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I. Genetics of Autism and Other 
Neurodevelopmental Disorders



Neurodevelopmental Disorders (NDDs)

Autism Spectrum Disorders
• Social communication deficits 
• Restrictive and repetitive behaviors, interests, activities 

Global Developmental Delay 
• Not reaching developmental milestones on time 
• <5 years old

Intellectual Disability 
• Deficits in intellectual and adaptive functioning

(…and ADHD, Schizophrenia, Tourette Syndrome…)



Neurodevelopmental Disorders Are 
Largely Genetic Disorders

Bourgeron. Nat Rev Neurosc. 2015



Human Genetic Variation Can Be Classified Multiple Ways
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Rare, De Novo, Intragenic Variants May Have Largest Individual
Contribution to Genetic Risk for NDDs 
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Pathogenic Copy Number Variants Are Detected in 
15-20% of Individuals with NDDs 

Vorstman et al. Nat Rev Genet. 2017
ARTICLE

Consensus Statement: Chromosomal Microarray
Is a First-Tier Clinical Diagnostic Test for Individuals
with Developmental Disabilities or Congenital Anomalies

David T. Miller,1,* Margaret P. Adam,2,3 Swaroop Aradhya,4 Leslie G. Biesecker,5 Arthur R. Brothman,6
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Erin B. Kaminsky,2 Klaas Kok,16 Ian D. Krantz,17 Robert M. Kuhn,18 Charles Lee,19 James M. Ostell,8

Carla Rosenberg,20 Stephen W. Scherer,21 Nancy B. Spinner,17 Dimitri J. Stavropoulos,22

James H. Tepperberg,23 Erik C. Thorland,24 Joris R. Vermeesch,25 Darrel J. Waggoner,26

Michael S. Watson,27 Christa Lese Martin,2 and David H. Ledbetter2,*

Chromosomal microarray (CMA) is increasingly utilized for genetic testing of individuals with unexplained developmental delay/intel-

lectual disability (DD/ID), autism spectrum disorders (ASD), or multiple congenital anomalies (MCA). Performing CMA and G-banded

karyotyping on every patient substantially increases the total cost of genetic testing. The International Standard Cytogenomic Array

(ISCA) Consortium held two international workshops and conducted a literature review of 33 studies, including 21,698 patients tested

by CMA. We provide an evidence-based summary of clinical cytogenetic testing comparing CMA to G-banded karyotyping with respect

to technical advantages and limitations, diagnostic yield for various types of chromosomal aberrations, and issues that affect test inter-

pretation. CMA offers a much higher diagnostic yield (15%–20%) for genetic testing of individuals with unexplained DD/ID, ASD, or

MCA than a G-banded karyotype (~3%, excluding Down syndrome and other recognizable chromosomal syndromes), primarily because

of its higher sensitivity for submicroscopic deletions and duplications. Truly balanced rearrangements and low-level mosaicism are

generally not detectable by arrays, but these are relatively infrequent causes of abnormal phenotypes in this population (<1%). Available

evidence strongly supports the use of CMA in place of G-banded karyotyping as the first-tier cytogenetic diagnostic test for patients with

DD/ID, ASD, or MCA. G-banded karyotype analysis should be reserved for patients with obvious chromosomal syndromes (e.g., Down

syndrome), a family history of chromosomal rearrangement, or a history of multiple miscarriages.

Introduction

Scope and Purpose
Clinical genetic testing, including chromosome analysis, is
a standard practice for patients with diagnoses including
unexplained developmental delay/intellectual disability
(DD/ID), autism spectrum disorders (ASD), and multiple
congenital anomalies (MCA). These categories of disorders
account for the largest proportion of cytogenetic testing
because of their high prevalence in the population. The
incidence of DD/ID in the general population approaches

3%,1 and ASD affects ~1:150 individuals.2,3 Most patients
lack sufficient specific history or features from physical
examination to suggest a specific genetic (or non-genetic)
cause. Published guidelines for testing such patients have
emphasized (1) testing for chromosomal abnormalities
by G-banded karyotyping and (2) testing for common
single-gene disorders, such as fragile X syndrome.4

Microarray-based genomic copy-number analysis is now
a commonly ordered clinical genetic test for this patient
population and is offered under various names, such
as ‘‘chromosomal microarray’’ (CMA) and ‘‘molecular
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symptoms are the rule rather than the exception for vari-
ants reported in ASDs (TABLES!1,2). In addition, it is likely 
that ASDs associated with many of the rare genetic vari-
ants are currently considered non-syndromic because 

too few people with those variants have been observed to 
enable the recognition of somatic comorbidity patterns. 
Instead of the syndromic versus non-syndromic dichot-
omy, a more valid approach would be to cluster patients 

Table 1 | Recurrent structural abnormalities consistently reported in association with ASDs

Abnormality ASD penetrance* 
(rate of ASD in 
carriers; %)

Neuropsychiatric pleiotropy‡ 
(associated neuropsychiatric 
phenotypes)

Somatic pleiotropy‡ (associated somatic 
phenotypes)

Del1q21.1 8 (REF.!129) +&130, ADHD129, schizophrenia131 Microcephaly129, heart defect132, eye 
abnormalities129, short stature129, epilepsy129

Dup1q21.1 36 (REF.!133) +&133, schizophrenia133 Epilepsy133,134, macrocephaly133, heart 
defect133

Del2q23.1 100 (REF.!135) +&135, ADHD135, language 
disorder136, motor delay136

Epilepsy135,136, obesity136, brachycephaly136, 
microcephaly136, short stature136

Del2q37 25–42 
(REFS!137,138)

+&139, ADHD138 Epilepsy137, short stature139, obesity139, heart 
defect137

Del3q29 27 (REFS!63,140) +&63, speech delay63, language 
disorder63, anxiety disorders63, 
schizophrenia63, bipolar 
disorder63

Gastrointestinal problems63, heart defect63, 
feeding problems63, recurrent ear infections63, 
abnormal dentition63

Del5q14.3 43 (REFS!141,142) +&141, absent speech141 Epilepsy141,142, capillary malformation141,142

Dup7q11.23 41 (REF.!143) +&143, ADHD144,145, anxiety 
disorders145,146, oppositional 
defiant disorders145, speech 
delay134,145

Epilepsy143, macrocephaly145, 
brachycephaly147, dilatation of ascending 
aorta145,147, patent ductus arteriosus147, 
chronic obstipation147, kidney abnormalities147

Del8p23 Unknown +&148, ADHD138 Heart defect148, congenital diaphragmatic 
hernia148

Dup15q11–q13 69 (REF.!149) +&150, ADHD151 Epilepsy134,152, heart defect134, muscle 
hypotonia153, short stature153

Del15q11.2 32 (REFS!154,155) +&154,155, ADHD154,155, 
schizophrenia156, OCD156, 
speech delay155

Epilepsy154,155, ataxia156, heart defect156

Dup15q11.2 43 (REF.!155) +&154, ADHD155, speech delay155 Epilepsy154,155, ataxia155, hypotonia155

Dup15q13.2–q13.3 80 (REF.!157) +&134, speech delay134 Epilepsy134, urogenital anomalies134, recurrent 
infections134

Del15q13.2–q13.3 60 (REF.!157) +&157, ADHD157 None reported

Del16p11.2 15 (REF.!158) +&158 Epilepsy158, hypotonia159, sacral dimples159, 
speech articulation problems159

Dup16p11.2 Unknown Schizophrenia, bipolar 
disorder160

Epilepsy159, hypotonia159, tremor159, ataxia159, 
sacral dimples159, speech articulation 
problems159

Dup16p13.11 25 (REF.!161) ADHD161, speech delay Epilepsy134

Del17p11.2 Unknown None reported Epilepsy134

Del17q12 Unknown Schizophrenia122 Macrocephaly122, renal anomalies122

Del22q11.2 30 (REF.!106) Schizophrenia, ADHD, speech 
delay115, anxiety disorders115

Heart defect115, palate abnormalities115, 
hypocalcaemia115, feeding difficulties115, 
recurrent infections115 (among others)

Dup22q11.2 18 (REF.!162) +&162, ADHD162 Heart defect163, hearing loss163, urogenital 
anomalies163, palate abnormalities163

Del22q13.3 >50 (REF.!123) +&123, language disorder123 Epilepsy123, heart defect123, renal anomalies123, 
strabismus123

#&*&��CVVGPVKQP�FGHKEKV�J[RGTCEVKXKV[�FKUQTFGT��#5&��CWVKUO�URGEVTWO�FKUQTFGT��&GN��FGNGVKQP��&WR��FWRNKECVKQP��+&��KPVGNNGEVWCN�
disability; OCD, obsessive–compulsive disorder. *Estimates of penetrance (the rate of ASD in carriers of each variant) are 
RTGNKOKPCT[�CPF�OC[�DG�KPHNWGPEGF�D[�CUEGTVCKPOGPV��+P�RCTVKEWNCT��VJG�KPFKXKFWCNU�WPFGTIQKPI�IGPGVKE�VGUVKPI�CTG�NKMGN[�VQ�DG�
GPTKEJGF�HQT�RGQRNG�YKVJ�CP�#5&��YJKEJ�YKNN�KPHNCVG�RGPGVTCPEG�GUVKOCVGU��4QDWUV�GUVKOCVKQP�QH�RGPGVTCPEG�YKNN�TGSWKTG�CP�
assessment of ASD and genetic-variant frequencies in wider, unselected populations. ‡The reported phenotypic spectrum for 
associated neuropsychiatric and somatic phenotypes is likely to be incomplete owing to novelty of the association and/or 
C|RCWEKV[�QH�DTQCF�ENKPKECN�QDUGTXCVKQPU�KP�RGQRNG�YKVJ�C�FGNGVGTKQWU�IGPGVKE�XCTKCPV�
VJCV�KU��OWVCVKQP�ECTTKGTU��
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Over 100 Genes Are Now Associated with ASD and NDDs 
through Whole Exome Sequencing (SNVs) 

p < 0.05) with only ANKRD11 and ASXL3 significant after correc-
tion for 102 genes; these and other heterogeneity analyses are
described in STAR Methods and Table S4.

For ASDP genes and transmission of rare PTVs (relative
frequency < 0.001) from parents to their affected offspring, 44
PTVs were transmitted and 18were not (p = 0.001, transmission

A B

C

ED

Figure 4. Phenotypic and Functional Categories of ASD-Associated Genes
(A) Frequency of disruptive de novo variants (e.g., PTVs or missense variants with MPC R 1) in ASD-ascertained and NDD-ascertained cohorts (Table S4) is

shown for the 102 ASD-associated genes (selected genes labeled). Fifty genes with a higher frequency in ASD are designated ASD-predominant (ASDP), whereas

the 49 genesmore frequently mutated in NDD are designated as ASDNDD. Three genesmarked with a star (UBR1,MAP1A, andNUP155) are included in the ASDP

category on the basis of case-control data (Table S4), which are not shown here. Of the 26 FWER genes, 10 are ASDP and 16 are ASDNDD. Of the 102 genes, 13

demonstrate nominally significant heterogeneity between samples ascertained for ASD versus NDD (Table S4).

(B) ASD cases with disruptive de novo variants in ASD genes show delayed walking compared with ASD cases without such de novo variants, and the effect is

greater for those with disruptive de novo variants in ASDNDD genes.

(C) Similarly, cases with disruptive de novo variants in ASDNDD genes and, to a lesser extent, ASDP genes have a lower full-scale IQ (FSIQ) than other ASD cases.

(D) Despite the association between de novo variants in ASD genes and cognitive impairment shown in (C), an excess of disruptive de novo variants is observed in

cases without intellectual disability (FSIQ R 70) or with an IQ above the cohort mean (FSIQ R 82).

(E) Along with the phenotypic division (A), genes can also be classified functionally into four groups (gene expression regulation [GER], neuronal communication

[NC], cytoskeleton, and other) based on Gene Ontology and research literature. The 102 ASD risk genes are shown in a mosaic plot divided by gene function and,

from (A), the ASD versus NDD variant frequency, with the area of each box proportional to the number of genes.

Statistical tests: (B) and (C), t test; (D), chi-square test with 1! of freedom.

8 Cell 180, 1–17, February 6, 2020

Please cite this article in press as: Satterstrom et al., Large-Scale Exome Sequencing Study Implicates Both Developmental and Functional
Changes in the Neurobiology of Autism, Cell (2020), https://doi.org/10.1016/j.cell.2019.12.036
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36% Diagnostic Yield

Meta-analysis and multidisciplinary consensus statement:
exome sequencing is a first-tier clinical diagnostic test for

individuals with neurodevelopmental disorders
Siddharth Srivastava, MD1, Jamie A. Love-Nichols, MS, MPH 1, Kira A. Dies, ScM1,
David H. Ledbetter, PhD 2, Christa L. Martin, PhD2, Wendy K. Chung, MD, PhD3,4,

Helen V. Firth, DM, FRCP5,6, Thomas Frazier, PhD7, Robin L. Hansen, MD8, Lisa Prock, MD, MPH1,9,
Han Brunner, MD10,11,12, Ny Hoang, MS13,14,15, Stephen W. Scherer, PhD 14,15,16,17,

Mustafa Sahin, MD PhD 1, David T. Miller, MD PhD 18

and the NDD Exome Scoping Review Work Group

Purpose: For neurodevelopmental disorders (NDDs), etiological
evaluation can be a diagnostic odyssey involving numerous genetic
tests, underscoring the need to develop a streamlined algorithm
maximizing molecular diagnostic yield for this clinical indication.
Our objective was to compare the yield of exome sequencing (ES)
with that of chromosomal microarray (CMA), the current first-tier
test for NDDs.

Methods: We performed a PubMed scoping review and meta-
analysis investigating the diagnostic yield of ES for NDDs as the
basis of a consensus development conference. We defined NDD as
global developmental delay, intellectual disability, and/or autism
spectrum disorder. The consensus development conference
included input from genetics professionals, pediatric neurologists,
and developmental behavioral pediatricians.

Results: After applying strict inclusion/exclusion criteria, we
identified 30 articles with data on molecular diagnostic yield in

individuals with isolated NDD, or NDD plus associated conditions
(such as Rett-like features). Yield of ES was 36% overall, 31% for
isolated NDD, and 53% for the NDD plus associated conditions. ES
yield for NDDs is markedly greater than previous studies of CMA
(15–20%).

Conclusion: Our review demonstrates that ES consistently
outperforms CMA for evaluation of unexplained NDDs. We
propose a diagnostic algorithm placing ES at the beginning of the
evaluation of unexplained NDDs.

Genetics in Medicine (2019) https://doi.org/10.1038/s41436-019-
0554-6

Keywords: autism; consensus development conference; diagnos-
tic yield; genetic testing; intellectual disability

INTRODUCTION
Neurodevelopmental disorders (NDDs) are a heterogeneous
group of conditions that impact brain development and affect
various aspects of daily functioning. At least 30% of NDDs are
thought to have a genetic basis.1 Among these disorders,
global developmental delay (GDD)—a precursor diagnosis to
intellectual disability (ID)—and autism spectrum disorder
(ASD) are two entities for which there are guidelines for
genetic testing.2,3 The 2010 guideline from the American

College of Medical Genetics and Genomics (ACMG) suggests
that chromosomal microarray (CMA) and fragile X (FXS)
testing should be first-tier tests for individuals with
unexplained GDD/ID and/or ASD (except for females with
ASD and normal cognition, for which FXS testing is not
recommended).3 There are also considerations for single-gene
testing of MECP2 and PTEN under certain circumstances,2

although gene panels are now typically preferred over single-
gene testing. These recommendations and practices exist

Submitted 20 February 2019; accepted: 15 May 2019
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Why Do We Order Genetic Tests for NDDs? 

ü Answer the question “why?”

• Diagnostic clarity (End the diagnostic odyssey)

• Increase empowerment

ü Allow for medical monitoring and prognosis 

ü Provide reproductive counseling

ü Guide medical and ?psychiatric care

ü Connect families with community support

ü Allow families to partake in advocacy

ü Identify relevant research studies to families 



We are Failing to Act on these Guidelines 

We examined factors associated specifically with CMA test-
ing (Table). Patients diagnosed by subspecialist pediatricians
were more likely to report genetic testing compared with those
diagnosed by psychiatrists and psychologists. Analysis by age
at enrollment indicated that younger participants were more
likely to report having received CMA testing (Figure, A). Analy-
sis by calendar year of ASD diagnosis indicated that CMA test-
ing increased, and Fragile X and karyotype testing decreased
in the last decade (Figure, B). These results reflect changes
in genetic testing practices; however, a sustained overall low
frequency of genetic testing in the group remains.

Discussion | This study shows that only !% of participants re-
ported having undergone the recommended clinical genetic
testing for ASD, highlighting a dissonance between profes-
sional recommendations and clinical practice. Multiple pos-
sible reasons exist for this gap, including (") participant pref-
erences, although current evidence shows that most parents
of people with ASD have favorable attitudes toward genetic
testing#,$; and (%) insurance coverage constraints,$ but this
has changed after the appearance of medical professional
recommendations. Interestingly, we see no difference in CMA
testing in participants with and without private insurance but
a strong increase in testing in participants with public insur-
ance (Table). Other reasons include (!) limits in clinician knowl-
edge and comfort with genetic testing, with our data showing
a lower frequency of genetic testing in people diagnosed with
ASD by psychiatrists and psychologists and (#) changes in
genetic testing practices over time and a reduced likelihood
of adults with ASD being offered testing. Study limitations in-
clude that these results were based largely on participant self-
report. In conclusion and moving forward, addressing the bar-
riers to testing is crucial to enhance the implementation of
genetic testing in clinical practice so that every person with
ASD can receive optimal care.
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Figure. Percentage of Rhode Island Consortium for Autism Research and Treatment (RI-CART) Study Participants With Genetic Testing
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modern tests such as chromosomal microarray. B, Percentage of participants who
reported genetic testing with respect to the calendar year in which the participant
received an autism spectrum disorder diagnosis. Error bars indicate 95% CI.
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RESEARCH LETTER

Clinical Genetic Testing in Autism Spectrum Disorder
in a Large Community-Based Population Sample
Autism spectrum disorder (ASD) is among the most strongly
geneticneuropsychiatricconditions,withanincreasedfrequency
of rare, deleterious copy number variants and single-nucleotide
variants. Because of this, several medical professional societies
have recommended offering chromosomal microarray (CMA)
testing and Fragile X testing for people with ASD,! with growing
support for exome sequencing as the first-tier genetic test." To
understand the implementation of genetic testing in a real-world
population, we analyzed data from the Rhode Island Consortium
for Autism Research and Treatment (RI-CART) study, a large,
population-based study of people with ASD.#

Methods | This study was approved by the institutional review
board at Lifespan, and all participants provided written in-
formed consent. We analyzed self-report data and medical rec-
ords, when available, from !"$% participants in the RI-CART
study, recruited between April !, "%!#, and April #%, "%!&, with
ASD diagnosis confirmed by assessment using the Autism

Diagnostic Observation Schedule, Second Edition (ADOS-").#

Statistical analyses included Pearson correlations, '" analy-
ses, and analyses of variance. Statistical significance was set
at a "-sided P value less than .%(.

Results | Of these !"$% participants with confirmed ASD diag-
nosis by ADOS-", ages ranged from !.)( years to *$.+$ years,
and !*.(% (n = "!!) reported having received some genetic test-
ing, as follows: Fragile X in !#."% (n = !*&), karyotype in )."%
(n = &"), and CMA in +.(% (n = ()). Remarkably, only #% of par-
ticipants (n = #&) reported having received both recom-
mended tests (Fragile X and CMA); &.+% (n = !"!) reported that
they were unsure whether they had received any testing; and
"!.+% did not answer (n = ")+).

We next examined factors associated with receiving genetic
testing. Participants who reported any genetic testing showed
an earlier age at ASD diagnosis (mean age, +." years; range, !.##-
").! vs *.! years; range, !."-(!.%; F!,(&) = !#."($; P < .%%!), greater
ASD severity (mean [SD] ADOS-", ).## [!.$] vs *.&& [!.$]; F!,!!*&

= (.($#; P = .%"), and higher frequency of intellectual disability
(odds ratio, #.#"); &(% CI, ".#$"-+.*+&; P < .%%!) and epilepsy
(odds ratio, #.%&#; &(% CI, !.)+$-(.+)+; P < .%%!).

Table. Clinical Factors Associated With CMA Testinga

Characteristic No.b

No. (%)

F/!2 P valueCMA (n = 57) No CMA (n = 815)
Clinical presentation

Male 872 40 (70.2) 650 (79.8) 2.960 .09

Age at enrollment, mean (SD), y 872 9.1 (5.3) 12.8 (9.3) 8.758 .003

Verbal yes (parent report)c,d 840 40 (70.2) 706 (90.2) 21.365 <.001

ADOS-2 severity, mean (SD)e 808 7.2 (1.7) 7.0 (1.8) .769 .38

VABS-II ABC, mean (SD) 666 68.8 (18.0) 73.0 (17.7) 2.198 .14

ASD diagnosis

Age at ASD diagnosis, mean (SD), y 423 4.5 (3.5) 6.0 (6.0) 2.325 .13
ASD diagnosing clinicianf,g

Pediatrician 431 13 (41.9) 57 (14.3)

18.062 <.001
Psychiatrist 431 5 (16.1) 85 (21.3)

Psychologist 431 6 (19.4) 175 (43.8)

Neurologist 431 7 (22.6) 83 (20.8)

Co-occurring diagnoses

Epilepsy 872 4 (7) 30 (3.7) 1.583 .21

Intellectual disability 872 15 (26.3) 109 (13.4) 7.315 .007

Demographics

Private insurance 872 37 (65) 519 (63.7) .035 .85

Medicaid insurance 872 41 (72.0) 384 (47.1) 13.129 <.001

Abbreviations: ADOS-2, Autism Diagnostic Observation Schedule, Second
Edition; ASD, autism spectrum disorder; CMA, chromosomal microarray;
VABS-II ABC, Vineland Adaptive Behavior Scales, Second Edition: Adaptive
Behavior Composite.
a Results reflect a subsample of the total sample (n = 1280) that indicated yes or

no to prior CMA testing (n = 872).
b Variables with a number less than 872 reflect data not completed by

participants.

c Verbal yes: participant is able to verbally communicate, based on parent
report.

d Reported data reflect a denominator of 57 for CMA and of 783 for no CMA.
e A severity score was not available for 64 participants, resulting in n = 808.
f ASD diagnosing clinician: type of clinician who diagnosed the participant

with ASD.
g Reported data reflect a denominator of 31 for CMA and of 400 for no CMA.
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We examined factors associated specifically with CMA test-
ing (Table). Patients diagnosed by subspecialist pediatricians
were more likely to report genetic testing compared with those
diagnosed by psychiatrists and psychologists. Analysis by age
at enrollment indicated that younger participants were more
likely to report having received CMA testing (Figure, A). Analy-
sis by calendar year of ASD diagnosis indicated that CMA test-
ing increased, and Fragile X and karyotype testing decreased
in the last decade (Figure, B). These results reflect changes
in genetic testing practices; however, a sustained overall low
frequency of genetic testing in the group remains.

Discussion | This study shows that only !% of participants re-
ported having undergone the recommended clinical genetic
testing for ASD, highlighting a dissonance between profes-
sional recommendations and clinical practice. Multiple pos-
sible reasons exist for this gap, including (") participant pref-
erences, although current evidence shows that most parents
of people with ASD have favorable attitudes toward genetic
testing#,$; and (%) insurance coverage constraints,$ but this
has changed after the appearance of medical professional
recommendations. Interestingly, we see no difference in CMA
testing in participants with and without private insurance but
a strong increase in testing in participants with public insur-
ance (Table). Other reasons include (!) limits in clinician knowl-
edge and comfort with genetic testing, with our data showing
a lower frequency of genetic testing in people diagnosed with
ASD by psychiatrists and psychologists and (#) changes in
genetic testing practices over time and a reduced likelihood
of adults with ASD being offered testing. Study limitations in-
clude that these results were based largely on participant self-
report. In conclusion and moving forward, addressing the bar-
riers to testing is crucial to enhance the implementation of
genetic testing in clinical practice so that every person with
ASD can receive optimal care.
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II. Genetic Testing in Child and Adolescent Psychiatry: 
An Inpatient Experience



Why Genetic Testing on an Inpatient CAP Service? 
It All Began as a Fellow…

• Clinical observation: many very sick children 
with NDDs on our service with no history of 
genetic testing

• Ex: 10yo M with mild ID, severe TS, ADHD, OCD, and 
situs inversus 

• Number of patients with NDDs on our inpatient 
service in 2016: 125

• Number of patients who received any genetic 
testing on our inpatient service in 2016: 2



Multi-level Support and Buy-in are Vital

Inpatient Child Psychiatry

Mark DeAntonio Mike Enenbach Sheryl Kataoka

Training Director

Julian Martinez

Medical Genetics

Naghmeh Dorrani

Genetic Counseling

Hane Lee

Bioinformatics



A Genetics Education Initiative 

J Clin Psychiatry 80:1, January/February 2019

ü Understand
ü Counsel 
ü Consent
ü Order
ü Return Results
ü Consult
ü Refer

What Should a Psychiatrist Know About Genetics?:
Review and Recommendations From the Residency Education Committee of the 
International Society of Psychiatric Genetics

John I. Nurnberger Jr, MD,PhDa,*, Jehannine Austin, PhDb, Wade H. Berrettini, MD,PhDc, 
Aaron D. Besterman, MDd, Lynn E. DeLisi, MDe, Dorothy E. Grice, MDf, James L. Kennedy, 
MDg, Daniel Moreno-De-Luca, MDh, James B. Potash, MD,MPHi, David A. Ross, MD,PhDj, 
Thomas G. Schulze, MDk, and Gwyneth Zai, MD,PhDg

aIndiana University School of Medicine, Indianapolis, Indiana bUniversity of British Columbia, 
Vancouver, British Columbia, Canada cUniversity of Pennsylvania School of Medicine, 
Philadelphia, Pennsylvania dUniversity of California Los Angeles Semel Institute of Neuroscience 
and Human Behavior, Los Angeles, California eVA Boston Healthcare System and Department of 
Psychiatry, Harvard Medical School, Boston, Massachusetts fMt Sinai School of Medicine, New 
York, New York gCentre for Addiction and Mental Health and University of Toronto, Toronto, 
Ontario, Canada hWarren Alpert Medical School of Brown University, Providence, Rhode Island 
iJohns Hopkins University School of Medicine, Baltimore, Maryland jYale University School of 
Medicine, Hartford, Connecticut kInstitute of Psychiatric Phenomics and Genomics, University 
Hospital, LMU Munich, Munich, Germany

Abstract
The International Society of Psychiatric Genetics (ISPG) created a Residency Education 
Committee with the purpose of identifying key genetic knowledge that should be taught in 
psychiatric training programs. Thirteen committee members were appointed by the ISPG Board of 
Directors, based on varied training, expertise, gender, and national origin. The Committee has met 
quarterly for the past 2 years, with periodic reports to the Board and to the members of the Society. 
The information summarized includes the existing literature in the field of psychiatric genetics and 
the output of ongoing large genomics consortia. An outline of clinically relevant areas of genetic 
knowledge was developed, circulated, and approved. This document was expanded and annotated 
with appropriate references, and the manuscript was developed. Specific information regarding the 
contribution of common and rare genetic variants to major psychiatric disorders and treatment 
response is now available. Current challenges include the following: (1) Genetic testing is 
recommended in the evaluation of autism and intellectual disability, but its use is limited in current 
clinical practice. (2) Commercial pharmacogenomic testing is widely available, but its utility has 

*Corresponding author: John I. Nurnberger Jr, MD, PhD, 320 W 15th St, Indianapolis, IN 46202 (jnurnber@iupui.edu). 
Previous presentation: World Congress of Psychiatric Genetics, October 30-November 4, 2016, Jerusalem, Israel, and October 13–
17, 2017, Orlando, Florida; and Psychiatric Research Society, February 2016, Park City, Utah.
Supplementary material: Available at PSYCHIATRIST.COM.
Potential conflicts of interest: Dr Nurnberger is an investigator for Assurex and for Janssen. Dr Kennedy is on the scientific 
advisory board for Assurex (unpaid) and has received honoraria from Shire and Novartis for lectures. The other authors report no 
potential conflict of interest.
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Genetic Testing Indications

Absolute Indications
• Intellectual Disability 
• Developmental Delay 
• Autism Spectrum Disorders 
• Childhood-Onset Schizophrenia

Relative Indications
• Childhood Epilepsy
• Severe Psychopathology + Congenital Malformations 
• High family burden of severe psychopathology



Inpatient Genetic Testing Study

UCLA Inpatient CAP Services
Standard Care

Genetics Education to Inpatient 
Psychiatry Trainees

Retrospective Chart Review

12 MONTHS

19 MONTHS

Pre-intervention

Post-intervention



Results of Retrospective Analysis
Eligible Patient Overview
ü 125 patients pre-education, 
ü 197 patients post-education
ü Age Range: 6-17yo
ü Male: 78.3% 
ü Tested: ID: 39.1%, ASD 69.6%, COS 8.7%

Genetic Testing Rates
ü Pre-Intervention: 2/125 (1.6%)
ü Post-Intervention: 21/197 (10.7%)

Diagnostic Yield (FX: 18, CMA: 23, WES: 6)
ü Pathogenic/Likely Pathogenic: 1/23 (4.3%)
ü Variant of Unknown Significance: 8/23 (34.8%)

RESEARCH ARTICLE

The Feasibility and Outcomes of Genetic Testing for Autism and
Neurodevelopmental Disorders on an Inpatient Child and Adolescent
Psychiatry Service
Aaron D. Besterman , Joshua Sadik, Michael J. Enenbach, Fabiola Quintero-Rivera , Mark DeAntonio,
and Julian A. Martinez-Agosto

Diagnostic genetic testing is recommended for children with autism spectrum disorder and other neurodevelopmental disor-
ders. One approach to improve access to genetic testing is to offer it on the inpatient child and adolescent psychiatry (CAP)
service. We provided medical genetics education to CAP fellows and retrospectively compared the genetic testing rates and
diagnostic yield pre- and post-education. We compared demographics to similar patients who received testing on other clini-
cal services and assessed rates of outpatient genetics follow-up post-discharge. The genetic testing rate on the inpatient CAP
service was 1.6% before the educational intervention and 10.7% afterward. Genetic risk factors were identi!ed in 4.3% of
inpatients. However, 34.8% had variants of unknown signi!cance. 39.1% of patients who received genetic testing while
inpatients were underrepresented minorities, compared to 7.7% of inpatients who received genetic testing from other clinical
services. 43.5% of patients were lost to outpatient genetics follow-up. We have demonstrated that it is feasible to provide
medical genetics education to CAP fellows on an inpatient service, which may improve genetic testing rates. This prelimi-
nary evidence also suggests that genetic testing for inpatients may identify variants of unknown signi!cance instead of well-
known neurodevelopmental disorder risk variants. Genetic testing on an inpatient CAP service may also improve access to
genetic services for underrepresented minorities, but assuring outpatient follow-up can be challenging. Autism Res 2020,
13: 1450–1464. © 2020 International Society for Autism Research, Wiley Periodicals, LLC.

Lay Summary: Genetic testing is recommended for children with autism and related developmental conditions. We pro-
vided genetic testing to a group of these children who were in a psychiatric hospital by teaching their doctors how it can
be helpful. We identi!ed a genetic risk factor in a small percentage of children and a possible genetic risk factor in a large
percentage of children. However, many children did not end up receiving their genetic test results once they left the hos-
pital. These results tell us that the psychiatric hospital may be a good place for children with autism and behavioral prob-
lems to get genetic testing, but that it is really important that doctors assure follow-up is feasible for all patients to receive
their genetic test results once they leave the hospital.

Keywords: neurodevelopmental disorders; autism spectrum disorder; child psychiatry; inpatients; medical genetics;
genetic testing

Introduction

Neurodevelopmental disorders (NDDs; referring to intel-
lectual disability (ID), autism spectrum disorder (ASD),
and global developmental delay (GDD) from here on) are
genetically complex and heterogeneous [Vorstman et al.,
2017]. Genetic variants that individually impart the
greatest risk for NDDs tend to be rare (<1% of the general
population), de novo (e.g., not inherited from parents),

and highly disruptive to gene function and key neurobio-
logical pathways [Sanders et al., 2015]. These genetic vari-
ants can be large deletions or duplications of genomic
regions (e.g., copy number variants (CNVs)) or gene-
disrupting single base-pair changes called single nucleotide
variants (SNVs) [Sanders et al., 2015]. There are also so-
called “syndromic” forms of NDDs that are associated with
characteristic clinical features (e.g., speci!c dysmorphology
or medical comorbidities) and are caused almost entirely
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Interpreting and Addressing Low Yield
• Small sample size
• “Unexpected” phenotype (Impulse Control Disorders)
• Poorly studied patient population (High VUS rate)
• High common variant contribution (family history) 
• Only ¼ of patients received WES



Outpatient Follow-up Was a Challenge

Lost to Follow-up
43.5%

Medical Genetics
30.4%

Genetic Psychiatry
13.0%

Not Indicated
13.0%



Unexpected Benefit to Inpatient Testing

• 39.1% of patients who received testing on inpatient were URMs
• 7.7% of patients who received testing elsewhere were URMs

Inpatient testing has the potential to increase access to genetic
services for URMs



III. Genetic Testing Implementation 
in Child Psychiatry at RCHSD and RCIGM



RCIGM Performs Whole Genome Sequencing (WGS), Which  
Can Detect Most Variants of Interest for NDD Diagnoses
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Rapid WGS
Is Ideal for an Acute Care Setting

ARTICLE OPEN

The NSIGHT1-randomized controlled trial: rapid whole-
genome sequencing for accelerated etiologic diagnosis in
critically ill infants
Josh E. Petrikin1,2,3, Julie A. Cakici 4, Michelle M. Clark4, Laurel K. Willig1,2,3, Nathaly M. Sweeney4,5, Emily G. Farrow 1,2,3,
Carol J. Saunders1,3,6, Isabelle Thiffault1,3,6, Neil A. Miller1, Lee Zellmer1, Suzanne M. Herd1, Anne M. Holmes2, Serge Batalov4,
Narayanan Veeraraghavan4, Laurie D. Smith1,3,7, David P. Dimmock4, J. Steven Leeder2,3 and Stephen F. Kingsmore4

Genetic disorders are a leading cause of morbidity and mortality in infants in neonatal and pediatric intensive care units (NICU/
PICU). While genomic sequencing is useful for genetic disease diagnosis, results are usually reported too late to guide inpatient
management. We performed an investigator-initiated, partially blinded, pragmatic, randomized, controlled trial to test the
hypothesis that rapid whole-genome sequencing (rWGS) increased the proportion of NICU/PICU infants receiving a genetic
diagnosis within 28 days. The participants were families with infants aged <4 months in a regional NICU and PICU, with illnesses of
unknown etiology. The intervention was trio rWGS. Enrollment from October 2014 to June 2016, and follow-up until November
2016. Of all, 26 female infants, 37 male infants, and 2 infants of undetermined sex were randomized to receive rWGS plus standard
genetic tests (n = 32, cases) or standard genetic tests alone (n = 33, controls). The study was terminated early due to loss of
equipoise: 73% (24) controls received genomic sequencing as standard tests, and 15% (!ve) controls underwent compassionate
cross-over to receive rWGS. Nevertheless, intention to treat analysis showed the rate of genetic diagnosis within 28 days of
enrollment (the primary end-point) to be higher in cases (31%, 10 of 32) than controls (3%, 1 of 33; difference, 28% [95% CI,
10–46%]; p = 0.003). Among infants enrolled in the !rst 25 days of life, the rate of neonatal diagnosis was higher in cases (32%, 7 of
22) than controls (0%, 0 of 23; difference, 32% [95% CI, 11–53%];p = 0.004). Median age at diagnosis (25 days [range 14–90] in cases
vs. 130 days [range 37–451] in controls) and median time to diagnosis (13 days [range 1–84] in cases, vs. 107 days [range 21–429] in
controls) were signi!cantly less in cases than controls (p = 0.04). In conclusion, rWGS increased the proportion of NICU/PICU infants
who received timely diagnoses of genetic diseases.

npj Genomic Medicine �(2018)�3:6� ; doi:10.1038/s41525-018-0045-8

INTRODUCTION
A premise of pediatric precision medicine is that outcomes are
improved by replacement of clinical diagnosis and empiric
management with genetic diagnosis and genotype-
differentiated treatment.1–9 The evidence base for pediatric
precision medicine is still underdeveloped.10,11 Ill infants are
especially in need of precision medicine since genetic diseases are
a leading cause of mortality, particularly in neonatal intensive care
units (NICU) and pediatric intensive care units (PICU).5–7,12–16

Among high-cost health care, NICU treatment is one of the most
cost-effective.17–19 Since disease progression can be very rapid in
infants, genetic diagnoses must be made quickly to permit
consideration of precision interventions in time to decrease
morbidity and mortality.5,6,20–23 For a few genetic diseases,
newborn screening has shown early neonatal diagnosis and rapid,
precise intervention to dramatically improve outcomes.24,25 The
potential expansion to newborn diagnosis for symptomatic infants
for all 5000 genetic diseases26 has been made technically possible

by the advent of clinical genomic sequencing (whole-genome
sequencing (WGS) or whole-exome sequencing (WES), and next-
generation sequencing gene panel tests (NGS). In particular, rapid
WGS (rWGS) can allow genetic diagnosis in 2 days.20,27

There is substantial evidence that a higher proportion of
symptomatic children with likely genetic disease receive etiologic
diagnoses by WGS and WES than other genetic tests.3–7,28–35

Published NICU or PICU experience with rWGS, however, is limited
to case reports and one retrospective study.5,6,20–23 In the latter,
57% of infants received genetic diagnoses in a median of 23 days
(day of life 49).6 However, it has not yet been unequivocally
demonstrated whether rWGS improves timeliness of genetic
diagnosis relative to standard genetic tests. Here we report results
of newborn sequencing in genomic medicine and public health
randomized controlled trial (RCT) 1 (NSIGHT1), an RCT of genomic
testing in patients (ClinicalTrials.gov Identi!er: NCT02225522).24

Speci!cally, NSIGHT1 compared rates of genetic diagnosis in NICU
and PICU infants with possible genetic diseases at 28 days from
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enrollment by standard tests alone vs. standard tests plus trio
rWGS.

RESULTS
Patients
Of 129 nominated infants, 65 (50%) completed the NSIGTH1 study
(Figs. 1 and 2). Sixty four enrollees were NICU infants. The infants
nominated represented 7% of NICU and PICU admissions during
this interval. Thirty-two infants randomized to rWGS plus standard
genetic tests (cases) and 33 to standard tests alone (controls, Figs.
1 and 2). The baseline characteristics of the infants were similar in
the two arms and similar to those of a previous retrospective case
series of infants receiving rWGS in this NICU and PICU (Table 1).6

Detailed (deep) phenotypes of infants were extracted from the
electronic medical record in 42 infants receiving genomic
sequencing, since this was a prerequisite for interpretation. On
average, infants receiving rWGS had 5.9 phenotypic features
(range 1–17; Table S1). Phenotypes were highly diverse and
typically present at birth (Table 1, S1). The most common
indications for nomination were congenital anomalies (35%) and
neurological disorders (25%; Table 1). Fewer control infants had
cardiovascular !ndings (6 vs. 28%; difference, !22% [95% CI, !40
to !4%]; p = 0.02) than cases, which may have affected likelihood
for genetic disease (Table 1).

Standard diagnostic tests
Standard diagnostic tests for genetic diseases were performed as
clinically indicated in 63 of the 65 infants (Table 1). They included
all postnatal diagnostic tests that could be ordered through the
electronic medical record. The proportion of infants receiving
standard genetic tests and age at !rst standard test order were
similar in both arms (Table 1). In addition to newborn screening
infants received an average of 3.1 (range 0–10) standard genetic
tests (Table 1, S3), which was similar to a previous retrospective
case series of infants receiving rWGS from the same NICU and
PICU.6 During the study, non-expedited WGS became available as
a standard diagnostic test. Of 33 control infants, 24 (73%) received
non-expedited clinical NGS panel tests, WES or WGS standard

tests, compared with seventeen (53%) of 32 cases (Table 1, S3).
Other than newborn screening, the average age at !rst standard
test order was 14 days (range 0–120 days). Standard tests yielded
!fteen (24%) genetic diagnoses in the 63 subjects tested, seven
(23%) in 30 cases, and eight (24%) in 33 controls (Table 2, S4). The
rates of diagnosis by individual standard clinical tests were:
chromosomal microarray 6% (three of 48 tests); Clinical NGS panel
test 18% (nine of 49 tests); Clinical WES 33% (one of three tests);
Methylation 13% (one of eight). Of note, !ve (33%) of 15
diagnoses by standard tests would not have been detected by
rWGS at the time of study: four were copy number or structural
variants and one was a change in DNA methylation. The median
time from !rst standard test order to diagnosis was 64 days (range
16–450 days). The average age at diagnosis by standard genetic
tests was 113 days (range 16–451 days). Six (10%) of 63 infants
received a diagnosis by standard tests prior to hospital discharge
(Table S5).

Rapid whole-genome sequencing
rWGS was performed on infant-parent trios with Illumina HiSeq
instruments, with paired reads to an average depth of 40-fold,
detecting an average of 5.0 million nucleotide variants per
genome (standard deviation 0.3 million variants; Table S2,
Figure S1).
Ten of 32 cases (31%) received diagnoses by rWGS (Table 2,

Table S4). Upon un-blinding of clinicians to randomization at day
10 after enrollment, compassionate cross-over to rWGS was
requested for seven (21%) of the 33 controls. Cross-over to rWGS
was declined in two infants who were not acutely ill; both were
about to be discharged to home, with follow-up of their medical
conditions as outpatients. Five cross-over requests were granted,
yielding two diagnoses. In both, diagnosis by rWGS occurred !rst
but was recapitulated by standard tests (Table 2). Including !ve
crossovers, 12 (32%) of 37 infants received rWGS diagnoses (Table
2, S5). On average, enrollment occurred on DOL 22 (range 1–101;
Table 1), which was earlier than in our previous report of rWGS
(DOL 26; Table 1),6 but an average of 8 days later than standard
tests. The median time to rWGS diagnosis, including clinical
con!rmatory testing, was 14 days (range 8–35 days; Table S5),
which was also faster than our previous report of rWGS (23 days;
Table S5).6 The median age at diagnosis in patients randomized to
rWGS was 28.5 days (range 14–90 days). Among crossovers, the
median age at rWGS diagnosis was 94.5 days.
The research protocol required con!rmation of rWGS results by

another method prior to clinical reporting except in cases where
life-threatening progression was imminently likely. There were no
such cases, and no provisional diagnostic reports of rWGS results
were returned prior to con!rmatory testing. Sanger sequencing
con!rmed all rWGS results.

Diagnoses
Twenty-two genetic diagnoses were reported in 21 (32%) of 65
infants (Table 2). Thirteen cases (41%) received diagnoses by rWGS
or standard tests. Eight controls (24%) received diagnoses (Table
1). One individual received two diagnoses. Only one diagnosis was
recurrent (X-linked myotubular myopathy in two infants), re"ect-
ing substantial genetic heterogeneity among NICU disease
presentations6 (Table 2). The most common mechanism was de
novo variant occurrence (12 of 21 (57%) diagnoses; Table 2).
Seventeen (65%) causative variants were reported as pathogenic,
and nine (35%) as likely pathogenic. Eight variants (31%) were
predicted to result in amino acid substitutions, six (23%) were
indels, !ve (19%) were predicted to result in stop codon loss or
gain, four (15%) were structural variations, two (8%) were
predicted to alter splicing, and one (4%) impacted methylation.
The most common inheritance pattern was autosomal dominant
(14 of 19 (74%) diagnoses), followed by autosomal recessive
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Rapid Whole-Genome Sequencing for Genetic Disease
Diagnosis in Neonatal Intensive Care Units
Carol Jean Saunders,1,2,3,4,5* Neil Andrew Miller,1,2,4* Sarah Elizabeth Soden,1,2,4*
Darrell Lee Dinwiddie,1,2,3,4,5* Aaron Noll,1 Noor Abu Alnadi,4 Nevene Andraws,3

Melanie LeAnn Patterson,1,3 Lisa Ann Krivohlavek,1,3 Joel Fellis,6 Sean Humphray,6 Peter Saffrey,6

Zoya Kingsbury,6 Jacqueline Claire Weir,6 Jason Betley,6 Russell James Grocock,6

Elliott Harrison Margulies,6 Emily Gwendolyn Farrow,1 Michael Artman,2,4 Nicole Pauline Safina,1,4

Joshua Erin Petrikin,2,3 Kevin Peter Hall,6 Stephen Francis Kingsmore1,2,3,4,5†

Monogenic diseases are frequent causes of neonatal morbidity and mortality, and disease presentations are often
undifferentiated at birth. More than 3500 monogenic diseases have been characterized, but clinical testing is avail-
able for only some of them and many feature clinical and genetic heterogeneity. Hence, an immense unmet need
exists for improved molecular diagnosis in infants. Because disease progression is extremely rapid, albeit hetero-
geneous, in newborns, molecular diagnoses must occur quickly to be relevant for clinical decision-making. We de-
scribe 50-hour differential diagnosis of genetic disorders by whole-genome sequencing (WGS) that features
automated bioinformatic analysis and is intended to be a prototype for use in neonatal intensive care units. Ret-
rospective 50-hour WGS identified known molecular diagnoses in two children. Prospective WGS disclosed potential
molecular diagnosis of a severe GJB2-related skin disease in one neonate; BRAT1-related lethal neonatal rigidity and
multifocal seizure syndrome in another infant; identified BCL9L as a novel, recessive visceral heterotaxy gene (HTX6) in a
pedigree; and ruled out known candidate genes in one infant. Sequencing of parents or affected siblings expedited the
identification of disease genes in prospective cases. Thus, rapid WGS can potentially broaden and foreshorten differ-
ential diagnosis, resulting in fewer empirical treatments and faster progression to genetic and prognostic counseling.

INTRODUCTION
Genomic medicine is a new, structured approach to disease diagnosis
and management that prominently features genome sequence infor-
mation (1). Whole-genome sequencing (WGS) by next-generation
sequencing (NGS) technologies has the potential for simultaneous,
comprehensive, differential diagnostic testing of likely monogenic ill-
nesses, which accelerates molecular diagnoses and minimizes the du-
ration of empirical treatment and time to genetic counseling (2–7).
Indeed, in some cases, WGS or exome sequencing provides molecular
diagnoses that could not have been ascertained by conventional single-
gene sequencing approaches because of pleiotropic clinical presenta-
tion or the lack of an appropriate molecular test (7–9).

Neonatal intensive care units (NICUs) are especially suitable for
early adoption of diagnostic WGS because many of the 3528 mono-
genic diseases of known cause are present during the first 28 days of
life (10). In the United States, more than 20% of infant deaths are
caused by congenital malformations, deformations, and chromosomal
abnormalities that cause genetic diseases (11–13). Although this pro-
portion has remained unchanged for the past 20 years, the precise
prevalence of monogenic diseases in NICUs is poorly understood be-
cause ascertainment rates are low. Serial gene sequencing is too slow
to be clinically useful for NICU diagnosis. Newborn screens, while

rapid, identify only a few genetic disorders for which inexpensive tests
and cost-effective treatments exist (14, 15). Further complicating diag-
nosis is the fact that the full clinical phenotype may not be manifest
in newborn infants (neonates), and genetic heterogeneity can be im-
mense. Thus, acutely ill neonates with genetic diseases are often dis-
charged or deceased before a diagnosis is made. As a result, NICU
treatment of genetic diseases is usually empirical, may lack efficacy,
may be inappropriate, or may cause adverse effects.

NICUs are also suitable for early adoption of genomic medicine
because extraordinary interventional efforts are customary and inno-
vation is encouraged. Indeed, NICU treatment is among the most
cost-effective of high-cost health care, and the long-term outcomes of
most NICU subpopulations are excellent (16–18). In genetic diseases
for which treatments exist, rapid diagnosis is critical for timely delivery
of interventions that lessen morbidity and mortality (14–17, 19, 20).
For neonatal genetic diseases without effective therapeutic interven-
tions, of which there aremany (21), timely diagnosis avoids futile inten-
sive care and is critical for research to develop management guidelines
that optimize outcomes (22). In addition to influencing treatment, neo-
natal diagnosis of genetic disorders and genetic counseling can spare
parents diagnostic odysseys that instill inappropriate hope or perpetuate
needless guilt.

Two recent studies exemplify the diagnostic and therapeutic uses
of NGS in the context of childhood genetic diseases. WGS of fraternal
twins concordant for 3,4-dihydroxyphenylalanine (dopa)–responsive
dystonia revealed known mutations in the sepiapterin reductase
(SPR) gene (3). In contrast to other forms of dystonia, treatment with
5-hydroxytryptamine and serotonin reuptake inhibitors is beneficial in
patients with SPR defects. Application of this therapy in appropriate
cases resulted in clinical improvement. Likewise, extensive testing
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3Department of Pathology, Children’s Mercy Hospital, Kansas City, MO 64108, USA. 4School
of Medicine, University of Missouri-Kansas City, Kansas City, MO 64108, USA. 5University of
Kansas Medical Center, Kansas City, KS 66160, USA. 6Illumina Inc., Chesterford Research Park,
Little Chesterford, CB10 1XL Essex, UK.
*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail: sfkingsmore@cmh.edu

R E S EARCH ART I C L E

www.ScienceTranslationalMedicine.org 3 October 2012 Vol 4 Issue 154 154ra135 1

 at UNIV O
F CALIFO

RNIA - LO
S ANG

ELES on M
arch 30, 2020

http://stm
.sciencem

ag.org/
Downloaded from

 

D IAGNOST I CS

Rapid Whole-Genome Sequencing for Genetic Disease
Diagnosis in Neonatal Intensive Care Units
Carol Jean Saunders,1,2,3,4,5* Neil Andrew Miller,1,2,4* Sarah Elizabeth Soden,1,2,4*
Darrell Lee Dinwiddie,1,2,3,4,5* Aaron Noll,1 Noor Abu Alnadi,4 Nevene Andraws,3

Melanie LeAnn Patterson,1,3 Lisa Ann Krivohlavek,1,3 Joel Fellis,6 Sean Humphray,6 Peter Saffrey,6

Zoya Kingsbury,6 Jacqueline Claire Weir,6 Jason Betley,6 Russell James Grocock,6

Elliott Harrison Margulies,6 Emily Gwendolyn Farrow,1 Michael Artman,2,4 Nicole Pauline Safina,1,4

Joshua Erin Petrikin,2,3 Kevin Peter Hall,6 Stephen Francis Kingsmore1,2,3,4,5†

Monogenic diseases are frequent causes of neonatal morbidity and mortality, and disease presentations are often
undifferentiated at birth. More than 3500 monogenic diseases have been characterized, but clinical testing is avail-
able for only some of them and many feature clinical and genetic heterogeneity. Hence, an immense unmet need
exists for improved molecular diagnosis in infants. Because disease progression is extremely rapid, albeit hetero-
geneous, in newborns, molecular diagnoses must occur quickly to be relevant for clinical decision-making. We de-
scribe 50-hour differential diagnosis of genetic disorders by whole-genome sequencing (WGS) that features
automated bioinformatic analysis and is intended to be a prototype for use in neonatal intensive care units. Ret-
rospective 50-hour WGS identified known molecular diagnoses in two children. Prospective WGS disclosed potential
molecular diagnosis of a severe GJB2-related skin disease in one neonate; BRAT1-related lethal neonatal rigidity and
multifocal seizure syndrome in another infant; identified BCL9L as a novel, recessive visceral heterotaxy gene (HTX6) in a
pedigree; and ruled out known candidate genes in one infant. Sequencing of parents or affected siblings expedited the
identification of disease genes in prospective cases. Thus, rapid WGS can potentially broaden and foreshorten differ-
ential diagnosis, resulting in fewer empirical treatments and faster progression to genetic and prognostic counseling.

INTRODUCTION
Genomic medicine is a new, structured approach to disease diagnosis
and management that prominently features genome sequence infor-
mation (1). Whole-genome sequencing (WGS) by next-generation
sequencing (NGS) technologies has the potential for simultaneous,
comprehensive, differential diagnostic testing of likely monogenic ill-
nesses, which accelerates molecular diagnoses and minimizes the du-
ration of empirical treatment and time to genetic counseling (2–7).
Indeed, in some cases, WGS or exome sequencing provides molecular
diagnoses that could not have been ascertained by conventional single-
gene sequencing approaches because of pleiotropic clinical presenta-
tion or the lack of an appropriate molecular test (7–9).

Neonatal intensive care units (NICUs) are especially suitable for
early adoption of diagnostic WGS because many of the 3528 mono-
genic diseases of known cause are present during the first 28 days of
life (10). In the United States, more than 20% of infant deaths are
caused by congenital malformations, deformations, and chromosomal
abnormalities that cause genetic diseases (11–13). Although this pro-
portion has remained unchanged for the past 20 years, the precise
prevalence of monogenic diseases in NICUs is poorly understood be-
cause ascertainment rates are low. Serial gene sequencing is too slow
to be clinically useful for NICU diagnosis. Newborn screens, while

rapid, identify only a few genetic disorders for which inexpensive tests
and cost-effective treatments exist (14, 15). Further complicating diag-
nosis is the fact that the full clinical phenotype may not be manifest
in newborn infants (neonates), and genetic heterogeneity can be im-
mense. Thus, acutely ill neonates with genetic diseases are often dis-
charged or deceased before a diagnosis is made. As a result, NICU
treatment of genetic diseases is usually empirical, may lack efficacy,
may be inappropriate, or may cause adverse effects.

NICUs are also suitable for early adoption of genomic medicine
because extraordinary interventional efforts are customary and inno-
vation is encouraged. Indeed, NICU treatment is among the most
cost-effective of high-cost health care, and the long-term outcomes of
most NICU subpopulations are excellent (16–18). In genetic diseases
for which treatments exist, rapid diagnosis is critical for timely delivery
of interventions that lessen morbidity and mortality (14–17, 19, 20).
For neonatal genetic diseases without effective therapeutic interven-
tions, of which there aremany (21), timely diagnosis avoids futile inten-
sive care and is critical for research to develop management guidelines
that optimize outcomes (22). In addition to influencing treatment, neo-
natal diagnosis of genetic disorders and genetic counseling can spare
parents diagnostic odysseys that instill inappropriate hope or perpetuate
needless guilt.

Two recent studies exemplify the diagnostic and therapeutic uses
of NGS in the context of childhood genetic diseases. WGS of fraternal
twins concordant for 3,4-dihydroxyphenylalanine (dopa)–responsive
dystonia revealed known mutations in the sepiapterin reductase
(SPR) gene (3). In contrast to other forms of dystonia, treatment with
5-hydroxytryptamine and serotonin reuptake inhibitors is beneficial in
patients with SPR defects. Application of this therapy in appropriate
cases resulted in clinical improvement. Likewise, extensive testing
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Turn around time in 3-7 days!

Average length of stay for 
psychiatry inpatient: 3-7 

days!



RCHSD and RCIGM Provide a 
Unique Environment for Success 

Traditional Barriers to Genetic Testing for NDDs
1. Diagnostic Odyssey

• Step-wise outpatient testing/authorization
• Many visits, many years

2. Outpatient facilities are not equipped to provide 
blood draws for patients with severe agitation

3. Underrepresented minorities may have less
access to genetic services for NDDs

4. High loss to follow-up with standard “slow” 
testing approaches

5. Difficult to access team of professionals with 
expertise in psychiatry + genetics to use results 
to inform clinical care

Inpatient rWGS Solution 
1. Can detect most variants of interest in 1 

test 
2. Trained, professional staff can safely draw 

blood samples
3. Any child who gets admitted and is 

eligible can get genetic testing as part of 
their medical work-up

4. Minimize loss to follow-up with rapid turn-
around time

5. Explore impact of genetic test result on 
clinical care with input from RCIGM 
collaborators



Genomics can Guide Precision Psychiatric Care 
for Some Patients with NDDs

• Smith-Magenis Syndrome
• 17p11.2 deletion or RAI1 mutation with inverted melatonin secretion 

and sleep cycle
• Treat with morning beta-blocker and evening melatonin

• 15q13.3 deletion syndrome
• ID syndrome with severe aggression and deleted α7NChR
• Reduced aggression and psychotropic burden with galantamine 



Additional Potential Benefits of rWGS on Inpatient 
CAP Service

• Improve family experience of hospitalization (e.g. everything is being 
done) and understanding of child’s illness 

• Prepare for dissemination into less acute areas of psychiatry and other 
indications (e.g. schizophrenia – diagnostic yield 5-10%)

• Educate psychiatry trainees in genomic medicine



Prospective, Observational Hybrid Clinical 
Effectiveness/Implementation Study

50 Inpatients with ID+/-ASD

Baseline Assessment + rWGS
Day 1

Day 7 of Hospitalization
rWGS Results Returned

Discharge Assessment

1 Month Post-Discharge 
Follow-up

ü Neuropsychological 
patient assessments

ü Parental Experience
ü Clinician Experience
ü Implementation 

outcomes
• Acceptability
• Appropriateness
• Feasibility
• Cost

Assessments
ü Diagnostic (CNVs, SNVs, INDELs)
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