenital anomalies and neurodevelopmental disorders [3–6].
Consequently, genetic testing ordered to investigate a specific

physical or congenital health concern may have significant and
potentially unanticipated implications about a child’s future
neurodevelopmental trajectory. For example, for infants born with
a congenital cardiac malformation, neonatal hypotonia, or a cleft lip/
palate, genetic investigations routinely identify variants associated
with increased rates of autism, intellectual disability, or adult-onset
psychotic disorders [7, 8]. Despite the seemingly obvious nature of
this association, the prevalence of this phenomenon has not been
estimated. The objective of this study was to determine in what

proportion of children undergoing genetic testing for a physical/
congenital indication is a genetic variant identified that reveals
information about their neurodevelopment.

METHODS
Study population
A retrospective review was completed using clinical databases from the
molecular genetics laboratory at a tertiary pediatric hospital. The study was
approved by the institution Research Ethics Board. The study population
included children (≤18 years) who underwent CMA between 2011 and
2017 (inclusive) and/or NGS panel testing between 2015 and 2018
(inclusive) that was ordered by a physician at the same site.

Reason for testing
We restricted the sample to genetic tests ordered for a physical or
congenital indication (as opposed to a developmental indication). For
CMAs, based on provincial funding protocols, we restricted to tests where
the ordering physician selected ‘two or more congenital anomalies’ as the
reason for testing. Details on the specific congenital anomaly type were
not available. We excluded CMAs ordered for the other two possible
indications: ‘developmental delay or intellectual disability’ or ‘develop-
mental delay/intellectual disability AND additional clinical features.’ For
NGS panel testing, we used a convenience sample including all internally
processed genome diagnostic tests at our center (n= 45 total) (see Supple-
mental methods). We then excluded: (1) single gene tests (e.g., cystic
fibrosis, CFTR sequence analysis) (2), panels for syndromes/presentations
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characteristically associated with neurologic phenotypes (e.g., Batten’s
disease) and (3) panels with data sparsity (e.g., ≤5 tests ordered during the
study window, n= 2). This yielded a total of eight NGS panels: of these,
there were seven where the primary indication for testing was likely to be
a physical as opposed to developmental concern (Fig. 1) and one panel
(RASopathy) where the indication for testing was possibly physical or
developmental (Fig. 1).

Variant calls
Variants considered pathogenic or likely pathogenic based on American
College of Medical Genetics and Genomics guidelines [9, 10], were
manually adjudicated by genetic professionals (genetic counselor,
laboratory director, and medical geneticist). First, clinical diagnostic
likelihood was determined by considering the requisition indication, the
mode of inheritance as specified in OMIM® (omim.org), focused literature
reviews, and manual review by the laboratory geneticist and clinical
geneticist. Single heterozygous variants in genes associated with
autosomal recessive disorders were considered non-diagnostic. Next, likely
diagnostic variants were then categorized as having ‘established,’
‘potential’ or ‘no known’ evidence of a neurodevelopmental disorder
association, through review of the published literature and genetic
databases, including published case reports or/and clinical records (e.g.,

listed in ClinVar). Specific criteria for categorization of a neurodevelop-
mental disorder association are described in Box 1.

Analysis
Frequencies and proportions were used to summarize findings; a binomial
calculation with a normal approximation was used to estimate the 95%
confidence intervals. Given that our sample was selected based on
indication for testing which would not rule-out a concurrent already
identified neurodevelopmental disorder, we also conducted a sensitivity
analysis restricting to children under the age of 1 year, where a pre-existing
developmental diagnosis would be less likely.

RESULTS
The results from 1686 CMAs included 169 (10%) likely diagnostic
variants (Fig. 1; Table S1). Of these, 150 (89%; 95% CI, 83–93%) had
established evidence of a neurodevelopmental disorder associa-
tion. Results were similar after restricting to the 1054 tests
performed for children ≤1 year of age (11% diagnostic yield, of
which 89% had an established neurodevelopmental disorder
association, Table S1).

Fig. 1 Bar totals show diagnostic yield of individual tests; bars are subdivided by colour to show the proportions with a
neurodevelopmental disorder (NDD) association among those with positive results (see Box 1 for criteria). Full data on counts and panels
are available in supplemental materials. Figure created with R and with BioRender.com. Abbreviations: Microarray: chromosomal microarray
analysis; NDD: neurodevelopmental disorder; NGS: next generation sequencing panel; HHT: hereditary hemorrhagic telangiectasia; Renal
panels: focal segmental glomerulosclerosis/ atypical hemolytic uremic syndrome / membranoproliferative glomerulonephritis.

Box 1. Criteria for categorization of a neurodevelopmental disorder association (established or potential association) by test type (CMA or NGS

panel). CMA chromosomal microarray analysis; NGS next generation sequencing panel

Test Evidence of established neurodevelopmental association Evidence of potential neurodevelopmental disorder association

CMA Variant associated with
1) a known syndrome with a neurodevelopmental disorder
phenotype,
and/or
2) published case reports or clinical records (e.g., listed in ClinVar)
of the variant in individuals who have been diagnosed with a
neurodevelopmental disorder

1) Autosomal deletion greater than 3.0 Mb or duplication greater
than 10.0 Mb, but similar variants have not been characterised in
the medical literature.

NGS panels 1) Gene has been included on 2 or more commercial laboratory
panels advertised for autism/ intellectual disability, and/or
2) Gene encodes a protein that is known to play a role in central
nervous system development/ function, and/or
3) Variant associated with a clinical syndrome not classically
associated with neurodevelopmental disorders but where case
reports of such have been described.
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The results from 1370 NGS panel tests included 232 (17%) likely
diagnostic variants, of which 57 (25%; 95% CI, 19–30%) had
established evidence of a neurodevelopmental disorder associa-
tion. Including variants with potential evidence of a neurodeve-
lopmental disorder association increased this proportion to 59%
(95% CI, 52–65%) (Fig. 1). Given the large contribution of the
RASopathy panel to the proportion with a neurodevelopmental
disorder association and given that the indication for ordering this
panel was not clearly tied to either a physical or developmental
concern, we also estimated overall results excluding this panel. We
found only slightly lower proportions (16% diagnostic yield, of
which 18% had an established neurodevelopmental disorder
association) (Table S1). Likewise, restricting the NGS-panels to the
165 tests performed for children ≤1 year of age yielded slightly
higher estimates (29% diagnostic yield, 40% with an established
neurodevelopmental disorder association).
Overall, 9% (95% CI, 8–10%) of all CMA tests ordered, 4% (95%

CI, 3–5%) of all NGS panel tests ordered, and more than half (52%)
of all likely diagnostic results had established evidence of a
neurodevelopmental disorder association (Fig. 1 and Supplemen-
tal Excel file). Selected examples are discussed in Table 1.

DISCUSSION
Results from over 3,000 routine genetic tests ordered for
diagnostic clarification of a physical/congenital concern had
clinically relevant neurodevelopmental implications for 5 to 10%
of all children tested, and for over half of those with diagnostic
results.
Given the increasing availability and resolution of genetic

testing across various clinical settings [11], and the recent shift
towards genome wide sequencing in very early life [12, 13], the
true scope of this phenomenon may be even larger and is likely
increasing. Advocates of routine genome sequencing in neonates,
both at a general population level [14, 15], or in specific clinical
settings [13], highlight potential cost savings [16] and reduced
morbidity for those affected with rare and treatable genetic
conditions. Our findings emphasize an added level of complexity
with respect to neurodevelopmental prognostication. This novel
scenario requires additional consideration and research into
ethical, psychosocial, and health system implications.
The importance of avoiding delays in access to early interven-

tions and developmental supports in neurodevelopmental dis-
orders is well recognized [17, 18]. Our preliminary results highlight
an expanding opportunity for a genetics-first and longitudinal

approach to neurodevelopmental research and clinical care.
Healthcare institutions, early intervention programs and pre-
symptomatic screening and intervention studies may consider
formally expanding developmental and mental health care
pathways to include those with identified neurodevelopmental
disorder variants. This can help to anticipate care needs analogous
to programs for other at-risk groups [e.g., infants born prematurely
[19], or siblings of those with neurodevelopmental disorders [20]].
In genetics research, this approach can also help address
ascertainment bias with respect to neurodevelopmental
phenotypes.
Strengths of this study include the large real-world clinical

sample, and the consistency of findings across sensitivity analyses.
Limitations include reliance on physician order requisitions to
categorize test indication and neurodevelopmental history, and
the combined estimates across heterogeneous conditions/ tests.
Further research is needed to confirm results using genome wide
technologies in clinically characterized cohorts, and to further
quantify the potential clinical utility of an early genetic diagnosis
with respect to anticipatory developmental care.
The overall implication of this study is that the genomic era in

neurodevelopmental disorders is likely unavoidable, due to an
emerging cohort of children undergoing genetic testing for
physical/congenital indications who will be identified somewhat
incidentally as being at elevated risk for neurodevelopmental
disorders, potentially very early in life. Despite the intuitive nature
of this association, its frequency (approximately half of all
diagnostic results) has not been previously quantified. Findings
support the growing potential of, and need for, genetics-first
developmental care pathways in early childhood.

DATA AVAILABILITY
Data generated and analysed during this study are included in this published article

in the supplementary information files; some restrictions have been applied to de-

identify variants and protect patient anonymity.
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