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Abstract

Neurodevelopmental disorders are defined by highly heritable problems during development and
brain growth. Attention-deficit/hyperactivity disorder (ADHD), autism spectrum disorders
(ASDs), and intellectual disability (ID) are frequent neurodevelopmental disorders, with common
comorbidity among them. Imaging genetics studies on the role of disease-linked genetic variants
on brain structure and function have been performed to unravel the etiology of these disorders.
Here, we reviewed imaging genetics literature on these disorders attempting to understand the
mechanisms of individual disorders and their clinical overlap. For ADHD and ASD, we selected
replicated candidate genes implicated through common genetic variants. For ID, which is mainly
caused by rare variants, we included genes for relatively frequent forms of ID occurring comorbid
with ADHD or ASD. We reviewed case-control studies and studies of risk variants in healthy
individuals. Imaging genetics studies for ADHD were retrieved for SLC6A3/DAT1, DRD2,
DRD4, NOS1, and SLC6A4/5HTT. For ASD, studies on CNTNAPZ, MET, OXTR, and
SLC6A4/5HTT were found. For ID, we reviewed the genes FMRI, TSCI1 and TSCZ, NF1, and
MECP?2. Alterations in brain volume, activity, and connectivity were observed. Several findings
were consistent across studies, implicating e.g. SLC6A4/5HTT in brain activation and functional
connectivity related to emotion regulation. However, many studies had small sample sizes, and
hypothesis-based, brain region-specific studies were common. Results from available studies
confirm that imaging genetics can provide insight into the link between genes, disease-related
behavior, and the brain. However, the field is still in its early stages, and conclusions about shared
mechanisms cannot yet be drawn.
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Introduction

Neurodevelopmental disorders are broadly defined as disorders in the development and
growth of the brain (Goldstein 1999), but this term is largely used to describe neurological
and psychiatric disorders that have their onset prior to adulthood. Most neurodevelopmental
disorders are highly heritable, either caused by single genetic defects, like many of the
intellectual disability (ID) disorders (Deciphering Developmental Disorders Study 2015), or
with a more multifactorial background, in which several to multiple less penetrant genetic
variants cause the disease in combination with environmental factors, like in many cases of
autism spectrum disorders (ASDs; (Gaugler et al., 2014; lossifov et al., 2014), as well as in
attention-deficit/hyperactivity disorder (ADHD; (Faraone et al., 2015; Franke et al., 2012),
oppositional defiant disorder, and conduct disorder (Salvatore and Dick 2016).

While technological advances in the last decade, especially genome-wide association studies
(GWASS) and next generation sequencing, have enabled the identification of many genetic
factors involved, the biological mechanisms contributing to the neurodevelopmental
disorders are still largely unknown. It is thought that gene variation/mutation will alter
molecular and cellular processes, which leads to altered brain development, be it structurally
and/or functionally, and subsequently to altered behavior and disease symptoms (Franke et
al., 2009). Measures that mediate the effects of genes on behavioral/disease phenotypes have
been termed endophenotypes or intermediate phenotypes (Gottesman and Gould 2003;
Kendler and Neale 2010).

Much research into the consequences of gene aberrations is performed in animal models.
However, brain imaging methods like magnetic resonance imaging (MRI),
electroencephalography (EEG), and magnetoencephalography (MEG) offer excellent ways
to investigate the effects of genetic variation on brain structure, function, and connectivity
directly in humans /n vivo. Such ‘imaging genetics’ approaches can unveil the brain-
biological consequences of molecular changes induced by genetic variants — both common
and rare — linked to neurodevelopmental disorders. In that way they can help to understand
the mechanisms through which differences in behavior arise. It has been argued that the
effects of disease-linked (common) genetic variation on the brain would be larger than those
on behavior and clinical phenotypes (Gottesman and Gould 2003; Rose and Donohoe
2013)), although more recent work using hypothesis-free imaging genetics approaches
argues against this — at least for brain structural phenotypes (Franke et al., 2016).

Different neuroimaging methods can be used in imaging genetics studies, including different
forms of structural and functional MRI as well as EEG and MEG. They have complementary
characteristics enabling information to be gathered on different aspects of (gene effects on)
brain anatomy and function, like location (especially MRI-based methods) and timing
(especially EEG and MEG). In this review, we concentrated on those methods that have
most frequently been used in imaging genetics studies of neurodevelopmental disorders, i.e.
MRI-based methods evaluating gene effects on brain structure, function, and connectivity.

With structural magnetic resonance imaging (sMRI) it is possible to noninvasively
characterize the structure of the human brain. Thereby, the different magnetic properties of
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brain tissues are used to map the spatial distribution of these structural properties of the
brain. In this way, the different brain tissues (grey and white matter) and cortical and
subcortical structures of the brain can be mapped. By adapting scanning parameters,
different weighting techniques of the signal can be used, such as T1-weighted imaging (used
to visualise anatomy) and T2-weighted imaging (which is useful for demonstrating lesions
and pathology). Different aspects of brain structure can be used for quantitative analyses. To
investigate whether volumetric differences are global or regional, specific brain regions of
interest (ROISs) can be selected a priori and studied individually. In contrast, global changes
in grey or white matter intensity can be detected by using voxel-based morphometry (VBM)
analyses. Next to volumetric differences observed in grey matter, structural differences of
white matter connectivity can also be quantified. With the help of diffusion tensor imaging
(DTI), it is possible to non-invasively investigate the macrostructural integrity and
orientation of white matter fibre bundles. Thereby, the directional diffusion of water
molecules along neuronal membranes is measured, allowing to map white matter connection
within the brain. Multiple measures can be derived from DTI. A frequently measured
parameter is fractional anisotropy (FA). Basically, anisotropy indicates that diffusion takes
place in a directional manner, whereas isotropy indicates diffusion in all directions.
Additional DTI-derived parameters include mean diffusivity (MD; average of axial
diffusivity (AD) and perpendicular diffusivities), and radial diffusivity (RD; average of
perpendicular diffusivities), the mode of anisotropy (sensitive to crossing fibres), and the
apparent diffusion coefficient (indicating the magnitude of diffusion) (Le Bihan 2003; Le
Bihan et al., 2001; Yoncheva et al., 2016).

Resting state functional MRI (rs-fMRI), allows to analyse the temporal correlations of
neural activity across anatomically disparate brain regions and thereby to examine the
functional connectivity based on spontaneous brain activity, neural organization, and circuit
architecture.

To investigate potential changes in brain activity, functional magnetic resonance imaging
(fMRI) can be used. Since fMRI is sensitive to the oxygenation of the blood, the so-called
blood-oxygen-level-dependent (BOLD) signal can be measured. Thereby brain function is
measured, based on the premise that active cells consume oxygen, thus causing changes in
blood oxygenation, and subsequently leading to increased blood flow. However, the exact
link between cell activation, oxygen saturation, and cerebral blood flow changes is debatable
(Hillman 2014). Generally in fMRI, alterations in blood flow after e.g. a task-induced
stimulus or during a resting condition are measured.

Here, we systematically reviewed the imaging genetics literature for three frequent
neurodevelopmental disorders, ADHD, ASDs, and selected intellectual disability (ID)
disorders. The choice for those three neurodevelopmental disorders was based on their
frequent comorbidity (Morstman and Ophoff 2013) and robustly established associations
with specific genetic variants. The aim of this work was to extract core brain mechanisms
affected by disease-linked genetic factors related to the individual disorders as well as their
clinical overlap.
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ADHD is one of the most common neurodevelopmental disorders, with a prevalence of 5—-
6% in childhood (American Psychiatric Association 2013; Polanczyk et al., 2007). ADHD
can be clinically characterized by two core symptom domains: inattention and hyperactivity/
impulsivity (American Psychiatric Association 2013; Faraone et al., 2015). Up to 60% of all
patients diagnosed in childhood show ADHD symptoms and/or meet formal diagnostic
criteria for the disorder in adulthood, and prevalence rates of persistent ADHD in adults
range between 2.5 and 4.9% (Simon et al., 2009). ASD affects approximately 0.6% to 1% of
the children, making it one of the most prevalent disorders in childhood (Elsabbagh et al.,
2012). Although there are some important differences in core symptom definition, the co-
occurrence between ADHD and ASD is supported by clinical (Craig et al., 2015), common
biological (Rommelse et al., 2010), and non-biological risk factors (Kroger et al., 2011).
Moreover, several studies identified that symptoms of autism or autistic traits appear in 20%
to 30% of children with ADHD (Grzadzinski et al., 2011; Kochhar et al., 2011).
Additionally, ADHD is a common comorbid disorder in children with ID, and the risk
increases with increasing severity of ID (Voigt et al., 2006). Studies of children with mild
and borderline 1D have identified ADHD in 8% to 39% of the cases (Baker et al., 2010;
Dekker and Koot 2003; Emerson 2003). ADHD is highly heritable (heritability 70-80%)
(Burt 2009; Faraone et al., 2005). However, identification of ADHD risk genes has been
difficult (Franke et al., 2009; Gizer et al., 2009), mainly due to ADHD’s complex genetic
background (Faraone et al., 2015; Franke et al., 2012). Mostly genetic variants, which occur
quite frequent in the population and have generally small effects on disease risk have been
investigated for their role in ADHD until today, either through candidate gene studies or
hypothesis-free GWASs. Only a few of the candidate genes have been confirmed through
meta-analysis (Gizer et al., 2009). However, none of the eleven GWAS (Hinney et al., 2011,
Lasky-Su et al., 2008a; Lasky-Su et al., 2008b; Lesch et al., 2008; Mick et al., 2010; Neale
et al., 2008; Neale et al., 2010a; Sanchez-Mora et al., 2014; Sonuga-Barke et al., 2008;
Stergiakouli et al., 2012; Yang et al., 2013) nor a meta-analysis of many of them (Neale et
al., 2010b) published to date, reported any genome-wide significant risk variant.

ASDs refer to a heterogeneous group of neurodevelopmental disorders diagnosed in
approximately 1 of 88 children (Autism and Developmental Disabilities Monitoring
Network Surveillance Year 2008 Principal Incestigators and Centers for Disease Control and
Prevention 2012). It is characterized by deficits in social behavior and language
development, as well as restricted or stereotypic interests (American Psychiatric Association
2013). About 70% of individuals with ASDs have some level of ID while the remaining 30%
have some disability (speech, behavior) other than cognitive dysfunction (Mefford et al.,
2012). Whereas early reports estimated ASD heritability to be higher than 90% (Bailey et
al., 1995; Folstein and Rutter 1977; Ritvo et al., 1985; Steffenburg et al., 1989), recent
population-based studies provided an estimate of ~50% heritability (Gaugler et al., 2014;
Sandin et al., 2014). ASDs are genetically highly complex, as part of the cases has
oligogenic or even monogenic causes (with an important role for de novo mutations
(lossifov et al., 2014)), whereas the concerted action of common genetic variants of
individually small effect sizes and environmental factors is likely to cause most of the
disease burden of ASDs (lossifov et al., 2014) (Gaugler et al., 2014; Zhao et al., 2007).
Several of those common variants contributing to ASD risk have been identified through
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hypothesis-driven studies. Until now, three GWASs have been performed for ASDs (Anney
etal., 2010; Wang et al., 2009; Weiss et al., 2009), which identified a single locus on
chromosome 5p14, in-between CDH10and CDH9 (Wang et al., 2009). Association with this
locus might be driven by markers located within the MSNP1AS pseudogene (Ma et al.,
2009).

ID refers to a highly heterogeneous group of disorders characterized by below average
intellectual functioning (1Q < 70) in conjunction with significant limitations in adaptive
functioning with onset during development. ID may occur as an isolated phenomenon or
accompanied with malformations, neurological signs, impairment of the special senses,
seizures and behavioral disturbances (van Bokhoven 2011). ID has an estimated prevalence
of approximately 2% to 3%, and approximately 0.3% to 0.5% of the population is severely
handicapped (Perou et al., 2013). Comorbidity with ADHD and ASDs is frequently
observed (Morstman and Ophoff 2013). Disease etiology of ID is thought to be largely
monogenic, but with many different genetic anomalies implicated (van Bokhoven 2011).
Genetic causes of ID range from large cytogenetically visible chromosomal aberrations,
such as trisomy 21, to translocations, subchromosomal abnormalities (such as Prader-Willi
syndrome (15g11.2-g13)), copy number variations, and to single gene defects. We
concentrated only on the latter in our review, based on the assumption that we can learn most
from understanding effects of specific genes/variants on brain structure, function and
connectivity. While in many ID disorders, a defect in a single gene can be identified as the
cause of the disorder, only a few genes are hit more frequently and cause relatively common
ID disorders. To prevent bias of our review by single case reports, we concentrated on those
common forms of ID, especially selecting those, in which comorbidity with ADHD and
ASD is common. This resulted in five ID disorders included in this review: fragile X
syndrome, tuberous sclerosis, neurofibromatosis type 1, Rett syndrome, and Timothy
syndrome. Fragile X syndrome (FXS), caused by genetic defects in the FMRI gene, is
associated with a variable clinical phenotype, including intellectual disabilities with a broad
range of severities. 1Q is 40 on average for affected men (Merenstein et al., 1996) and
normal or borderline in females (de Vries et al., 1996), who show a milder phenotype
because the disorder is X-chromosome-linked. High rates of autism and autistic behaviors
are seen in individuals with FXS (Hagerman et al., 2009), and 59% of FXS subjects shows
ADHD symptoms (Sullivan et al., 2006). Neurofibromatosis type 1 (NF1), caused by
mutations in AVFZ, is associated with the presence of usually benign neurofibromas. While
1Q in general is average to low average, up to 8% of children with NF1 have an 1Q below 70.
Learning difficulties and neuropsychological deficits are common, and the core cognitive
impairments are in visual spatial function, attention, executive function, and language skills.
About 38% of children with NF1 meet diagnostic criteria for ADHD, and a substantial
proportion of subjects show social deficits related to ASD (Hyman et al., 2005; Walsh et al.,
2013). Tuberous sclerosis complex (TSC) is caused primarily by mutations in the genes
7SCIand 7SC2and is characterized by benign hamartomas in multiple organ systems,
including the brain. Intellectual ability in TSC ranges from normal to profoundly impaired,
and neurobehavioral abnormalities and epilepsy are common. Both ASD and ADHD are
reported in about 50% of individuals with TSC, with an even higher number of diagnoses in
intellectually impaired individuals (Prather and de Vries 2004). Rett syndrome, caused by
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mutations in the MECPZ gene, primarily affects females. Language problems and cognitive
and motor deficits start to become obvious around the age of 6 months in the patients.
Testing of cognitive dysfunction is difficult because of a characteristic absence of speech,
but ASD-related features, such as avoidance of eye contact, are common (Armstrong 2005).
Timothy syndrome is a multisystem disorder caused by missense mutations in the
CACNAIC gene. Neurodevelopmental features include global developmental delays and
ASDs. Average age of death is 2.5 years, usually caused by ventricular tachyarrhythmia,
infection, or complications of hypoglycemia (Splawski et al., 1993).

With this review, we aimed at providing a comprehensive overview on the imaging genetics
literature for the three neurodevelopmental disorders. To prevent bias, we excluded reports
including less than 10 cases and focused on specific genetic variants, which for ADHD and
ASDs resulted in a focus on genes/loci implicated through variants that are common in the
population, and for ID, we restricted the review to the genes causing the single-gene 1D
disorders described above. While imaging genetics studies have been performed in patients,
the underlying candidate genes and their common genetic variants are also frequently
studied in healthy individuals. This allows analysis of effects of common genetic variation in
candidate genes on imaging correlates in the general population and offers the opportunity to
study brains not influenced by chronic disease and medication. Previous studies showed that
neuroimaging correlates of common genetic variants are likely to be similar in typical and
psychiatric populations (Hibar et al., 2015b). As such studies of healthy individuals may also
be informative regarding the biological mechanisms leading to the diseases of interest, they
were also included in this review.

Search terms

Pubmed was searched for research articles describing imaging genetics studies (April, 14™,
2015; http://www.ncbi.nlm.nih.gov/pubmed). Only studies using magnetic resonance
imaging (MRI) were reviewed, specifically structural MRI (sMRI), functional MRI (fMRI),
resting-state functional MRI (rs-fMRI), and diffusion tensor imaging (DTI). A general
search term was created and was extended by adding the disorder (for ADHD and ASD) or
syndrome name and gene (for ID) of interest. The following search term shows an example
for ADHD (for [Title/Abstract]): ((((ADHD OR Attention-Deficit Hyperactivity Disorder)
AND (gene* OR genetic* OR imaging genetic OR imaging genetics OR genotype OR
polymorphism OR SNP OR single nucleotide polymorphism OR meta-analysis OR genome
wide association OR GWA OR GWAS)) AND (structural magnetic resonance imaging OR
volume OR sMRI OR voxel-based morphometry OR brain morphometry OR brain
volumetry OR VBM OR functional magnetic resonance imaging OR fMRI OR diffusion
tensor imaging OR diffusion imaging OR connectivity OR tractography OR DTI OR
resting-state functional magnetic resonance imaging OR voxel-wise analysis OR rsfMRI))
NOT “review”[Publication Type]). For ID syndromes, the search term did not include (gene*
OR genetic* OR imaging genetic OR imaging genetics OR genotype OR polymorphism OR
SNP OR single nucleotide polymorphism OR meta-analysis OR genome wide association
OR GWA OR GWAS), as the genes of interest were added specifically. Titles and abstracts

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.


http://www.ncbi.nlm.nih.gov/pubmed

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klein et al. Page 7

of the retrieved records were evaluated for relevant publications. Case-reports and reports
describing less than 10 cases were excluded to prevent bias, and review articles, medical
hypotheses, non-English articles, and studies on animal models were not considered (for a
graphical summary of the selection procedure, please see Figure 1).

Candidate gene selection for ADHD, ASD, and ID studies

Taking into account the differences in the genetic architecture of the three
neurodevelopmental disorders of interest, we defined selection criteria for the genes to be
included in this review as similar as possible. The restriction to studies with 10 or more
cases and single genetic variants/single-gene mutations largely defined our search strategy,
which resulted in a focus on common genetic variants for ADHD and ASDs (minor allele
frequency = 1%); for ID disorders, this lead to the selection of relatively common forms of
the disorder. For ADHD and ASDs, we selected the most promising genes containing
common variants associated with the disorder based on meta-analyses, successful replication
studies, and/or significant findings from hypothesis-free (genome-wide) studies.

For ADHD, we included all genes and genetic variants mentioned in Table | of the meta-
analytic study by Gizer and coworkers (2009) that had reached a significant result at P <
0.05 for association with ADHD. In addition to this, we also included genes with reported
and replicated evidence for association with ADHD from more recent studies. These
included two meta-analytic studies (Pan et al., 2015; Wu et al., 2012), a research article
(Ribases et al., 2011), and the more recently observed replicated candidate genes NOSZ and
SLCIAI (Stergiakouli et al., 2012; Weber et al., 2015) (total number of candidate genes =
10; Table I). A recent overview of these ADHD candidate genes has been published by Hawi
and colleagues (2015).

For the ASD genes, we based our selection on the review of the most consistently replicated
genes harboring common variants associated with autism by Persico and Napolioni (2013).
Additionally, the CDH9/CDH10\ocus was included, because it has shown genome-wide
significant association with ASD (Prandini et al., 2012; Wang et al., 2009). Selection of the
candidate polymorphisms in the selected genes was based on recent research articles, as
meta-analyses were only available for the OX7R and RELN gene (total number of candidate
genes = 11; Table I1).

For the 1D, the restrictions to relatively common forms of the disorder resulting from single
gene mutations (as opposed to structural genetic variants involving several to many genes) as
well as our aim to study potential brain mechanisms contributing to comorbidity among the
three disorders lead to the inclusion of the following 5 syndromes: fragile X syndrome
(FMRJI), tuberous sclerosis (7SCI and 75C2), neurofibromatosis type 1 (NVFI), Rett
syndrome (MECPZ2), and Timothy syndrome (CACNAIC) (Table I11). For our selection, we
used Table I from Vorstman and Ophoff (2013), describing genetic anomalies associated
with ID. We included all disorders with known genetic cause including a single gene
(FMR1, TSC1and 7SC2, NF1, and CACNAIC). Patients with these disorders also show a
high rate of ASD and/or ADHD phenotypes (Vorstman and Ophoff 2013). Additionally, we
included the Rett syndrome (MECPZ2), because of its known ASD- and ADHD-related
features (Armstrong 2005; Rose et al., 2016; Suter et al., 2014).
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Results

Imaging genetics of ADHD candidate genes

A total of 76 records were retrieved for the ADHD search term, and a total of 16 research
articles describing case-control studies were eligible for review according to our criteria. To
those, we added three more recent papers from our own group ((Onnink et al., 2016;
Sokolova et al., 2015; van der Meer et al., 2015); Figure 1). Most of the studies investigated
a single gene (all in Caucasians), and three studies investigated multiple genes (2 in
Caucasians, 1 in Asians). In addition, we obtained 295 records for the ADHD candidate
gene studies in healthy population samples, of which 98 were eligible (Figure 1). Of those,
73 studies investigated a single gene (68 in Caucasians, 5 in Asians), and 25 studies tested
more than one gene (1 Asian). The ADHD case-control samples consisted of both
childhood/adolescent and adult samples, whereas the studies in the healthy population were
largely restricted to samples of (young) adults. Single-gene findings of ADHD case-control
studies and studies in the healthy population of both Caucasian and Asian ethnicities can be
found in Table 1V, multi-locus studies are shown in Table V1. Most of the genes investigated
in brain imaging genetics studies in ADHD are from the dopaminergic and serotonergic
neurotransmitter systems (SLC6A3/DAT1, DRDZ2, DRD4, S| C6A4/5-HTT/SERT).
SNAP25, DRD5, HTR1B, and LPHN3had also been selected for this study, but for these
genes no imaging genetics studies using MRI were found with our search terms.

The dopaminetransporter gene DATI (official name SLC6A3) codes for a solute carrier
protein, responsible for the reuptake of dopamine from the synaptic cleft into the presynaptic
neuron, representing a primary mechanism of dopamine regulation in the striatum (Ciliax et
al., 1999). The most widely studied polymorphism in SLC6A3/DAT1 is a variable number
of tandem repeat (VNTR) sequence in the 3’ untranslated region (3°’UTR) that is 40 base
pairs (bp) in length. Most common alleles are those with 9 and 10 repeats. Additionally, a 30
bp VNTR in intron 8 of the gene (most common alleles with 5 and 6 repeats), is sometimes
studied together with the 3’UTR VNTR as a haplotype. The 10R/10R genotype of the
3’UTR VNTR and the 10-6 haplotype of the two VNTRs are thought to be risk factors for
ADHD in children (Asherson et al., 2007; Brookes et al., 2006; Faraone et al., 2005). In
contrast, the 9R/9R genotype and the 9-6 haplotype are associated with persistent ADHD
(Franke et al., 2010). The sSMRI and fMRI studies for SLC6A3/DAT1, the latter investigating
several cognitive domains known to be impaired in ADHD, i.e. reward processing, working
memory, and response inhibition, are summarized in Table IV and V1. The main focus of the
studies for this gene has clearly been on the striatum, which shows highest gene expression.

The two sMRI case-control studies were performed in children, and both reported a smaller
volume of the caudate nucleus in homozygotes for the 10R allele as compared to children
with the 9R/10R genotype (Durston et al., 2005; Shook et al., 2011). A third study, including
a large sample of children and adults with and without ADHD, showed that only in the adult
ADHD case-control cohort, carriers of the DATZ adult ADHD risk haplotype 9-6 had a
5.9% larger striatum volume relative to participants not carrying this haplotype. The effect
was depended on diagnostic status, since the risk haplotype affected striatal volume only in
patients with ADHD (Onnink et al., 2016).
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Two fMRI studies in case-control design investigated the SL C6A3/DAT1 haplotype using
reward paradigms. Independent of the genotype, a recent meta-analysis has shown that in
reward-processing paradigms, most studies report lower activation of the ventral striatum in
patients with ADHD in anticipation of reward than controls (Plichta and Scheres 2014).
Consistent with this, a study in adolescents (including only males) found the activation of
the caudate nucleus to be reduced in the ADHD group as the number of 10-6-haplotype
copies increased (Paloyelis et al., 2012). The other study, in adult ADHD cases and controls
(in whom the 9-6 allele is the ADHD risk allele), found no effect of DATZ haplotype on
striatal activity (Hoogman et al., 2013). Studies in healthy adult individuals point in different
directions. One found higher activation during reward anticipation in 9R-carriers (Dreher et
al., 2009). Another also found increased striatal activation in 9R-carriers in a rewarded task-
switching task, especially in high reward conditions (Aarts et al., 2010). A third study in
healthy adults suggested that a link between reward sensitivity and striatal activation during
reward anticipation is only present in 10R/10R individuals, and is lost in 9R-carriers (Hahn
et al., 2011). In studies of response inhibition in children/adolescents, the 10R/10R genotype
was found linked to lower (Durston et al., 2008) but also higher (Bedard et al., 2010) striatal
activation. Methylphenidate was able to increase activity in the caudate nucleus (as well as a
thalamocortical network and inferior frontal gyrus) during successful inhibition in healthy
adult male 9R-carriers, but decreased activity in 10R/10R individuals (Kasparbauer et al.,
2015). A working memory task in healthy adults elicited more activation in fronto-striatal-
parietal regions in 9R/10R individuals under high memory load (Stollstorff et al., 2010).
Additionally, a resting-state fMRI study in healthy adults showed stronger connectivity
between midbrain (mainly striatal) and prefrontal regions in 9R/10R heterozygotes
compared with 10R/10R homozygotes (Gordon et al., 2015).

Beyond striatum, SL C6A3/DAT 1 genotype effects have also been observed in fMRI studies
of cortical regions, especially (pre)frontal, medial (pre-SMA, dorsal ACC), and
(temporo)parietal regions (Bedard et al., 2010; Braet et al., 2011) (Table IV and VI). As
expression of DAT is limited outside of striatum and cerebellum, these effects are likely due
to direct or indirect connections between the regions of gene expression and the rest of the
brain. This is in line with the fact that no effect of SLC6A3/DAT1 genotype on cortical
development has been observed in a longitudinal study (Shaw et al., 2007). Of particular
interest might be studies showing effects of SLC6A3/DAT1 genotype on amygdala reactivity
upon exposure to threatening faces (Bergman et al., 2014) as well as on cerebellar activation
during response inhibition (Durston et al., 2008). These regions are currently understudied in
ADHD. A first study using DTI did not suggest a strong effect of SLC6A3/DAT1 genotype
on structural brain connectivity (Hong et al., 2015) (Table 1V).

In summary, although SLC6A3/DAT1 is one of the best-studied genes in imaging genetics
literature covered in this review, existing studies do not yet clarify sufficiently the role of
ADHD-linked genetic variation in brain activity and connectivity related to symptoms/
cognitive deficits or their structural brain correlates. A complicating matter for this gene is
the switch in ADHD risk allele from childhood to adulthood. Furthermore, interactions
between genotype and diagnosis are observed in some studies, which suggest that studying
effects of SLC6A3/DATI in healthy individuals will not suffice to fully understand the brain
mechanisms linking this gene to ADHD.
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The dopamine D2 receptor gene (DRDZ2) codes for a G protein-coupled receptor, which
inhibits adenylate cyclase (Andersen et al., 1990). Consistent with its broad expression in the
brain being highest in striatum, DRDZ2 plays a key role in regulating mesolimbic reward
processing pathways (Usiello et al., 2000) and is also implicated in other cognitive domains,
such as cognitive flexibility and learning (Puig et al., 2014). The gene has been implicated in
many different psychiatric disorders, including schizophrenia and substance use disorders
(Patriquin et al., 2015; Schizophrenia Working Group of the Psychiatric Genomics 2014)
and is the target of several antipsychotics (Moore et al., 2014). The risk factor for ADHD is
the most frequently investigated common genetic variant of DRD2rs1800497 (also known
as TaqlA restriction fragment length polymorphism). This SNP actually lies downstream of
DRDZin an exon of a neighboring gene, ANKKI (Neville et al., 2004). It affects dopamine
D2 receptor expression and striatal dopamine metabolism, with the Al-allele (the ADHD
risk allele) reducing the number of DRDZreceptors (Laakso et al., 2005). No studies in
ADHD case-control design are yet available for DRDZ2. The risk SNP has, however, been
investigated in healthy individuals using structural and functional MRI covering the
cognitive domains of reward processing, task-switching and reversal learning, working
memory, emotion recognition, and language (Table IV and VI).

Structural MRI showed that the SNP affects the volume of midbrain structures, with Al-
allele carriers having smaller volumes of substantia nigra (Cerasa et al., 2009), cerebellum
(Wiener et al., 2014), and ACC (in interaction with BDNF; (Montag et al., 2010)).

Functional MRI during reversal learning tasks revealed that Al-allele carriers showed
reduced response of the rostral cingulate to negative feedback and had a reduced recruitment
of the right ventral striatum and right lateral occipital frontal cortex (OFC) during reversals
(Jocham et al., 2009). Pharmacological fMRI in a reversal learning task showed that
cabergoline (D2 receptor agonist) administration induced an allele-specific response, where
Al-allele carriers showed increased neural reward responses in medial OFC, cingulate
cortex, and striatum (consistent with increased D2-mediated dopamine signaling); this was
coupled, however, to worse task performance and lower fronto-striatal functional
connectivity (Cohen et al., 2007). The reward-related paradigms showed that Al-allele
carriers exhibited increased anterior insula (Richter et al., 2013) and increased nucleus
accumbens activation, the latter observed only in a three-way interaction analysis looking for
differences between a placebo and bromocriptine (D2 receptor agonist) administration
condition (Kirsch et al., 2006). Two multi-locus studies including the DRDZ Tagq1A variant
suggested higher activation during reward anticipation, but blunted activity during reward
receipt with increasing number of risk factors (Table VI).

In summary, the effects of the ADHD risk factor in DRDZ2in fMRI appear to be relatively
consistent across most of the studies currently available, with stronger brain activity in parts
of the wider reward processing and memory/learning circuits. It seems that this stronger
activity is linked to worse functional connectivity and/or performance, thus potentially
reflecting compensatory processes. Currently, no data from patients with ADHD are
available.
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The dopamine D4 receptor (encoded by the DRD4 gene) is another G protein-coupled
receptor and belongs to the dopamine D2-like receptor family (Oldenhof et al., 1998). The
most widely studied DRD4 polymorphism in ADHD has been the 48 bp VNTR in exon 3,
with the 2-, 4-, and 7-repeat alleles being the most common alleles. Allele frequencies vary
significantly across ethnic groups (Chang et al., 1996; Van Tol et al., 1992), and the ADHD
risk allele in the Caucasian population (7R) seems to be a different one from that in Asians
(Nikolaidis and Gray 2010; Wang et al., 2004).

Structural MRI suggested that patients with ADHD carrying the 7R-allele have smaller
volumes of the superior frontal and cerebellar cortex (Monuteaux et al., 2008), while no
differences were found in another study (Castellanos et al., 1998) (Table V). Interestingly,
carriership of the DRD4 7R-allele seemed to affect cortical development in a longitudinal
study, with 7R-carriers showing thinner prefrontal and parietal cortex and ADHD patients
with this allele having a distinct trajectory of cortical development characterized by
normalization of parietal cortical regions (Shaw et al., 2007) (Table VI). Structural
connectivity was investigated in two studies in Asians using DTI, and while one did not find
effects for 4R homozygotes (Hong et al., 2015), a very large recent study reported
widespread increases in mean diffusivity in 5R-carriers (Takeuchi et al., 2015) (Table V).

With the role of the D4 dopamine receptor in cognition not sufficiently characterized yet,
and DRD4 being expressed in large parts of the cortex (predominantly in frontal lobe
regions, such as the OFC and ACC (Floresco and Tse 2007; Noain et al., 2006)), fMRI
studies have investigated the DRD4 gene in healthy Caucasians covering different cognitive
domains, i.e. emotion processing, response inhibition, reward, stimulus-response
incompatibility, and time discrimination tasks, as summarized in Table IV. Depending on the
type of paradigm used in the fMRI studies, DRD4 genotype was found to modulate brain
activity in prefrontal and temporal, but also in striatal and cerebellar brain regions in the
healthy adults (Table IV).

Thus, though existing evidence does not support firm conclusions, DRD4 may mark a
particular developmental trajectory in cortical brain structure related to adult outcome of
ADHD, and plays a role in structural connectivity. With only one fMRI study per cognitive
domain published to date, no clear picture of DRD4 action on brain activity emerges, but
those studies do clearly indicate that DRD4 (like DATI) influences brain activity beyond its
regions of expression, possibly due to its effects on white matter connectivity (Takeuchi et
al., 2015).

The serotonin transporter gene (SLC6A4, 5HTT, SERT) codes for a solute carrier protein
responsible for the reuptake of serotonin from the synaptic cleft back into the presynaptic
neuron, which is the primary mechanism for regulation of serotonergic activity in the brain
(Lesch et al., 1996). A functional polymorphism in the promoter region of the gene (referred
to as SHTTLPR) is a 44-bp insertion/deletion yielding short (S) and long (L) alleles. The
long variant is associated with more rapid serotonin reuptake, resulting in lower levels of
active serotonin (Lesch et al., 1996). However, allele frequencies vary across different ethnic
groups (Haberstick et al., 2015). A SNP in the long allele, rs25531, can modify the activity
of this allele (Lesch et al., 1996). SLC6A4/5HTT has been implicated in emotion regulation
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as well as (emotional) memory and learning processes (Araragi and Lesch 2013; Barzman et
al., 2015; Meneses and Liy-Salmeron 2012). Expression of the transporter is observed in
regions implicated in attention, memory, and motor activities, such as the amygdala,
hippocampus, thalamus, putamen, and ACC (Frankle et al., 2004; Oquendo et al., 2007).

Only one recent imaging genetics study in patients with ADHD has been performed for the
5HTTLPR, showing that stress exposure, which is associated with increased ADHD severity
in S-allele carriers, was associated with reduced cortical gray matter volume in precentral
gyrus, middle and superior frontal gyri, frontal pole, and cingulate gyrus in these
individuals. Interestingly, this paper showed that only some of these regions, the frontal pole
and the ACC, actually mediated the effects of the gene-environment interaction on ADHD
severity. In SMRI studies in healthy individuals, the SHTTLPR has been associated with
volume of the ACC and amygdala as well as hippocampus, though the direction of effect
seemed to differ with gender and/or in interaction with environmental factors (Table 1V).
Few studies have looked at effects of the SHTTLPR on structural connectivity (Table IV). A
large study observed reduced connectivity of amygdala with PFC in S-allele carriers (Long
et al., 2013), while another reported increased hippocampus-putamen connectivity for this
genotype group (Favaro et al., 2014).

Brain activation patterns in task-based fMRI have been studied extensively for the
5HTTLPR following hallmark studies by the Weinberger lab (Hariri et al., 2005; Hariri et
al., 2002). They were the first to report increased activation of the amygdala in S-allele
carriers in response to negative-emotional faces. Since then, increased amygdala activation
has been observed in S-allele carriers in many tasks activating the amygdala (Table IV and
VI1). In 2013, 34 studies investigating effects of the SHTTLPR on amygdala activation were
meta-analyzed, confirming the increased activation in S-allele carriers (although only
borderline significant) (Murphy et al., 2013). However, this meta-analysis also showed
strong heterogeneity between studies and a potential publication bias (towards studies
reporting significant associations). Linked to the increased activation seems to be a reduced
functional connectivity of the amygdala, as first observed by Pezawas and colleagues (2005)
and subsequently also seen in additional studies (Table V). Not only the amygdala, but also
other cortical and subcortical brain regions (forming the “threat circuit”) seem to be
influenced by SHTTLPR genotype. A recent, replicated fMRI study, for example, also
showed stronger activity in dorsomedial prefrontal cortex (dmPFC), insula, thalamus, and
regions of the midbrain, in reaction to threat in S-allele carriers (Klumpers et al., 2014);
interestingly, also in this study (like in the one by van der Meer and coworkers (2015)) only
some of the activated regions actually mediated the genotype effects on psychophysiological
responsivity to pending threats (in this case the dmPFC activation, Table V).

Increasing evidence suggests that S-allele carriers are hypervigilant to environmental stimuli
(Homberg and Lesch 2011). Potential sustained effects of environmental factors have not
sufficiently been addressed in imaging genetics studies published to date. Several studies
have taken stressful life events into account, and these studies suggested effects on both
brain volume and activation. Only one study to date has directly looked at methylation of the
promoter of the SLC6A4/5HTT gene, and found correlations with the volume of several
regions in the ‘threat circuit’ of the brain, though these appeared genotype-independent
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(Dannlowski et al., 2014). Also a combined PET, sSMRI plus fMRI study indicated that
5HTTLPR genotype did not influence current (midbrain) serotonin transporter availability
(Kobiella et al., 2011), suggesting that other factors (like environmental ones) might overrule
this effect. Taking into account epigenetic effects on the SLC6A4/5HTT gene might thus
help explain the strong heterogeneity observed in the meta-analysis of amygdala reactivity
studies (Murphy et al., 2013).

In summary, functional genetic variation in the SLC6A4/5HTT gene is clearly linked to
emotion regulation through effects on brain activation in the amygdala and the wider ‘threat
circuit’, with those carrying the risk factor for emotional dysregulation showing increased
activation in tasks related to emotion processing and learning. Those experiments link
reduced availability of the transporter (at some point in development) - and thus increased
serotonin signaling capacity - to increased brain activation. This increased activation seems
to be linked to functional dysconnectivity, however. Whether brain volume and structural
integrity are influenced by the SHTTLPR, remains to be clarified. Importantly, genotype
effects are likely to be sensitive to environmental factors.

The nitric oxide synthase 1 (encoded by the NOSI gene) is an enzyme which synthesizes
nitric oxide from L-arginine. Nitric oxide is a reactive free radical, which acts as a biological
mediator in several processes, including dopaminergic and serotonergic neurotransmission
(Kiss and Vizi 2001). The NOS1 gene has a complex structure, including 12 alternative
untranslated first exons (exon 1a-1l). In exon 1f, a functional VNTR that affects gene
expression has been linked to hyperactive and impulsive behavior in humans (Reif et al.,
2009; Weber et al., 2015), with the short allele being the risk factor for ADHD. In addition, a
recent Mos1 knock-out mouse model showed dysregulation of rhythmic activities mimicking
ADHD-like behaviors (Gao and Heldt 2015).

So far, only one case-control study investigated the effect of the VNTR polymorphism on
the brain, in his case on reward-related ventral striatal activity (Hoogman et al., 2011) (Table
IV). The study revealed that homozygous carriers of the short allele of NOSZ demonstrated
higher ventral striatal activity than carriers of the other NOSZ VNTR genotypes (Hoogman
et al., 2011). This effect was comparable for both patients and healthy individuals. Similar
effects of the genotype were also observed for behavioral impulsivity, with those carrying
the ADHD risk factor acting more impulsive than other participants.

Imaging genetics of candidate genes for autism spectrum disorders

A total of 193 records were retrieved for the ASD search terms, and a total of six research
articles were eligible for review according to our criteria. All studies investigated a single
gene and were performed in Caucasian populations. For studies in the healthy population,
we obtained 120 records, and 17 were included in the review (Figure 1). Twelve of those
investigated a single gene in a Caucasian study sample, and five studies used Asian samples
(studies for SLC6A4/5HTT are included in the ADHD section above). Generally, the ASD
case/control samples included mainly childhood and adolescent study samples, whereas the
studies in healthy population samples mostly used samples of (young) adults. From the
eleven genes selected and listed in Table V, imaging genetics studies could only be retrieved
for genetic variants in CNTNAP2, MET, OXTR, and the SLC6A4/5HTT gene.
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The contactin-associated protein-like 2 (CASPR2), encoded by the gene CNTNAPZ (the
largest gene in the human genome), is a neural transmembrane protein involved in neuronal-
glial interactions and in clustering K*-channels in myelinated axons; as such, it is involved
in neuronal cell adhesion, migration, and the formation of neuronal networks (Rodenas-
Cuadrado et al., 2014). Several single nucleotide polymorphisms (SNPs) in CNTNAPZ have
been associated with ASDs. During human brain development, CNTNAPZ expression is
broad, with highest levels in frontal and anterior lobes, striatum, and dorsal thalamus. This
cortico-striato-thalamic circuitry is important for higher order cognitive functions, including
speech and language, reward, and frontal executive function (Rodenas-Cuadrado et al.,
2014). This is reflected in the imaging genetics studies having been performed for
CNTNAPZ, which cover studies of brain volume and structural connectivity as well as brain
activity and functional connectivity during tasks related to rewarded learning and language
(Table V).

Two studies performed DTI in healthy individuals. For the SNP rs2710102 it was found that
carriers of the CC risk genotype showed reduced overall path length and increased small-
worldness of brain-wide structural connectivity, which appeared to be a general phenomenon
rather than being localized to individual tracts (Dennis et al., 2011). A large study in healthy
individuals combining SMRI with DTI for the SNP rs7794745 showed that carriers of the
ASD risk genotype exhibited reduced gray and white matter volume as well as reduced
white matter integrity in the cerebellum, fusiform gyrus, occipital and frontal cortices;
distribution of reductions was found to be sex-specific (Tan et al., 2010).

In a case-control study, an association between the SNP rs2710102 and medial prefrontal
cortex activation during a rewarded implicit learning task was found, when collapsing
patients and controls into one group. The non-risk allele was linked to reduced activation.
Furthermore, the risk carriers had more widespread and bilateral connectivity throughout the
frontal cortex and anterior temporal poles. The latter finding was confirmed in an
independent healthy sample (Scott-Van Zeeland et al., 2010). An additional fMRI study
using a sentence completion paradigm showed that carriers of the risk genotype for one of
two SNPs had increased activation of the IFG (Broca’s area), the lateral temporal cortex, or
right middle temporal gyrus (Whalley et al., 2011).

The Met proto-oncogene encoded by the MET gene is a cell surface receptor with tyrosine-
kinase activity. In the forebrain, MET gene and protein expression is regulated in excitatory
projection neurons during synaptogenesis (Judson et al., 2011) and is restricted to regions of
temporal, occipital, and medial parietal cortex in humans. These regions are known to be of
relevance to the processing of socially relevant information (Rudie et al., 2012). The effects
of the ASD risk variant rs1858830 have been studied in two imaging genetics studies (Table
V).

A case-control study combining fMRI (emotional face task), resting-state fMRI, and DTI
modalities showed that the ASD risk genotype predicted wide-spread atypical brain activity
patterns to social stimuli, with increased activation in amygdala and striatum, and impaired
deactivation patterns in part of the default mode network (DMN) in the posterior cingulate
cortex. In addition, reduced functional and structural connectivity was observed in temporo-
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parietal regions belonging to the DMN suggesting altered white matter integrity. In general,
the effects were more pronounced in the ASD group (Rudie et al., 2012). An sMRI study in
a large sample of healthy individuals revealed that cortical thickness in temporal, pre- and
postcentral gyri, anterior cingulate, and frontopolar cortex was reduced in risk-allele carriers,
with reductions increasing with increasing number of risk alleles (Hedrick et al., 2012).

The oxytocin receptor (OXTR) gene encodes the receptor protein for oxytocin, which has
an important role in the regulation of social cognition and behavior (Meyer-Lindenberg et
al., 2011). So far, no imaging genetic studies were performed for risk variants in the OX7R
gene in ASD case-control samples, but twelve studies in healthy samples were found (Table
V). Various different SNPs and combinations of those were investigated, not all related to
ASD risk.

Two sMRI studies showed that adolescents homozygous for the rs2254298 risk factor for
psychopathology displayed an overall increased gray matter volume, but a decreased
amygdala volume (Furman et al., 2011); for carriers of the rs53576 SNP, a risk factor for
disorders associated with social impairment, a smaller hypothalamus gray matter volume
was reported in healthy adults (Tost et al., 2010).

Functional MRI paradigms used to study OX 7R all covered the cognitive domains of
emotion processing and reward (Table V). In a face matching task, adult carriers of the
rs53576 risk allele showed increased functional correlation of hypothalamus and amygdala
during perceptual processing of facial emotion (Tost et al., 2010). Investigating a large group
of 1445 healthy adolescents in a passive face viewing task for effects of 23 SNPs across
OXTR, the IMAGEN Consortium found significant effects of one SNP on ventral striatal
activity in a region of interest analysis. In the presence of stressful life events, this SNP
modulated the occurrence of emotional problems in the participants, linking more emotional
problems to reduced striatal activation; no effects of the risk variants for ASD were observed
(Loth et al., 2014). A study of brain regions related to processing of social stimuli observed
increased functional connectivity between such regions in adult carriers of the risk genotype
for rs53576 (Verbeke et al., 2013). Functional MRI of mesolimbic structures during reward
processing was modulated by the rs2268493 risk factor for ASD: young adult carriers of the
risk genotype showed reduced activation in mesolimbic reward circuitry (nucleus
accumbens, amygdala, insula, thalamus, and prefrontal cortical regions) during the
anticipation of rewards but not during reward receipt (Damiano et al., 2014). Using a
mother-child interaction task, Michalska and coworkers (2014) showed that females carrying
the ASD risk genotypes for rs53576 or rs1042778 had lower brain activity in OFC, ACC,
and hippocampus in response to child stimuli. When healthy adult females were tested for
empathic response and associated brain activation, carriers of the rs2254298 risk factor for
psychopathology showed increased responsiveness of the superior temporal sulcus to
observed pain (Laursen et al., 2014). In a pharmacologic imaging genetics study in adult
males, one of three SNPs modulated the response of the amygdala (only) after oxytocin
inhalation, with increased activation to directed gaze and decreased activation to averted
gaze under oxytocin in the carriers of the variant allele (Montag et al., 2013). This study did
not find any effects of rs2254298 on brain activation.
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In summary, genetic variation in the OXTR gene has been linked to brain activation during
emotional processing. Risk factors for ASD/psychopathology appear to reduce activation
during most relevant paradigms, but may increase functional connectivity during those tasks.

Four ASD case-control imaging genetics studies investigated the gene encoding the
serotonin transporter gene (SLC6A4, 5HTT) in addition to those in healthy individuals
(and ADHD case-control samples) described in the section on ADHD candidate genes.
Structural MRI, fMRI, and rs-fMRI were used to study the effect of either only the
SHTTLPR or the combination of this variant with rs25531 (Table V).

Whereas a VBM study did not reveal an association between total gray or white matter
volume and genotype in adult patients (Raznahan et al., 2009), another SMRI study showed
that in 2—4 year old boys with ASD, carriers of the SHTTLPR S-allele had increased total
cortical and frontal lobe gray matter volume (Wassink et al., 2007), suggesting an age-
dependent effect of the variant.

The fMRI and rs-fMRI study, performed in overlapping samples of adolescent patients and
controls, showed that carriers of alleles that mark low gene expression had increased
amygdala activation during an emotional face task, an effect that was observed only in the
patients (Wiggins et al., 2014b), and increased posterior-anterior connectivity during a
resting-state condition in patients, where the converse was observed in the healthy group
(Wiggins et al., 2012).

The findings of those case-control studies are not easily reconciled with those observed in
healthy individuals (Table IV and V1), and indeed the latter two studies suggest the existence
of differential effects in patients and healthy individuals.

Imaging genetics in selected intellectual disability disorders

A total of 579 records were retrieved for the ID syndromes of interest. Eighty research
articles were eligible for review according to our criteria, 30 for fragile X syndrome, 24 for
neurofibromatosis type 1, 22 for tuberous sclerosis complex, and four for Rett syndrome
(Figure 1). No imaging studies of Timothy syndrome patients were uncovered by our search
term. The reviewed imaging genetics studies in ID syndromes are presented in Table VII.

The fragile X mental retardation 1 gene (FMRI) is located on the X chromosome and
codes for fragile X mental retardation protein. Large expansions of a CGG repeat (>200
repeats) in the 5’- untranslated (5’UTR) region of the gene, leading to protein deficiency, are
the cause of fragile X syndrome (FXS). FMR1 has a prominent role in synaptic plasticity
and maturation (Saldarriaga et al., 2014). In studies including participants with the FMR1
full mutation, brain structure was most often investigated, followed by task-based brain
activation (Table VII). A few studies investigated brain structural integrity and resting-state
functional connectivity. Several studies compared individuals with FXS with and without
ASD or included an idiopathic autism or 1Q-matched group (Table VII).

The most robust finding in investigations of brain structure in FXS is an increased caudate
nucleus volume. This enlargement was observed early in development (Hazlett et al., 2009),
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throughout adolescence (Bray et al., 2011; Hall et al., 2013; Lee et al., 2007) as well as in
adult samples (Hallahan et al., 2011; Molnar and Keri 2014; Wilson et al., 2009). Studies
comparing individuals with FXS and with ASD found increased caudate volumes in children
and adults with FXS compared to children/adults with idiopathic autism (Hazlett et al.,
2009; Wilson et al., 2009). Consistent volumetric abnormalities have also been found for
cerebellar regions in FXS; a reduction in the volume was observed in both children and
adults with FXS (Hazlett et al., 2012; Hoeft et al., 2008; Wilson et al., 2009). Several studies
found cerebellar volumes to be larger in children and adults with FXS relative to individuals
with autism, in whom reduced volume of cerebellar regions compared to control subjects is
often seen as well (Hazlett et al., 2012; Wilson et al., 2009). Few studies have investigated
white matter integrity in people with the full FAMRZ mutation, and deficits seem most
prominent in fronto-striatal connections. Increased density of fibers was found in the left
ventral fronto-striatal pathway in boys with FXS compared to typically developing and
developmentally delayed controls (Haas et al., 2009), and differences in white matter in
frontal-caudate circuits were found in females with FXS compared to controls (Barnea-
Goraly et al., 2003). More widespread reductions in white matter integrity have also been
observed (Villalon-Reina et al., 2013).

Cogpnitive and psychiatric characteristics associated with FXS include poor eye contact,
repetitive motor behavior, language deficits, inattention, hyperactivity, inhibition, and
anxiety (Saldarriaga et al., 2014). Functional neuroimaging studies have focused on these
deficits, with a main focus on poor eye contact and behavioral inhibition. Several fMRI
studies have investigated the circuitry underlying face/gaze processing in subjects with FXS,
as eye-gaze avoidance is common in this population. Abnormal activation was found in
several regions, including superior temporal gyrus and fusiform gyrus (Garrett et al., 2004),
amygdala and insula (Watson et al., 2008), regions within the ventrolateral prefrontal cortex
(VIPFC) (Holsen et al., 2008), and frontal cortex and cingulate and fusiform gyri (Bruno et
al., 2014). These regions are associated with visual processing, social cognition, emotion
processing, and executive functioning, indicating that eye-gaze avoidance in FXS may be
linked to social anxiety. Investigating attention and inhibition, a study using a Go/No-go task
found that boys with FXS show reduced activation in the right vIPFC and caudate head. The
authors suggested that defective fronto-striatal signaling is a key feature of FXS, leading to
impairments in executive functioning (Hoeft et al., 2007), which is in line with the altered
white matter connectivity in fronto-striatal connections, described above.

The neurofibromin 1 gene (NVFI) located on chromosome 17g11.2 codes for neurofibromin,
a protein which is thought to be a regulator of the RAS signal transduction pathway and
necessary for embryonic development. Neurofibromatosis type 1 (NF1) is caused by
mutations in the gene, often leading to the synthesis of truncated or otherwise non-functional
proteins. We found 14 studies investigating effects of A/FZ on brain structure and four
investigating brain function. Additional studies of brain structural and functional
connectivity have been conducted. While most studies included children and adolescents, a
few studies have included adults as well (Duarte et al., 2014; Karlsgodt et al., 2012; Pride et
al., 2014; Violante et al., 2012; Wignall et al., 2010; Zamboni et al., 2007) (Table VII).
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The structural brain abnormalities most commonly seen in subjects with NF1 are T2
hyperintensities and an increased brain volume. T2 hyperintensities are areas of high signal
intensity on T2-weighted MR images also referred to as ‘unidentified bright objects’
(UBOs). Although their association with cognitive and intellectual deficits remains
controversial, thalamic hyperintensities have repeatedly been associated with cognitive
impairments (Payne et al., 2010). Multiple studies have investigated the characteristics of
UBOs. UBOs are found in almost all children with NF1, but reports on whether their volume
and number increases or decreases with age are inconsistent (Gill et al., 2006; Griffiths et al.,
1999; Kraut et al., 2004). A few studies have used diffusion tensor imaging (DTI) to
characterize white matter microstructure and integrity of UBOs by measuring the degree and
directionality of diffusivity. Higher apparent diffusion coefficient (ADC) and (radial)
diffusivity values and lower fractional anisotropy (FA) values have been found in UBOs
compared to normal appearing white matter (Ertan et al., 2014; van Engelen et al., 2008).
These findings can be explained by myelin deficiency and axonal damage. An increase in
brain volume is observed in children with NF1, which was found to be due to increases in
white matter volume (Said et al., 1996; Steen et al., 2001), gray matter volume (with an
increased gray to white matter ratio especially in younger subjects (Moore et al., 2000)), or
both gray and white matter volume (Karlsgodt et al., 2012). These volume increases involve
temporal, parietal, occipital, and frontal regions (Duarte et al., 2014; Greenwood et al., 2005;
Pride et al., 2014). In addition, the corpus callosum seems larger in cases compared to
controls, which has been found in children with NF1 as well as adults, marking it as a robust
finding for NF1 (Duarte et al., 2014; Moore et al., 2000; Violante et al., 2013; Wignall et al.,
2010). In addition to the investigation of UBOs, DTI studies have been used to study
microstructural integrity in NF1 more broadly. Increased ADC values (Ertan et al., 2014;
Nicita et al., 2014; van Engelen et al., 2008) and decreased FA values (Ertan et al., 2014;
Ferraz-Filho et al., 2012) are found widespread across the brain. Karlsgodt et al. also found
increased radial diffusion, which may be explained by decreased myelination or axonal
packing density (2012). Differences in radial diffusivity have also been observed at the genu
and anterior body of the corpus callosum (Wignall et al., 2010). The change in corpus
callosum size and connectivity observed in NF1 may have functional importance, as they
have been associated with academic achievement and visual-spatial and motor skills (Moore
et al., 2000).

Three fMRI studies have investigated visual-spatial processing in subjects with NF1, and
one study investigated phonologic processing (Table VII). During visual-spatial processing,
decreased activation in the primary visual cortex was found for individuals with NF1
compared to controls (Clements-Stephens et al., 2008), although an earlier study reported
contrasting findings of increased posterior (occipital) cortex activation relative to lateral/
inferior frontal activation (Billingsley et al., 2004). A later study did confirm that both
children and adults with NF1 showed deficient activation of the low-level visual cortex
during tasks specifically designed to activate magnocellular and parvocellular pathways
(Violante et al., 2012). During such magnocellular-biased stimulation, NF1 patients did not
deactivate regions belonging to the brain default-mode network as would be expected during
cognitively demanding tasks (Violante et al., 2012).
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The tumor growth suppressor genes tuberous sclerosis 1 (75CJ7) and tuberous sclerosis 2
(75C2) code for the hamartin and tuberin proteins, respectively. Mutations in either 7SCZ or
75C2disrupt the function of the GTPase-activating protein (GAP) complex formed by these
proteins that regulates mTOR signaling. The neurocutaneous syndrome tuberous sclerosis
complex (TSC), characterized by benign hamartomas in multiple organ systems, is caused
primarily by these mutations. In the brain, the hamartomas manifest as subendymal giant
cell astrocytomas, subendymal nodules (SEN), and tubers. Tubers show disrupted cortical
architecture and contain a number of atypical cells. For TSC, structural MRI and DTI
studies have been conducted investigating both typical neuropathological lesions, especially
tubers, and normal-appearing brain matter (Table VII). A consistent imaging determinant of
the cognitive phenotype in TSC has not been established. Findings of an inverse correlation
of tuber number and cognitive functioning have not been consistent (Ridler et al., 2004).
Tuber/brain proportion may be a better predictor of 1Q than tuber load, although the age of
seizure onset in patients seemed to predict cognitive functioning best (Jansen et al., 2008).
However, abnormal brain structure and connectivity unrelated to tubers are likely also
important factors contributing to the neurobehavioral abnormalities in TSC. Decreased white
matter volume of major intrahemispheric tracts has been found in adults with TSC compared
to age-matched controls, as has a decrease of gray matter volume in several cortical and
subcortical structures (Ridler et al., 2001; Ridler et al., 2007). Reduced volume in the
cerebellum has been associated with tuber-associated loss of the underlying parenchyma
(Jurkiewicz et al., 2006; Marti-Bonmati et al., 2000). Reduced cerebellar volume was
observed in all cerebellar regions in a more recent study, with strongest volume reductions in
patients with a mutation in 7SC2 (Weisenfeld et al., 2013). The finding of reduced cerebellar
volume is in line with mouse models showing cerebellar involvement in TSC (Reith et al.,
2011). White matter abnormalities are another typical finding in TSC. DTI studies generally
report increased ADC values and decreased FA values in individuals with TSC compared to
controls, in tubers and white matter lesions, but also in other white matter portions (Table
VI1I). Compared to contralateral white matter or white matter in control subjects, increased
ADC values were found in cortical tubers, and higher ADC and lower FA values were found
in white matter lesions (Piao et al., 2009). A recent study also found increased radial
diffusivity values and decreased FA values in cortical tubers and white matter lesions
(Dogan et al., 2015). Hypomyelination, gliosis, and heterotopic cells may lead to ADC and
FA changes observed in such lesions (Alexander et al., 2007). Abnormalities have also been
reported in normal-appearing white matter in individuals with TSC compared to control
groups. Decreased FA and increased ADC, especially in corpus callosum and internal and
external capsules, have been reported repeatedly (Krishnan et al., 2010; Peters et al., 2012;
Simao et al., 2010). A recent whole-brain analysis of white matter connectivity showed that
increased radial diffusivity exists throughout the brains of TSC patients and that
interhemispheric connectivity is decreased (Im et al., 2015).

The methyl CpG binding protein 2 gene (MECP2) is located on the short arm of
chromosome X (Xg28) and codes for the protein MECP2. MECP?2 acts as a modifier of gene
expression and is highly expressed in the brain. Mutations in MECPZ are the cause of Rett
syndrome, a disorder primarily affecting female patients. Brain weight is reduced in Rett
syndrome, particularly that of cerebral hemispheres. Although the anatomical basis for this
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reduction is not completely clear, it has been suggested that it is caused by defective
neuronal maturation for which MECP?2 is essential, rather than by atrophy (Armstrong
2005). Only few imaging studies have been conducted in series of patients with Rett
syndrome (Table VII). All investigated brain structure in girls. These studies confirmed a
wide-spread reduction in cerebral white and gray matter volumes, the latter most
pronounced in subcortical nuclei including the caudate nucleus and in prefrontal, posterior-
frontal, and anterior-temporal (Reiss et al., 1993; Subramaniam et al., 1997) and parietal
regions (Carter et al., 2008). Using DTI, evidence of reduced white matter integrity was
found in frontal regions, corpus callosum, and internal capsule. FA was also reduced in the
superior longitudinal fasciculus, but only in patients who had little or no ability to speak
(Mahmood et al., 2010).

Discussion

In this review, we set out to summarize the literature on imaging genetics studies in
neurodevelopmental disorders. This being a very broad field, we focused on three most
frequent and often comorbid disorder spectra, ADHD, ASDs, and selected forms of ID, and
we only considered MRI-based imaging genetics studies. Further restriction of the search
space was achieved by focusing on genes harboring common genetic variants with the most
consistent evidence for association with ADHD and ASDs, and by selecting five relatively
common ID disorders with frequent ADHD/ASDs comorbidity implicating single genes.
The review was driven by the wish to learn more about the mechanisms by which genetic
factors influence disease-related behavior specific to the individual disorders and their
clinical overlap.

At the level of the individual genes, the most extensively studied candidate gene is the
SLC6A4 (5HTT) gene encoding the serotonin transporter (associated with both ADHD and
ASDs). Limitations regarding power of individual studies and hypothesis-driven designs
aside, the fMRI-based imaging genetics literature on this gene does show a remarkably
coherent picture of functional genetic variation leading to hyperactivation of the amygdala
and connected areas in conjunction with functional dysconnectivity amongst those areas.
However, since much of this research has been performed in healthy individuals only, the
link to cognition in ADHD and ASD patients needs further investigation. Findings for
SLC6A3(DATI) and DRD4, which have also been studied quite often already, still lack the
consistency observed for SLC6A4 (5HTT), partly due to the much less restricted focus on a
particular cognitive domain, and thus more ‘patchy’ literature.

The most consistent findings observed in all of the imaging genetics literature reviewed here
are for the different genetic variants for ID. This is likely linked to the severity of the
variants present in the patients, with those for ID being rare and most damaging. Consistent
are finding for increased caudate volume and reduced cerebellum due to FMRI mutations,
and for T2 hyperintensities and increased brain volume in patients carrying AVFZ mutations.
However, in terms of finding overlap between different forms of ID, we find that
conclusiveness of studies still is limited, as most concentrated on a limited set of (often non-
overlapping) features. Tubers and T2 hyperintensities have received a lot of attention in
studies of TSC and NF1, for example, although reports on their contribution to cognitive
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deficits are inconsistent. In recent years, DTI studies have produced evidence that tissue
microstructure and white matter connectivity patterns are affected in all ID disorders, and
often in widespread brain areas. Effects on brain volumes are also often widespread, but can
go in opposite directions, with reductions in total brain volume in Rett, but increases in NF1.
One may conclude that while altered (structural) connectivity is likely to play a role in ID
etiology, MRI at its current resolution (1.5 — 4 Tesla), does not allow a sufficiently detailed
view on the brain to understand the neuroanatomical overlap between disorders (Williams
and Casanova 2011).

Similar to the situation amongst the ID disorders, there seems to be little overlap between
the findings for different genes in ADHD or ASD. This is likely to be heavily influenced by
the strong focus on regions and cognitive domains of interest (consistent with the limited
power of many of the studies published to date). Some overlap is seen, e.g., for DA71 and
DRD2, both of which have been studied for their effects on striatal phenotypes.
(Appropriately powered) brain-wide studies and phenome-wide association study
(PheWAS)/RDoc-like approaches (Cuthbert and Insel 2013; Pendergrass et al., 2011) would
help to determine, whether the apparent specificity of brain phenotypes for individual genes
is real. An important observation is that gene expression does not predict/limit the location
of effects of a genetic factor (e.g., SLC6A3/DATI shows effects outside of its region of
gene expression), most likely through effects on structural and/or functional connectivity.

Did the reported imaging genetics findings help us understand the comorbidity between
different neurodevelopmental disorders? This would be expected, since several of the genes
implicated in ID, ASD, and ADHD function in the same or overlapping molecular networks
(Poelmans et al., 2011; Rudie et al., 2012; van Bokhoven 2011). However, the limited
availability of genes investigated through imaging genetics to date might bias our
interpretation of the data. In 1D, the genes studied thus far are related to mTOR signaling,
RAS signaling, and translation repression/regulation, thus functioning in very ‘basal’ cell
signaling pathways in comparison to the genes investigated for ADHD, which regulate the
dopamine and serotonin neurotransmitter systems specifically. This could explain the much
more widespread cell proliferation/migration defects observed in ID, whereas in ADHD
defects seem more specific, e.g. limited to individual neurotransmitter systems and or
affecting cell-cell communication more acutely. ASD seems to be intermediate between the
other two disorder spectra, but more studies are necessary to substantiate this view. What is
already very clear from the available studies, is that the associations of genetic factors are
with behavioral traits, and not with the disorders directly (e.g., (Hoogman et al., 2011).
Some level of pleiotropy is highly likely, which may also form the basis of comorbidity
between the neurodevelopmental disorders.

In general, we found the existing imaging genetics literature for the three
neurodevelopmental disorders of our interest lacking in several aspects. Firstly, despite our
focus on well-supported candidate genes, several of the selected genes had not been studied
at all with MRI in humans. In several additional cases, only single studies were available for
different MRI modalities (SMRI, DTI, fMRI), thus limiting the conclusiveness of the
reported findings. Secondly, most imaging genetics studies, especially the earlier ones, suffer
from being underpowered. The small sample sizes are severely hampering the generalization
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of findings to the population the samples are meant to represent (Button et al., 2013).
Although the endophenotype concept postulates that measures, which mediate a genetic
effect on behavior (including some of those investigated in the imaging genetics studies),
should have stronger effect sizes for gene effects than the behavioral/disease measures
(Gottesman and Gould 2003), the sample size of most studies would still have to be
considered too small. The problem of limited number of samples becomes evident from e.g.
a recent review by Strike and coworkers. They showed that at the most lenient threshold for
significance (a = 0.05) studies with at least 1,566 participants would be needed to achieve
the canonical 80% power threshold to detect a reasonable effect size (0.5% of the phenotypic
variance explained) (Strike et al., 2015). Furthermore, recent work raises doubts about
whether larger effect sizes can really be expected for neuroimaging (endo)phenotypes, at
least for volumetric MRI measures (Franke et al., 2016; Hibar et al., 2015b). Major
challenges are the large inconsistency across genetic variants tested and genotype groups
compared, differences in study designs and imaging modalities, and the fact that data
acquisition and analysis protocols usually were not standardized across studies.
Additionally, we observed large inconsistency across studies in the way how genotypic
effects were reported and recommend a standardized way of reporting results, e.g. including
at least effect estimates and standard errors. Nevertheless, meta-analyses are strongly needed
in order to enable definition of robust findings and realistic effect estimates. Therefore,
meta-analytic studies would be beneficial for those brain measures covered by multiple
studies, as it was shown for the effect of the serotonin transporter SHTTLPR on amygdala
activation (Murphy et al., 2013). Thirdly, to interpret observed links between genes, brain,
and behavior properly, one needs to determine, whether a brain (endo)phenotype is really
intermediate between a genetic factor and a behavioral outcome, or if it is only an
epiphenomenon unrelated to the behavior of interest (Kendler and Neale 2010; Preacher and
Hayes 2008). Only few studies have really studied this, e.g. by mediation analysis including
environmental, behavioral, and/or physiological variables (Klumpers et al., 2014; van der
Meer et al., 2015), by applying combinations of different imaging modalities (Kobiella et al.,
2011; Zhang et al., 2015), or by using causal modeling (Sokolova et al., 2015). The results
of those studies show that only part of the brain regions showing genotype effects actually
do mediate between genetics and behavior, proving the importance of such multilevel
investigations. Fourthly, age effects might also be of importance, but have been neglected in
most studies. Our own work has shown, for example, that the risk factor for ADHD in DAT1
differs between children and adults, which resulted in effects of the 9-6 VNTR haplotype on
caudate nucleus volume only in adult patients (Onnink et al., 2016). Age effects have also
been observed for the 5-HTTLPR variant (Wiggins et al., 2014a). Fifthly, current brain
imaging genetics studies often suffer from additional limitations, such as the low ethnic
diversity, as most studies included cohorts of only Caucasian origin, and gender imbalance,
especially in studies of childhood ADHD and ASD that showed an over-representation of
males.

An important additional aspect is that this review enabled us to look at the overlap between
studies in healthy individuals and those in patients (case-control designs). An interaction
between genetic variant and diagnosis was indeed observed in some studies (e.g. (Durston et
al., 2008; Monuteaux et al., 2008; Wiggins et al., 2012; Wiggins et al., 2014b). With the
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available limited amount of evidence it is hard to judge though, whether this is a true
difference between patients and healthy individuals, or whether it is simply due to power
restrictions in the samples investigated. Recent genome-wide studies investigating the
genetics of brain structure as part of the ENIGMA Consortium (Thompson et al., 2014)
suggest that effects are largely similar for healthy individuals and those with a psychiatric
disorder (Hibar et al., 2015b; Stein et al., 2012). This means, that brain imaging genetics
studies with healthy participants can be very informative in discovering related brain
correlates and in understanding the biological mechanisms leading to diseases of interest.

Did we overlook important literature through the choices made in our review? We did
restrict our selection of genes to study. For ASD, we did not include genes harboring rare
genetic variants, while those might result in stronger effect sizes, as observed for the 1D
genes. However, most of the rare variants linked to ASD have only recently been identified,
making the availability of imaging genetics studies (with 10 or more cases) unlikely. A
similar argument holds true for our selection of ID genes, where the imaging genetics
literature is largely focused on the relatively common disorder subtypes we included in our
study. We also restricted our search to MRI-based studies, following a first screen of the
literature showing that this was the predominant method used for imaging genetics studies of
the neurodevelopmental disorders. Nevertheless, for several genes/variants, also other
imaging modalities have been employed, which may provide additional insights. EEG and
MEG offer a much higher time resolution than MRI, and may allow investigation of genetic
influences on neuronal functioning and oscillation patterns. PET can provide information on
(acute) protein availability. Especially the integration of modalities in the study of individual
participants can provide deeper insights into mechanisms (e.g. (Kobiella et al., 2011)).
Moreover, future studies might want to investigate additional comorbid neurodevelopmental
disorders, such as conduct disorder (CD) or obsessive-compulsive disorder (OCD), once
robust association of genetic variants with these disorders has been established and
investigated in imaging genetics studies.

To summarize, despite the considerable numbers of imaging genetics studies in
neurodevelopmental disorders available for review, this field of research should still be
considered in its early stages. More genes need to be studied, and individual genes need to
be investigated in larger samples, with more hypothesis-generating brain- and phenome-
wide methods. Gene-environment interactions and age effects should be taken into account.
While we see consistent findings for single genes and variants, gene-wide and gene-set
analyses, with polygenic scores explaining more phenotypic variance and thus improving
study power (Bralten et al., 2011), are likely to take the stage in the future. Several early
examples reviewed here already show the promise of this work (e.g. (Nikolova et al., 2011;
Passamonti et al., 2008; Stice et al., 2012). As the genes in such sets often show different
gene expression patterns, (structural and functional) connectivity patterns are likely the best
brain phenotypes to be studied with such approaches (see above). In the future, we are also
likely to see studies approaching imaging genetics in a different way, by asking the question,
whether genes contributing to brain structure/function observed in hypothesis-free, genome-
wide approaches also contribute to disease-related phenotypes (Franke et al., 2016). First
studies of this kind have been published for schizophrenia (Franke et al., 2016) and
obsessive compulsive disorder (OCD) (Hibar et al., 2015a), based on results of findings from
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the ENIGMA GWAS of brain structure (Hibar et al., 2015b; Stein et al., 2012). To
successfully map the biological pathways from gene to disease, imaging genetics studies
need to be combined with complementary approaches (Klein et al., in press). Recent
examples for this are provided by studies by our own group, in which we investigated effects
of ADHD-associated genes for their effects in the fruit fly Drosophila melanogaster (Klein
et al., 2015; van der Voet et al., 2016), as well as the study by Jia and coworkers, in which
the authors identified a genetic variant significantly associated with dysfunctional reward, a
cognitive and affective deficit frequently observed in ADHD, then verified gene function in
locomotion in the fruit fly model (Jia et al., 2016). In conclusion, although still in its early
stages, results from studies available thus far already confirm that the imaging genetics
approach is suitable to provide more insight into the link between genes, the brain, and
behavior in neurodevelopmental disorders.
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s
~—
Records after duplicates removed
ADHD:( n =333)
a0 ASD:(n=295)
= ID:(n=578)
)
=
Q
o3 /
__ Records screened Records excluded
ADHD:( n =333) N ADHD:(n=179)
ASD:(n=295) . ASD:(n=270)
ID:(n=578) ID: (n =387)
=
fg,, \ 4
"'" Full-text articles assessed for eligibility Full-text articles excluded, with reasons
ADHD:( n =154) ol ADHD:(n=37)
{ ASD: (n=24) 5 ASD: (n=2)
ID: (n=191) ID: (n=111)
P
° \ 4
= Studies included in qualitative synthesis
Té ADHD:(n=117)*
= ASD:(n=22)
ID: (n = 80)
—

Figurel.
Preferred Reporting Items for Systematic reviews and Meta-Analysis (PRISMA) flowchart

of the literature search and study selection for qualitative analysis. Note: see http://
www.prismastatement.org/ for more information in this reporting system. ADHD =
Attention-Deficit/Hyperactivity Disorder, ASD = Autism Spectrum Disorder, ID =
Intellectual Disability. Records excluded for ID contain unrelated records identified by
screening as well as records describing non-1D samples. * The number of studies for ADHD
candidate genes also include the records for SLC6A4 (5-HTTLPR), which is also a
candidate gene for ASD.

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.


http://www.prismastatement.org/
http://www.prismastatement.org/

Page 43

Klein et al.

"600Z “'[2 19 19219 Ul G0'0 >4 18 }Nsal Jueoyiubis sajedlpul 1Xa) pjog

‘Aq pauodai 1511y co:m_uomw/\m

(6002 '1e10 13219) °, (2002 "[e 10 Aydoug)

zrdoz/din € ajd|fe L YPGOvLES1  eQpiGE ‘utslold pajeroosse-JewosoldeuAs SZdVNS
,(ot0z
. ‘ . ‘ . 6 Jaquis|N
1233 01N) :, (€T0T "[2 32 INOYeIBIRIS) ', (€002 "B BNIIS ) 7 1 rde iy alele L /S80T86S! 'V AIWRJANS ‘6 AllWed JOLUED BINOS  6IHA/EVEDTS
QSHON Jauodsuen
. . . . . Uju0104as ‘7 Jaquisw ‘(Jspodsuely
© ]9 SseepueT]) . LRERE) . e 19 Joue
Ie 39 seepueT) 3, (6002 '[e 19 19719) 5, (T00 "[e 39 JOUBN) TTbsT/1810W01d ajajfe Buo MdILLH-G  Jamiwsuenoinau) g Ajiwey Jauies anjog  LLHS/PV9OTS
anom ‘e 18 18219) °,, (9002 '[e 18 $340018) o1dg/g voau) Jeadal g YINA da e
‘le19 18z19) ¢ uewBas pue gnissisp-IjIe
(6002 "[218 16719) -, (€002 S pue gnIssIapA-111[eo) o1dein .6 aBIE © 2101251 1 sevodsuen sunwedoq ‘g
. . . Jaquial\ ‘(J8yiodsuel | JeniwsuelioInaN)
(6002 1212 33219) , (S66T '[2 12>1000) sTdSpdLN L€ Teadal 0T H1INAdgoy 9 Allwed Jarued anjos . FLVAEVIDTS
(ST0C 1832 1203M) 3, (6002 "o 10 dfuei) (6002 12 12 J13%) ZbzT/T uoxa aelle Moys  1eadai v dg 0TZ-08T T 8SeyUAS 8pIX0 ILIN »TSON
£(2102 ‘1219 3qqe) - (1102 ‘[ 3leIE O 99085895/
9 soseqly) ¢ ‘[e 10 Buemp) ! ‘e 10 sofing-soal
! 1) uGSN ey H) 3, (0T0Z 123 8-5001v) eThy ald|e 9 G99TG598! € uiiydoseT ENHdT
. . . ps|dnoa
anom 1232 19219) 1, (200Z '[e 12 IMeH) ¥Tbg/T uox3 aRIe 9 962954 -ursjoud 9 ‘g Joidsoal uluololes qriIH
(2102 ‘138 ) ¢ (6002 T8 39 10219) . (666T "I 18 A1) spad.
q q ~e 9Tdp/Buuely .G 3J9|[e dqg 8T apnospnuip dg gyT 5@ Jordsoai suiwedoq sqya
anom ‘e 19 19219) .naoom ‘e 39 Bue) °, (1002 '[e 19 1reg) GTdTT/810WO0Id a8l L GSB008TS
. . . . . (sueisy ul
QANSN [2 18 NAA) .qaoom 212 13219) °,,(966T [ 19 21SOHET) GrdT/suoxg  teadaig) teadai / YINAda gy @ 101daoa1 auwredog paya
1219 Ued) * 1219 SBUILO ezbtT ETE T Buiureluod urewop aseury pue
QAmSN 183 Ued) :,(T66T "2 10 sDulwod) /Bujuery € /g uox3 -TV =33lle L (£6¥008781) VTbEL Jeadas uuAduY je@ J01dedal suledod  IXYNNV/ZAEA
uonsod wsiydowAjod
AHQAV Y}m Uo1RI00SSE JOS1I0d8 1 104S30UR BJY 1yo/uo11ed0 aple X1 /Uellen pale oSSy upI0.Id aueD

‘sasAjeur(-e1awW) 1UaJ3J dJ0W pue (6002 |e 18 49Z19) U0 paseq ‘QHAY Ul paredljduwl AusISISuod 1S0W SJUBLIEA UOWWOI Bulureluod sauss)

Author Manuscript

‘1 31qeL

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 44

Klein et al.

‘punoy salpnis sonaush
BuiBewi ou ‘yeadas wapue) Jaquinu ajgelieA = ¥ 1 NA ‘Uoibal pajejsuesiun = Y1 N ‘UoielieA Jaquinu Adod = AND ‘wosowolyd = 1ya ‘ured aseq = dq ‘Japiosip AuanoesadAyaiolep uonuany = AHAVY

Apnis sonauab Buibew [013U02-aSeI BUO 1SB3| 1B UYIIM BUI)
¥

‘|]apow [ewiue Buisn uorepien Jo ajdwes abie| u co_um_oo&ﬂq

“Buipuy SYM9,

"8]91Le m_m\A_m%.Sm_\,_Q

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 45

u:SN ‘e 18 noyz)

(101dadal
10198} YImo4B a18001eday)

Klein et al.

WQSSN '[E 30 WodsUeY L) wmaoom 1233 BN0S) %, (9002 "[€ 19 l13qdwe)) T€b//1810W01d 3pIe D 0£8858Ts! auaBosuo-oj0id 18N LIV
‘|e 18 yanyo
p(P102 "2 38 4onus) 26 Tgb.T/6 Uox3 apalfe v 8065TS! (1902
‘[ 18 yonyos) ¢ ‘[e 18 1uoljode uabuue el c_mﬁuaog_m
u@SN 39 4onyds) -, (TT0Z '[e 19 1uotjodeN) 26 TZbs T/TT uonu] SIE L 2862092151 1ojered) € B18G “uniBalu g9/
‘|e 18 131LIE,
(€10 "I 12 oLIEM) ZTbgT/uony| aplfe L (©3) 9969€9TTs!
‘|e 19 J3LLIE,
p(ET0C ‘238 JoLe) Z1bsT/UONU 3leIe © (d3) 9v590865!
‘|e 19 13l
p(ET0C 238 JouIeM) ZTbsT/uonul sl O (SV) 625€652TS!
‘|e 18 Jallg,
(€102 "[e 10 1ouE) ZTbsT/U0NU| alelle L (SV) 09597181
‘|e 10 J3lLIE,
p(€T0Z "I 13 JourEM) ZTbgT/UONU 3j3Ie © (Sv) 85T08T.8!
. € ©18q ‘101d30a1 v (VAV9D)
(ET0T '[e 18 JaLiten) ZTbsT/U0NU| aRIe O ZTGTLTLSI pIoe dLAINGOUILE-BLILIRD £949V9
'|e 18 pakeus : ‘|e 19 1uele
(G002 1218 pakeusg) -, (+00Z '[e 19 1UeseyD) oghzuonu alele L €6T98TS!
‘|e 18 pakeua : ‘|e 18 1ueae
(G002 [e18 paeuag) -, (v00Z '[e 10 1UeseyD) 9gby /uonu| afelle Z.6T98TS! Z xoqoawoy pajrelbuz ZNT
(1102 '[e 10 UIAIS) geby/g uox3 apIe D 20T0T.2s!
_ . . z ol
hSSN [233 17) :,(8002 "[e 38 Bupiv) Geby/z uonu| sl L GpI61.S)  -UIB0Jd PaTeInosse UNIEIoD LEdYNLND
. ‘ . asuasiue
(2102 '[e 13 1ipueld) -, (6002 ‘[ 1o Buen) y1dguabiau alele O 650/0ErS! T suabopnasd uisso SYIdNSN
‘e 18 1uIpuelqd) - ‘e 18 Bug,
p(@T02 1212 UIpUed) ;) , (600C 12 12 Buew) Tdg/o1usbiz| sl3Ile O 65020 0T UMayped 0TH@o
EANSN T2 19 JupUeld) ”u.waoow 219 Buem) y1dg/o1uabiaiul 8[a|e O 6G0L0EYSI 6 utiaypen 6HAdo
wsiydowAjod
ASV Y}M UoIIRID0SSe 10 S0uR Py  uolsod Jyo/uoiredo ap|e Iy JIUR1IeA PRIRIDOSSY upiold =)

"$3|011JR Y2Jeasal Juadal Uo paseq sem SV 10J Sa|aje ysi pue swsiydiowAjod ajepipued o uonds|es (6002 ‘1.
18 BueAN ZT0Z "I 18 IUIpURld) SYAD Ul SQSY YIM uoie1d0sse uediiubis apim-awouab umoys sey sauab asayl Bulinogley snaoj ayl asnedsq ‘S TdNSw
pue 9rHAao ‘6HAD pappe spn “(ET0zZ) 1uoljodeN pue 031siad wouy pardepe ‘sSy ul parearjdwi AjBUIduIAUOD 1SOW SJUBLIBA UOWWOI Bulureluod sauas)

Are1qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 46

‘punoy sa1pnis sonaush BuiBewn ou :(yusnonb Ayredws = OF ‘BLIOSOWOIYD = JYd ‘BUWIIPUAS S, Jabiadsy = Sy ‘1apJosip wnidads wsnny = sy

Apnis sonauab Buibewi |03u09-35eD BUO 1SB3| 18 YIIM 8Ud9)
¥

‘|apow Jewiue Buisn uoiepifen Jo ajdwes abie| ul co:m_oowm,qh

‘Butpuy SYMO,

‘9|01 w_w\A_m:m-Sm_\,_Q

‘Aq pauodai 1511y co_z.,_uomm,c\mv

Klein et al.

(€702 "[e 1 mopeo) ”.c@ﬁom 121 Ja1apAN) Z'TTb.T/1910WO01d aja|e buo HdLLH-S Jauodsuesn uluojoses  LALLHS/EVIDTS
 (L00Z 12132 Uoo>i-Aalysv) 2zbu/TT uony| alalle L 655€L075!
mAmHom e 19 BULIRYS) zzbz/eG uonup  ¢oi19ads uoneindod 10/9€/84
p (0102 1232310H) 2zb./Ty uonu EIETTEE) 08.29¢s!
g(¥102 1232 Duen) Zebl/zz uox3  ¢oyroads uoie|ndod 16929¢€s! uijesy NTFH
p(800Z 1230 J2197) Gede/euonul Bl L 68922
ufow ‘238 Jo1aBAN) °, (5002 '[e 38 M) szdg/cuonul Al v .
EQSN
‘T30 1j0deN 1) -, (TT0Z '8 39 113qdwied) :, (8002 “[€ 19 Ua||0BUA) czde/euonul alalfe 5 £6v89225)
n@sm "B 32 JOIOHAN)
(0102 "[B 33 n17) °, (¥T0Z UBWIPIEM PUE 01ed0T) 5, (G00Z "[8 12 M) szde/cuonul SpIE 96255225
QQSN UewIp[ep pue oedo) £, (0T0z ‘2 18 ni) szdg/cuonul S 16v89225)
(7702 UBLIDIEM PUE 01ed0T) -, (0TOZ '[E 32 i) szdg/suonu] Sl 1981£25)
n:SN
132 112GeD) , (102 UPLLIPIEA PUe 0Jed0T) , (OTOZ 1230 Aostied) Gede/Buniueyy & afaIe v 1822€915! 1013981 UIDOIAXO HLXO

wsiydiowAjod
dSV YlIM uoiTeIoosse Jojsaoue ey  uolisod Jyo/uoiredn] ap|e XsIy /Ul Jen pa1eIdoss Y uplo.d ElTS)

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 47

‘punoy sa1pnis sonauab Buibew
0U {3W0SOWOoIyd =1yD ‘1apJosip AAnoesadAyaidoysp uonusny =AHAY :JapJosip wniidads wsiny =AsSy ‘Aujigesip [enasj8iul =ajl €10z Houydo pue uewision] woly paidepe se dejiano aidAiousyd

OT-eydje nungns

umouxun 00z s4ay1o pue psme|ds] %609 awoupuAs Ayrown e1dzT Jauueyd wnioed adAl- Juspuadap-abeljon  DTVYNIVD

umouun [600z siaupo pue LseYINM] %85-2 awoupuhs poy 8zbx ¢ ujoud Buipuig-9do-1Autein z2doan

£1dotr utisqny 2OS1

[600z s1aypo pue 1eby.a] %609-0€ [7002 el 8p pue Jayreid] %0G  x8|dwiod sisoa|ds snossgnL vebe urJeweH 10S1

[500z sJ8y1o pue uewAH] %8E [£102Z S1auy10 pue ysiepn] %0v T 9dA1 sisorewolqi0inaN TTbT ulIo4qI0INaN 4N

[900z siay10 pue ueal|Ins] %65 [600z stay10 pue uew.sbeH] 90€ aWoIpuAs X a)1beiq 12bx uia1o4d uonep.elal [eluaW X ajibelq TN
adAoueyd

perepI-aHAY Joorel paliodey  adAlousyd perep.-ASY 10 8Tel peliodey Jepuosip | pereossy  uonsod 1Yo ue10.d aueD

Klein et al.

‘dSV Jo/pue aHAV Yyum dejiano aAIubod pue [eloIAByag YIIM SIaplosip @] ausb-ajbuls paipnis-|jam pue jusjeaad Buisned sauss)

A1 a1qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 48

Klein et al.

(£00Z "2 18 UY0D)

AAII03UU0D [eUOROUNY

[eIB111S0IUOIY pUE 3oueWIOMad Ysel INg ‘WnjeLs

pue ‘3102 aye|nbuid ‘D40 [eIpaw Ul sasuodsal

paemal [enauy :auljoBiaged Xoeqpasy aasod

0} sasuodsal [einaul 4 :UOIIPUOD 0gade[d Ul SIBLLIED -T

(Te-02
abuels abe) OH zz

SIBLIIRD-ZY 2V
"SA SI311IED TV

>ise) Buiuses) [esianal
paseq-yoeqpss4

SHNDUID
[€1e111S0MUOY [eSIOP Ul ANAINOSUUOD [eUOROUNY |

(0T0Z pue ‘ease uonounl eluoly Jouaul ul AlARoe Buiyoms SI9LLIRI-TY whipesed

Ie 19 [9Z31S) [euolgaid | ‘1500 BUIYONIMS-YSeL | :SIa1LIeD-UoU Ty (ZZ) DH8Y  'SA SIalLIRI-UOU-TY Buiyonms-sel
UOIBAIDR BINSUI uonejndiuew

(€102 Jougyue | pue (quswysiund + pJemas 03 pasedwod SI81LIRI-2Y/2Y uoneAnow
‘1e19J3IYd1Y)  SE) auOoje pIemal 0} SII8Y8 3IUBIBLIBIU] 4 (SIaLLIED -TY (6'22) DH 2E "SA SI81LIRD -TY B Y1IM Yse) Jayue|4

(TT0Z e 18 997)

((ev

/TY) dnoub snoBAzossiay Ui ueys (Zv/zV + TV/TV)
sdnouf snobAzowoy ur Ausuaiui jeubis Jaybiy) 1inwins
|e1oey aAljefau 03 asuodsal ul efepbAwe pue ‘QDv
‘uawelnd ui suoireAnae saiyipow adAiousb vibel

51(2'€2) OH ¥

SIBLLIRI-2V /2
'SA SJI81LIRI-2V/TV

'SA SIBLIRD-TV/TV

>Se) 908} [euonowy

“(sJ81118D s (Ls1)
-TV Jo} uteb yBram o3 parejas Ajaairebau) ureb 1ybiam Hee 'z 1NN (swbipered [N
01 paje|al Ajaaiisod sem axeiul pooy 03 asuodsal OHee .N@. omw 2) pooy ajqelejed
Ul UOITRAIIOR [e1R1IS | SIa1BD-UOU-TY ‘NG pue 1d182al 1 Slalled-gy/gy  Buiaiadal 01 asuodsal
(8002 "[e 19 2211S) pooj 03 asuodsal [eyerils Usamiag uole|al anebaN | OH €1 1T 14N} "SA SI31LIRD -TY Ul UoIeARIR [e1ellS
'SI91IeD -TY Ul
aunduoowouq Japun souewlopad | ‘(isiuobe 10ydadss
2Q) aunduoowoiq 01 ogade|d wody SIsAjeur uondeIBUL SI81LIRI-2Y/2Y wbipesed
(9002 "[e 18 Yyasiryl) Aem-331U} Ul UOIJBAIIJR SUSGWINJJE SNBJINN | (1'52) DH v2 "SA SI31IeD -TY uonredionue premay
D4d [eJalejosiop 3{Se) UOITeUIWLIOSIP
6L puB WINJRLIS Ul UOIBAIDY | :SISLUBI-TY 10109 Jo [elodwa | 14N

(4104 SIBILIBI-2Y/Y (NgA) (sr011e

‘e 18 JauaIpn) 191SN[2 JB|[3G8132 Ul SWIN|OA 1 SIBLLIBI-TY (52) DH 52 'SASIBIIED -TY  BWNJOA A PUB N 14INS v =3B

1 '/6v0081s4)

erbel

(6002 Alresaie|iq eibiu enuelsgns SIaLLId-2V/ 2V (wan) N

‘e 18 BSeIaD) Burssedwoous ‘ureigpiw Jo Lied 4 :SI9LIED -TY (2'08) DH 02 "SA SI311BD -TY awnjoA INO [eqo|9 14INS /zayda zada
(sTeak uiabe po redwod adfAovayd  Alrepow
0UL BJBY (@dA10Uab Jo 10840 UrRW) SY NS Arewilld  UeBw) 8z s so|dwres sdnoJb adAouen annuboo/Huibew | Buibew | juel e a9
(1 91qeL 998

sauab ajepipued JO U0I199|3s J0)) uoneindod Aylesy ayr ui saipnis sauab alepipued QHAY pue sajduies |011u02-ased @HAY Ul saipms sanauab Buibew|

Author Manuscript

‘Al dlqel

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 49

Klein et al.

(11)
11 3Sel uoneuIwLIdsIq
Bulinp DOV pue 94| pue UOIBAIJE JB||30a192 Udamiaq awi] pue (1)
pue O] BuLnp OOV pue 941 Y| UsamIag ANAIBUU0D yseL Aujiguedwooul
(z102 Jeuoriouny| ‘1 | Ul UOITBAIIOR JB[[808132 | pue D] SIaLUBI-Y/ asuodsal
‘e 18 Y2egs|io) Ul 94| pue 3|pPIW Y3| JO UOITBAIIIE |, :SIBLLIBI-UOU-Y/ ('TT) DH 92 *SA SJ311Jed-uou-y/ -snjnwis paulquio)
(sretn L09-0N,,
Buninp asuodsal 104G Ul 9UBLIEA JO 949-G "8I IO}
pajunod2e snjels Jeadal-/) seale Jej|agalad /|endioao
(¥102 Y61 pue ‘Xa1109 Jojowald Ya| ‘941/04d Jousiue SIallIed-¥/
‘e 18 uebifInA) YBLI Ul UOIIBAIDE 1 ‘:S[eL) ,,09-0N,, SIaLLIed-H/ (8T) DH 29 UOU "SA SJ31IIed-y /. se} 0b-0N/0D
'aq0]
(sToZ Jesodwial ybu ur sebew esinau 0} pasedwod sabew SIaLLIRI-Yi /Yy
‘e 18 3o1Y39D) juesea|dun 0} asuodsal ul AJAIOR | (SI8LURI-Y/ /H1 (e'e2) DH 92 "SA SI9led-d/ /4y Ysel Bupel jeuonow3
‘A18IXue pue |g pooyp|iyd Ajres ‘saAiuadul 0} asuodsal
Jeinau Buowe suoie|al pasuaniyul adAloush yaya
"S8ND SAIJUSJUI 0} 3SUOdSaI [EJelS | (SIaLIIed-Y/
(r10Z "ND u1 uoneanoe pue (1g) uomiqiyuj SIa1IBd-H/
‘e 19 Jsebp3-zaiad) |eJoINRYSg USBMIB( UOIIB|a PaYesapowl Snels pqa/d (e9T) DH 82 UOU "SA SJ31IIed-y /. Mser ailiN 14N
'sndwesoddiy pue ureigpiw
punoJe seale pue xa109 aje|nbuld 1o1183sod ul panIssgo
a1aM susaned JejIwis ‘yse} J0)oWI0SUaS pue Xse}
Aiowsw Bupiom Buipuewsp-uonuane Yyioq Ul sease whipesed xoeq
snaundaid Ul UOIBAIOESP PBINPUI-YSeL 4 : SIBLUIRI-HS -N 0} pajejas AlAndY 14N
(gT02 SeaJe [ed110IqNS pue X3140J [elgalad Jo (1:02) OH S92 SIa1Ied-HG
‘e 18 1yonaxe| ) seale N/ Pue ND pealdsapim ul gIAl | : SIa1ed-yg § UOU "SA SIBLLIED -HG ABaur M 11a
(8667 awinjoA wnpijjed
7 ‘suonoe.aiul adAiousb x dnoib oN ‘sialiIed-H/-uou (9°2T) DH 95 SIa1lIed-¥/-uou pue ND ‘wnjjagalad
‘| 19 soue||aiseD) pue SIaLLIEI-Y/ USaMIaQ S3IUSIBLIP J1113WN|OA ON (2'6) HAV TV "SA SIaLLIBd-Y /. ‘04d ‘AdL
SAWIN|OA 3911402
(zee) oH Oz win||3a439 pue
"OH o adg+aHav ul (8's¢) ‘a1e|nbuId JoLdue
(800Z  S19943 ON 'SJallied-uou 0} pasedwod X309 WN||3gaIad adg+aHavy 6T SJ911JBI-¥/ UOU 'SA ‘leluody ajppIw
‘| 18 XnealnuoN) pue X840 [eIu0l) J0113dNS JO SBWNJOA 4 :SI3LLIED -4/ (1'8€) AHAV ¥2 slaled-y, aHAV ‘leyuoyy Jouadng J4INS  HLNA € uoxa yada
(Arejngeaon
0} pasoddo ‘rewwelh
sasuodsal |ejenss | ‘Buiuies| Jewweld SIaLLRD -TY 10 abpajmou)
(€T0Z "[e 18 Buon)  (Jed1Boreue 10U INQ) BAITRUSIBOUOD 1Y |, ‘SIBLLIED-ZY/2Y (ze) oH ze 'SA SIBLLIBD-2Y/ IV 1581 B,
's|es1anal Buunp D40 [etare| b pue
(6002 SA bBU JO JuBWIINIZAL 4 Hoeqpas) aAIrebau Buipadaid (1°92) SIa1RI-2V/ 2 yse) Buiules|
‘e 18 weyoor) 0} AlIA19e 7Dy Ul aseasoul papelb ou :S1aLued -Ty 7 1'92) OH 8¢ "SASIBIIED -TY  [BSI9ARI J1ISI|I0BqOId
(s Teak uiabe po redwod adfovayd  Alrepow
UL BJBY (@dA10Uab Jo 10840 UrRW) SY NS Arewlld  Ueaw) 8z s sojdwres sdnoJb adAouen annuboo/Huibew | Buibew | juel e a9

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2020 April 20.

1

Am J Med Genet B Neuropsychiatr Genet. Author manuscript



Page 50

Klein et al.

(8002
‘[e 18 uoIsINQ)

adA10uab x dnoi "s1aLLIBI-HOT/H0T 01 patedwod
SILLIBA Je[[808J8d Ul 1 pue NO ul AIAIDE | :SIBLLIEI-HE

NG_EV aHav ot

S19111ed YOT/H0T
"SA SI811IRd-H6

(ot0zZ
‘[e 18 piepag)

'sJa11Ied-y6 01 pasedwod uonounl
12211109 [e1atiedolodwa) pue ‘xa81i09 10j0waid [esiop
W6 ‘winjers Ya| ul ANANDE | :SI8LLUED HOT/HOT

(T'TT) aHAV €€

SIBLIIEO-H6

'SA SI914JeI {OT/H0T

snIAB
Jedwesoddiyesed sy ur asuodsel Jo1184 SIBLUIRI-H6E
01 patedwod uoniqiyul asuodsal Burinp suoibal [ersrred

(ZT€T) OH 8E

SJallIed-H6

(1702 "[e 10 180i9) pU ‘[eIpaLl ‘[epuoly Ul AR | SI31AED HOT/HO0T (T'¥T) QHAV 07 "SA S13111ed HOT/HOT s 06-0N/0D
*OH 0} patedwod DIV [esIop/VINS-aid
ur Ananoe | pey sjusired QHAVY-HOT/H0T ey} pamoys
uonoessiul adA10ush x dnoJS) "s1BLLILI-HOT/HOT, (zTE) OH 8¢ SIa1LIB-HOT HLINA
(TTOZ 'le19 UMoIg) 03 pasedwod UOIBANOR DHd [RIPaW J3| 1 :SIBLLBO-H6 (2'Se) AHAV €5 /HOT 'SA SIBLIBI-HE  ise} Alowaw Bunpiopm 14N din .
aHav
10 snyes ansoubelp pue swordwAs uonuaneur ydnosyy
paleIpaw Xul| 19a11pul ue paisabBins Ing ‘uolleAnde
utelq pue Aujigerien o13auab 7./ g Usamiag yul| 10a11p anoqe slailied adAyodey
(sT0Z ® JO 90USPIAS OU SI 918y} 1oy} pawiyuod wylioble  se awes {(8€) DH L. 9-6 UOU 'SA SI311IRD
‘e 13 BAO|0X0S) (@229g) A18n02sIq Jesned paseq-1ulelisuo) ueisakeg (e8€) AHAV /8 adAojdey 9-6
sialLed adAjodey >se] uolredionue
(eT0Z 'SI81LIRI-HOT/H0T Pue -46 Jou sialed adAiojdey 9-6 (8€) DH 1/ 9-6 UOU "SA SI311Ied pJemas Burinp
‘e 18 uewbooH) uou ylm pasedwod AJIAROE [e1eLIS Ul S9UIalIp ON (¢'8¢) @Hav /8 adAo|dey 9-6 AAnoe [ererns
Ha.mc OH 0€
@St adAjojdey
1 (saidod z> sana Bupoipaid HINA
(zT0Z ‘punoy sem asianas dnoJb j043u0d Ul ‘adA) pauiquiod) s se1dod g) abesop -psemal Burinp g uoui
‘le19 sijpkofed)  Ing ‘| sa1do Jo JaGUINU SB 4 NO Ul UOHEAIDY :AHAY aHav 6z 9-0TEVIDTS Ananoe NO pue SA 14N pue ¥1n.€
(9°01) OH 92 S1a111e0-HOT U1INA
(TT0Z "2 38 00YS) "NO 40 S3WNJOA | 'SIBLIIEI-H6 (S0T) AHAV €€ /HOT 'SA S1311IBI-H6 awnjoA N IdINS dln.g
*Hoyod paseq-uolieindod Jnpe pue (T'92) OH 8T.T
1043U02-3SB9 JUBIS|OPE Ul Pajedl|dal 10U Sem 1983 (9'9T) OH 98T (9-6 pue 9-0T (uaweind adAojdey
“(Auo syusied gHAV Hnpe ur) adAjodey siyy (z11) aHav toe  sadAiojdey ayipue  pue ‘NO ‘suaquinode H1INA
(9702 BuiA1red jou syuedionied 0] aAIIR[8S SWINJOA WNJRLAIS (L&) DHTTT ‘adAiouab QT/0T) Snajonu) sawnjoA g uoui
[e 18 JuIuUQ) 1abue| 9 6°G | s18Lued 8dAiojdey 9-6 AHAY HNPY (6°6€) QHAV 8TT  s8|9|e T1va d8iyL [ereLils [esdre|ig 14INS pue yiN.e TLlVA/EVIDTS
se)
(TT02 ‘suonaelsul (0'8€) OH T SI8LLIBI-T7/1S Al payipow /xsey H1INA
‘e 19 uewbooH) adAjoush x dnoib oN "SA ul | :SI81IBI-SS (¢'8¢) @HAV €9 *SA S19111Bd-SS uonedionue premay 14N -JT uoxg TSON
(s Teak uiabe po redwod adfovayd  Alrepow
UL BJBY (@dA10Uab Jo 10840 UrRW) SY NS Arewlld  Ueaw) 8z s sojdwres sdnoJb adAouen annuboo/Huibew | Buibew | juel e a9

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 51

Klein et al.

‘peoj Moj Japun Ajuo

1UBPING aJaM (HOT/H6<H0T/H0T) Seouatayip adAloush
pue peo| ybiy eyl Moj Japun 19]oNu d1weeyIgns
/elBlu [enueIsqns JO UOITRAIIIE | :SIaLLIed-HOT/H0T
‘peoj ybiy Japun Ajuo

JUBPIAS aJam (HOT/H0T<H0T/46) Soualaylp adAloush
pue ‘peoj mo| 01 patedwod ybiy Japun suoibal

[e181ed puE [eJeLIS Ul UOITRAIIOR | :SI8LLBI-HOT/Y6
"N 16U ul uonoesaiul peoj

x 8dA10U99) *SIB1LIRI-HOT/HOT YNM patedwod suni

(oT0Z MO] J0U Inq ybiry ui suoibal |eiaLied-jererIs|eIuoy ul SI91LIeI-HOT/H0T
‘e 18 J01S||01S) uoljeAnoe | ‘Aoeinade souewlopad | :SIaLLUBI-HOT/H6 (F’0T) DHO0Z  "SA SI9LLIRI-HOT/H6 3Bl 2eg-U [eqIaA
'SJB1IIBI-H6
Ul p/emal moj 03 aAlTe[a) premal ybiy o uonedidnue ui
Buryonms xser Bulinp wneLss [e1pawosiop ul AlAIde|
pUE ‘S)S09 YIHMS UO premal pajedidnue Jo aouanjyul
| {SI81LIRI-HOT/H0T UM pasedwod uonedionue premal S1a1ed 40T ysel Bulyanms
(0102 'Ie 12 SHeY) Burnp uoljeAnno. WNJeLIS [BIPSWOIIUSA | (SI3LIIed-HE (9TZ) DHO0Z /40T 'SA SIaLRI-Y6 -3Se} pana-aid
*(sfeiy 06 |nyssadons
Ynm pasedwod sfeldy 0b-ou [nyssaaans) 94| pue N Ul
PaAIaSo Sem UJayied aWesS "J0MIau [ed1LI0I0WeleY) Ul
UOIIBAIIDE 1 :SIBLLIBI-HOT/YOT HJ0MI8U [eI1I00WE ey) ogade|d 10 HdIN
(5T0Z U1 S[el [Jegppo yum paedwod sjers) 0f-ou nyssaddns (1°€2) DH 05 SIa1ed 40T Bw o Jo aouanjjul
‘e 18 Janeqledsed) Burinp uorreAnoe | paonpul HdIN :S1a11ed-4e 7 /40T "SA SI9LLIRI-HE  Japun %se) 09-0N/0D
(r102 'SI911Ied-40T S1311Ied-Y46 'SA sa2e} Buluareayy
‘e 1o uewbiag)  /HOT Yum pasedwod AlAioess efepbAWe | :SIsLUed-YH6 (z'sy) OH S8 SI91BI-HOT/H0T 01 ainsodx3
"(s18110e9-Y6 Ul Juasqe si diysuonye|as)
AUAIOR SA pate[al-piemal pue ANARISUSS pJemal SI311IBD Y6 'SA 3ser alin 8y}
(TT0Z "[e 38 UyeH) U83MI3] UOIIR|31100 8AINSOd BUO.IS S181IBD-HOT/H0T (62) OH €5 S18111ed-40T/40T 10 UOISIaA paljipoN 1IN
"SJa1IIeD
~H0T/H0T YNM pasedliod ‘D-d [el8)e|0usA pue
S/\ U9aMIaQ Se |[am Se ‘suoifial [ejuoiyald [esslejosiop
(s10Z pue ‘aje|nbuld JoLIaIue [esiop ‘Bnsul pue N SI311Jed HOT/H0T H1NA
‘[e19 UOPIOD)  [eSIOp UBMIRY ANANDBUUOD JBBUOAS SI91IBD-HOT/H6 (7'02) DH OGS  'SA SI9LIRI-HOT/H6 04 [eleLns 1dINS-s1 d1n.e
"SI911Ied-H0T SI81LBI-H6 >|Se} 80UaIa}I8IUI
(0TO0Z "[e 30 UMmoig) /40T 0} pasedwod DDV [esiop Ul ANANDE 1 iSI31IEI-HE ('G€) QHAV ¢y 'SA SIBLIBD YOT/H0T 92Inos-ninN
mm.ms OH 6
"OH 1ou 1nq ‘sbuljgis pajoageun uﬁw.ws sbunats
pue @HAV Ul paAIasqo SI ND Ul 10844a :U01oRIaUI paloayeun QT
(s Teak uiabe po redwod adfovayd  Alrepow
UL BJBY (@dA10Uab Jo 10840 UrRW) SY NS Arewlld  Ueaw) 8z s sojdwres sdnoJb adAouen annuboo/Huibew | Buibew | juel e a9

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2020 April 20.

1

Am J Med Genet B Neuropsychiatr Genet. Author manuscript



Page 52

Klein et al.

(5002 "[e 18 1uED)

941 ybu pue ‘parenbuid Jouisiue ya| ‘AR [eluoly
Je1paw pue Jotiadns Ya| ut swnjoa | :(INGA) 11
win|[8ga.1a2 Ja] ul swnjoA | :(NGA) SIaLed-S

(sunpe) OH Tv

17 'SA SI8LIRD-S

>SE) 90UBJajIaIUI
[euonuale
‘3WNJOA N

DOV [e1s01 pue ejepBAWER UsMIBE 30URLIBAOD
[eamonuls 4 :Q0V [edisod ul Apenoned ‘A1IA108UU0D

1INWNS [nysea) Jo

D2V lenusbiiad -efepbAwe Jo 4 :(14IAY) SIa1LIed-S Buissaooad remdaasad 14N
(wog
ul papnjout 9¢)
(£'7€) OH ¥6 14N}
(so0z "efepBAwe [eipaw pue OOV [enuafiiiad Ajiejnoned (82¢) (nan)
‘e 18 Semezad) ‘suo1Biau o1quwi| ul sWNjoA D1 :(NGA) SI81ed-S OH V1T :I4INS 77 °SA SI81LIRDI-S awnjoA N D 1dINS dd1LIH-S
Ja0woud Jo
“Juapuadapul-adAlouab ‘suoleloosse (z've) snJAB uoneAyaw
JejIWIS pamoys NO pue ‘ejnsul ‘ejepBAwWe ‘awnjon INO OH 66 :g 9|dwes 81095 uonejAyIBW paje|nbuld Jolsue qrn|y
¥102 Jledwresoddiy pue uonejAyiaw Jo uolerdosse Buons (69¢) anireluenb ‘e|nsul ‘ejepbhAwe (nan) ‘TeGGZSI
‘e 18 I{smojuueq) "adA10uab Jo uoneIdosSe Juedliubis oN OH 6 :T a|dwies 1SA LS ‘sndwesoddiH 14INS ‘Yd1LLH-S
T€SGCs!
(¥T0Z "2 38 Usfem) 3WINJOA N [B10} YHM UOfIe1oosse Jueoyiubis oN (S8T)OH8S  .T1'SA.STT'SASS 8WNJOA INO [e10L IdINS "Yd1LLH-S
(TT02 snuAB [esodway Jouiadns
‘[e 19 lesen|as) pue ‘aje|nbuld Jousue Ya| ‘9] B JO SWNJOA ND 1 (9°28) DH ETT 771 'SA SI81Ied-S suoifal adnin
(eT0C
‘e 18 Seuuez) awn|oA [edwedoddiy 4 :SSa1S x SI8LLII-TT (5'69) OH 6ST TS/SS 'SA 11
usw u1 sawnjoA [edwesoddiy e 4
(£T0Z "Ie 10 9911d) UBWOM Ul SawnjoA [edwedoddiy Yo | (Tg~) DH TS 771 'SA SIaLLIRD-S
(Ajuo
(2T0Z  S9leW) WD 8J9A8S UM paje|allod awn|joA jedwedoddiy
‘[e 18 plaeiang) 1 {(Ajuo safewsay) swnjon edwedoddiy 1 :S19LIR-S (e'v2) OH /S€ 771 'SA1S/SS
(2002 S|9A3] |0S1109 BuIfem
‘[e 18 eleH,0) pases8oul Yim uondessiul ul swnjon fedwesoddiH 4 (T2) DH 95 771 'SA SIaLLIRD-S sndweosoddiH
(v10Z (sareway ul
‘leloesessd)  Auo) awnjon erepbAure ybu | :K1BIXue x SI811IRI-SS (z'Tv) OH 8€T 77 °SAIS 'SASS ejepbAwy 14NS dd1LLH-G
‘Ajuo sniAbB paje|nbuid sleak
Jouaiue pue ajod [eluo.y Ul sWNJOA NS AQ parelpaw 1T :abe abeiany
Sem Junod woldwAs QHQV YNM uondessiul 3 x 9 ‘OH zee
10 uone100ssy "sniAB pareinbuid pue ‘sjod |euol) ‘LUAB aHav
(STOZ 'le |ewoJy Jouadns pue ajppiw ‘snJAB [esiuadaid ul awnjoA ploysaJyigns g/ (nan)
19 J93IN Jap UeA) IND 1 UNM PaJeId0SSE SI 8Insodxa SSauls :SILIed-S aHav 16z 77 "SA SI81IRI-S awnjoA D 14INS UdILIH-S  LIHSAHV9DTIS
(s Teak uiabe po redwod adfovayd  Alrepow
UL BJBY (@dA10Uab Jo 10840 UrRW) SY NS Arewlld  Ueaw) 8z s sojdwres sdnoJb adAouen annuboo/Huibew | Buibew | juel e a9

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 53

Klein et al.

(5T0Z "2 18 BueyZz)

(snJAB ejuouy ajppiw

pue sniAB eurbrewresdns Buipnjour) suoifas snoLeA
pue efepbAwe usamiaqg D4s. | pue (sndwedsoddiy
‘sniAB [esodwia) Joriadns ‘xa1109 [e1did20 [elale|

‘snJAB s,|yasaH ‘einsul Buipnjour) suoifas snoLeA

pue ejepbAwe usamiag J4s1 1 ‘efepbAwe ur uorenionyy
Aauanbaij-moy Jo apnytjdwe jeuonoely | :S1a11Ied-SS

5# (1°22) OH 002

SJa1LIRD-T "SA SS

o4

(TT0Z swoydwiAs anIssaidap
‘Te 39 Ueyt||19) pue Ajanoe erepbAwe Jyb Jo uoie[a.1109 aniebaN | (e'02) OH 0F 77 °SASS Anninoe sa14-se) 1dINS-s1 UdTLLH-G
“(poseq-pass) s31S
UM X809 a1enbuid Jouisisod pue sndwesoddiyeled
1yB1J JO UOITEAIDB-09 JO UOIIR|81I0 BAINSOd | od 1dIN-s4
*(paseq-paas) usweind (9'52) OH ¥§ JIS x 1.7 °SA ANAI398UU0D T€GGEs)
(Y102 "Je 12 0JBAES) pue sndwesoddiy usamiaq ANAIIOBULOI [BINIINAS | Y] 37S x SJaLIed-,S leinpnas 1La ‘Ydd1LLIH-S
*a1od [ejuouy
b1 pue erepbAwre b usamiag O 1 :SILLIRI-T o)1 14INS-S1
'SN|NJ19Sey dyeuldun ydnoiyl D4d pue erepbAwe (1'72) OH ££2
(102 "1 18 BUOT) usaM1aq ANAINDBUUOD [EOILIOJRUR 4 :SIBLUBI-T] § SS "SA SIalIed- Aubawn N 1La
D-d [eIpaWOoUBA
ur 499 1 pue efepbAwe ur 499 Bunsal | :sIalLeI-SS 1IAL-SI
|SWN[oOA D4d 490
(2002 '1e 10 oY) |e1paWOoIUSA pue elepbAWe Uo 1988 ON :SI81IRI-SS (£'02) OH 92 71 °SASS Bunsais swnjon NO 14INS
*(dnoJB-T u1 uonea.1109 aAlebau
pue dnoiB-s ur uone|aliod aanisod) sndwesoddiy
pue efepbAwWe Ul uoIIeAIOR [9A3] BuSal UO SS811S 1531 16 4gD aInjosge
aJ1] pue adA10uab HdT111H-G JO 19a)48 uonaeIa| ‘sndwesoddiy
‘uaweind ueas pue erepbAwe
pue sndwedoddiy usamiaq D+ paialfe 1988 Ix9  uoisnyiad 1oy DH Tz usaMIsg D4 14INS-SI
*SJ9111ed-T7 Ul UOIe|a.1109 aA1Isod ‘s1aliued-S
ul 1jnwis adey 03 asuodsal Ul uoneAnoe sndwesoddiy
pue efepbAwe pue S3S UsaMIS] UOIIR[31I0D aAlrehaN 1|nwins-ade4 19N
'$371S
UM 3WNJOA NS UI UOITE[31109 A1NISOd :S1aLed-T7 s31S
'S31S YM awin|on ejepbAure Ul uonaeiaiul eepbAwe (nan)
(9002 '1e 10 1jURD) pue sndwreooddiy Jo uo1e|a1109 OU :SIaLIRI-S {(L'¥2) OH 87 77 "SA SIaLLIRI-S ‘sndwesoddiH 14INS
N2 pue ‘usweind ‘ejnsui ul Juauiwo.d 1SoW UOIIeAIde
| 1se13U09 [enau-aAllefau Joy {(1inwis aArelau o}
UOIBAIOE |, UBY] JayJel ‘1[NWNs [elinau 0} UOITeAIIIE 1
Aq uaniip) erepbAwe b1 Ul SpIOM ‘[esINau 01 sAIE|D)
‘anlzeBau 0) asuodsas ul UoIeAnoe | :(14INY) SI8LLIed-S
(s Teak uiabe po redwod adfovayd  Alrepow
UL BJBY (@dA10Uab Jo 10840 UrRW) SY NS Arewlld  Ueaw) 8z s sojdwres sdnoJb adAouen annuboo/Huibew | Buibew | juel e a9

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 54

Klein et al.

(5002 "[e 10 ULeH) Annioe erepBAwe 1ybu | :s1aliied-g (5'0€) OH 26 771 'SA SI914IBD-S
(2002 "1e 10 11eH) Ananoe erepAwe by | :sistIed-g OH 8¢ 7171 'SA s1aLLIed-S >{Se} 89} [euonowy 1dINS dd1LLH-S
"pasealoul 1inwis aAlrebau (weidojeoss
(r102 1oy peoj a9|e .S Hd1LLH-G 03 pajejas Aieaul (1'52) OH 95 Yum juswieany) 1,7 >se} TEGGZS!
‘lel8 paiyinQ)  Juswieas) wiesdofelasa Yim uoleaioe efepbAwe ya| Y] 'SA .S 'SA .S.S Buissaosoid uonowg 19N ‘Ydd1LLIH-S
‘IINwins anlebau
01 asuodsas ul AjA1oe ejepBAwe ul 8ouaIaip ON Buissaoo.d jeuonowg 19N
“ejepBAwe ybu Jo D4 uo (+°02) OH 8¢
(zTOZ 'Te3017)  s1oayd ou terepBAwe b ur Ayusbowoy [euolbiay | § SS 'SATT o4 14N Ud1LLH-G
(1102 Saseaoul (z1) OH 6t
‘| 18 uewn4) poow pes se uoljeAloe ejepbAwe Yaj 4o asu Jaljies | / 7171 "SA S19141D-S
‘poow pes ul uawend Yaj pue ‘ND ¥a| (wiiy) ssaupes
(0T0Z "le32 Jomod) OOV [eAuBA-0.1501 YBL ‘ND B ‘uawreind by | (€'8) OH 8¥ T 'SA sisLIeD-S ‘uonanput pooly AN} ddTLLHG
‘sasuodsal
Jeuonows annebau Jo uore|nbaidn pue -umop Burinp
UOIIBAIOE B|NSUI JOLI3)UE PUE UOIBAIDE [eJUOBId |
‘UoIew.IoUl
Jeuonows annebau Jo uondaalad snissed Burinp sel TEGGZS!
(€T0Z "[R 19 3M1d) UOIeAINdR URIq [e)uoiyaid pue eInsul J0LI3)Sod 4 (S0z) oH 0 JL1SALSS uone|nBal uonows 14N "Yd1LLH-S
*A19A0231 poow BuLinp snaundaid/xe1109 ayejnbuid anoqe se ajdwes
(€T0Z 1€ 18 BUES) Jowigisod pue efepbAWe UsaMIBQ UOIR|SLI0d-1UY/ | awes ‘(£°02) OH o€ 77 °SASS
"DV [edisol pue DIV [enusbgns ‘D40 [eipsw
13| ‘Ddd [eJale|oauan [euale]iq pue ejephAwe usamiag
D4 uo uolye|nbal aaniubod Jo aduaniyul Aloye|npo |
‘Jeay Jo
(ot0z  uonenbas Burnp efepbAwe 1ybLr ul suononpal eubis | (922) OH 1€ sel
‘e 19 1pLeyos) 'S80k} [nyIesy 0} AlAnoeal ejepbAwe by | 1 7 'SA SIaLLIRI-S uonenbas uonowg
uonows
(0102 Jew.ou 0} uoire|nhal
"[e 38 Ueyt||19) "A1an0oa1 poow Bunp Auanoe erepbAuwy | (e'02) OH 0F T17SASS - uonaNpul ssaupes 14N ddTLLIH-G
X309 [eJUOJ} [eIpaW Jopadns pue
(z102 gny Jowaisod usamiag Do Ul asealdul paje|ai-aby 1 A0 1€G6¢28!
[e 39 sulbBIn) ANAI08UU0D X100 [BJUOIY [eIP3W JoLadng 4 (8'¥T) OH 6€ ‘SA 1S SA LSS o4 4N UdTLLH-S
(s Teak uiabe po redwod adfovayd  Alrepow
UL BJBY (@dA10Uab Jo 10840 UrRW) SY NS Arewlld  Ueaw) 8z s sojdwres sdnoJb adAouen annuboo/Huibew | Buibew | juel e a9

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 55

Klein et al.

(s002
"[e 38 ouljouag)

ejepbAwe bl ur ANAnde | :SIa1ed-S

(L28)

auoud-oiqoyd OH ¥T

7171 "SA S19141e0-S

1Inwis Buiuareaiyy
10 Yse) [emdadlad

14N dd1L1H-S

'slaled-,S ul Ajuo Buijdnod jeuonouny (paas
Ddd [etpaw yym Butjdnod D4d [etpaw) [eyuodyaid

(uonuaniayul
T RUING)]

(y10Z "1e 18 J3YSIH) -eJul yam parerdosse Ajpanisod asop 1ybi-ybug Hﬂm.vmv OH0e .71 'SA SIaLLed-.S
(sreak 6T-6 oBues abe) abe yim uoneAnde efepbAWY | 14N
(yT02 ‘a6 U)IM D d [eIPaWOIIUBA
‘e 19 suIbbipn) pue ejepbAwe 1ybis ussmiaq AIAIIOBUUOD 1 (8'%T) OH 8% slaLued-, 7 'sA ,S.S 14INS-S1
"e[epBAWe |elare|lq Ul S8dey nyIeay 10y SIS
YUM S, S ul Alanae 1saybiy :$31S UM uoiioeIaiu| s31S
(zToz 'S908} (8'92) OH ¥ YNM uondeIaul
‘e 19 Japuexa|y) |nyIeay 0} asuodsal ul uolreAnde efepbAwe [eisie)g | 7 ‘slallied-, 7 'sA .S, S
'S3TS JUIBI JO S}I8YD SAIIPPR
(2102 "12 39 Usiem) ‘sisA[eue arerreAn|nw ul AllAnoeal efepbAure ya | (9'8T) OH L9 7.1 °SA S8
‘linwns
Jeuoriowa 0} asuodsal ul uoljeAnde ejepbAwe ya | uoreAnae ejepbAwy 14N
‘Anjigerrene | 1H-G (uresgpiw) uo 10ays adAioust oN Aungejrene 1 1H-G 13d
‘Aujigeyrene | 1 H-G (uresgpiw) ybnoay
10U Inq awn|oA ejepbAwre bl Aq parelpaw ase
(TT0Z  awnjoA ejepbAwe Yaj uo s10aa S1sabbns sisAjeue yred
‘e 18 ©][31903) awnjoA efepbAwy 4 (9'T¥) DH ¥S .71 'SA SIaLLed-.S awnjon efepbAwy 14INS
'Sa0e} [Nytes)
(1702 0] 8suodsa Ul UoIeAIIOR X81109 are|nbuld fenuabgns 4
"[2 39 SUOIN..O) ‘AnAnoea) erepbAWe yym uolre1dosse oN (9°92) OH o€ (S.SSA T
(oT0Z T€55¢s!
‘e 18 DiSmojuueq) 'S99k} pes 0} sasuodsas efepbAwe ybry | (€'0€) OH v¥ 1.7 'SA SI8LIed-.S >Se} 89.} [euonow3 14N ‘Yd1LLIH-S
(zT0Z
‘e 12 e1jBeneg) “1oBue 03 asuodsa ul uoiyeAnde erepbAwe Ya | (ST)OH TZ 7 "SA SIaLLIRI-S
"D4d [eJa81e|0UBA
Y611 pue snIAB waoyisny 1yl usamiag pue
(8002 snIAB wuoyisny pue erepbAwe usemiag Do aAINSOd |
‘e 18 azpe|nbing) 'S90e). [nyres) 0} sUAB wuoysny b ur AIANoY | (528) DH 62 77 °'SA 1S 'SA SS
'D-4d [eIPaWOIUAA pue elepbAwIe usamiaq (%) oH
(5002 "1e 19 ZUIBH) Burdnoa | pue ejepbAwe Jo UOIBAIDR | SIBLUIBI-S 7 0v) OH 6¢ 771 'SA SIaLLIRD-S
(s Teak uiabe po redwod adfovayd  Alrepow
UL BJBY (@dA10Uab Jo 10840 UrRW) SY NS Arewlld  Ueaw) 8z s sojdwres sdnoJb adAouen annuboo/Huibew | Buibew | juel e a9

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 56

Klein et al.

*(sso| Jo ureb) 10ays
alely 8y} ‘Yl PIOJ2e Ul dpeLU SUOISIIap 0} dAIe|al ‘0}

(6002 "Te 12 J3510Y) J8]unod apew suoisidsp Burnp uoleAioe erepbAwy | (9°'92) OH 0¢ 11SA LS. S vsel Bupfew uoisioag
(ot0zZ "uclyeAlde IV [esiop paje|al-1o1jjuod 1 TE€GGes!
‘e 19 SeW|0H) ‘UOITeAINOR DDV [e1S0l pajejal-10113 | (r'e2) OH €€ 1.1 'SASIaLURD-,S  X{SE)} J8YuB|4 PAIHIPOIN 14N ‘Yd1LLIH-S
‘sa|dwes
U10q SSO19€ SUORIPUOD Teaiy} Buisealoul Ym UolieA1oe (4'68) H 69
(v102 ureJqpIW pue SNWefey} ‘Sifeulwla) BLIS JO SNajonu (6T2) DH 66
‘e 19 ssadwiny) pag ‘ensul JOLIBIUE ‘Ddd [eIPBWOSIOP | :SIaLLIEI-S 7 777 'SA SIaLIRD -S
‘Avixue
Bunre|nbai Jo ss829Ns pue enNsul usamiaq Buijdnod
aAIzebau | MOYS SIaLLIEd-T ‘9austiadxa AlsIxue
pue UOITeAIIE D4dW UsamIaq Buljdnod sanisod |
‘uonredionue 1ealy burnp
(z102 D4dW pue ‘QV ‘snaundaid ‘ND ‘reuin|nd ‘snwejeyy (22) DH TS SYO0US 9111999
‘[e 19 JuegRIQ) ‘g[nsul Jousjue ‘sndwesoddiy ‘ejepbAwe Jo ANANOY | / SJIa1LIed-T 'SA SS a|qela1pald(un)
(r702 LUN11ega180 (6'72) OH 05
‘[e 18 uasIne) Jow1gysod ut ured 1861e) JO 198))8 Jeaul| SAIISOd | 1 SS 'SA T yse) Buires ured 14N Hd1LLIH-S
"pasua|en-AjaAizebau Sem UoITeWwIoul JUBAS|SLI1-XSE)
usym 19113u0d Burinp suoifial asay} JO JUBWININBY |
"paoua[eA-A[aA111SOd Sem UOIeWIOoLUI JUBAS|B.I (1se1 31
(eT02 -)Se} Uaym 19113u02 Burinp snajns jeisodws) Joriadns -doouis) sel 191)3u0d
‘e 18 J01S||01S) pue suoifal |00 [euoljaid JO JUBWIINIISY 1 (0z~) OH 2v 1.7 'SASISLIRD-,S  PIOM -90) [euonowg
‘Burjage
uonows Burinp ausoddo uisned (77 ul uone|aLI0d
anlsod (S1aLlIed-S Ul S3S YIM [enualagal-yjas Buunp
uolreAiloe erepbAwe [essie|iq Jo UOIR[31102 aAITehaN SUOIIpUOd
‘Buijage] uonowa Buijage| uonows pue
(1702 'sA Buissadoud [enualagel-§|as ul DOV [enusbgns uonoesaul 31S |enuaJajal-§|as Yium TEGGZS!
"[e 19 subowa) unm ejepBAwe Jo D4 4 pue uoneAnde elepbiwy | (€'€2) OH S ‘17 "SA SI8LIEd-S >{Se} 89} [euonowy 1dINS "Yd1LLH-S
>{Se) 101]ju0d
(r102 "UOITRUIqUIOD PIOM-83.) JusnifBuodul 10y DIV PIOM [BUOIIOWD
‘e 18 Burrepn) lenuaBaid pue DOV [esIop Usamiaq ANAIBUUOD 4 (5°0.) DH 92 7 "SA SIaLLIBI-S -308} |eUONIOWT
30UEepIOAR
(eT02Z ‘uolye|nfias A1onqiyui [ejuo.gaid (6'22) OH 8v -yoeoidde yum
‘e 18 UBWI|OA) paanpal wouy Buireulbrio ANAne efepbfAwy | 7 7171 "SA SI91LID-S >Sel 89e} [euonowy 19N
(eve)
auold siapiosip
Bunes OH 1
(s Teak uiabe po redwod adfovayd  Alrepow
UL BJBY (@dA10Uab Jo 10840 UrRW) SY NS Arewlld  Ueaw) 8z s sojdwres sdnoJb adAouen annuboo/Huibew | Buibew | juel e a9

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 57

Klein et al.

Sa1pNIs 104)u09-8sed Aelb ur (V) 8fa|fe-, 7 [euonouny =, (97 4o S) 88|[e-S [euonduny =S

a)dwes uelsy
§

saew Ajuo
7

safewsy \A_coqN

J91eW 3HYM

= M ‘WNeLs [euaA = SA ‘Answoydiow paseq-1axon = INGA YSel UOITeuIWLIdSIC aWi] = || ‘8Wn|oA ureiq [e10) = AL ‘Buifewi aoueuosal onsubiew [eanons = [YIAS ‘eale Jojow Asejuswsa|ddns
= VINS ‘SIUBAS 1] [NySsans = S ‘ANIAIIDBULOI [euollouny ayeis-Bunsal = D-4si ‘auoz are|nbuld [ensol = 7Oy ‘Xalod [ewoiyaid = D4d ‘AydesBowoy uoissiwa uoaisod = ] Jd ‘Xal09 [BIU0IL01IO =
040 ‘arepiuaydjAysw = HdIN sel Aejap aausdul Alejsuow = ysel gl ‘AlaIsnygip ueaw = QA ‘SnJAB [ejuouy Josjul = 94 “sel Anjigiredwosu) = Jf ‘10au0d Ayljeay = OH ‘Jenew Aelb = N9 ‘Buibew

80UBUOSal onaubew [euonduNy = 1IN ‘A

1198UU0J [eUOIIdUNY = D4 ‘SN3JONU alepned = ND ‘MOJ4 poo|q [eigalad = 4gD ‘AlISIaApe pooyp|iyd = D ‘4aplosip Jejodiq = adg ‘wuspuadap—{ans| usbAxo poojq

=109 ‘Xapul ssew Apog = |G ‘uonigiyu [eJoineyag = |g ‘A18A02SIQ |esneD Paseq-lulelisuo) ueissAeg = 009 ‘18piosip AlAnoeiadAyaionep-uonusne = AHAY ‘Xeuod parenbuld JoLsIUE = DOV

".S.S Ul Xau09 [e)diooo
Yaj pue eInsut 6L ut AUANOE | [$37S Yim uondessul
‘sninwins

(102 pauoIIPUOd 10§ X310 [e31dId00 pue (143]) snwepeyl (8'92) OH Lt Buiuompuod T€GGEs)
‘[e 18 uayINn|) ‘ensul ‘(ybu1) erepbAwre >jiomiau Jes) ut AHANDY | 7 slalled-, 7 'sA S, S Jea} [enualayia 14N “Yd1LLH-S
(8002 'sainyoid sainoid
‘e 18 pjofney]) pooy Joj ANAIE X810 ajejnfurd Jousisod Yo | (5'52) OH 82 SJI91LIRI-S 'SA T pOO0J-Uou / poo4
RSTATRNT
s100)J0 adAjouab oy
(2102 "X81109 are|nbuioesed Josiue  pazAfeue Jou (£°€2)
‘[e 18 003Y9ed) pue snJAB [euoly dIpPIW ‘D41 Wa| Ul ANARIY 4 LT](8'99) OH €2 771 'SASISLUIRD-S sl Alowsw 82Inog 14N Yd1LLH-S
(zT02 "Junod a|9|je-s Buiseasour yum stiejnbuery sred (18) DH €5 10
‘| 18 uasseuor) 941 Y3 pue ybu U1 uoreAnde [ejuouyad [eisielg | / 'SA .S 'SA .S.S >Sel %oeq-u
", 71,77 Ul panJasqo Ajuo 198448 awely syl ‘yum
PJ022€ U] dpeW 3SOY} 0} dA[IE|a] 0} J3IUN0J Ul dpeuw 0}
$8910y2 Burinp Buijdnod ejepbAwe-ajenbuld Joisiuy
(s Teak uiabe po redwod adfovayd  Alrepow
UL BJBY (@dA10Uab Jo 10840 UrRW) SY NS Arewlld  Ueaw) 8z s sojdwres sdnoJb adAouen annuboo/Huibew | Buibew | juel e a9

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 58

Klein et al.

(NWa
uIynm) suoibai eratted-olodwsay ul AJIAIIBUUOD

[eanjon.is pue [euonouny 4 :adAjousb xsiy 14NS-SI
*dnouf xs11 snobAzolalay "(¥8 = u) AlAIdBULOD
ulyum Ajferdadss ‘dnolb gsy pasunouold 1endnns N
3I0W 8JoM S)I343 “IjNWIIS [RIJ0S 0} (X810 (T2 = u) AlAndsuuod
a1eInBuid Joussod Ajurew 1) suislred uoreAdeap (s1-uou) siaLLIed Jeuonouny
(z102 pue (wnjewss pue ejepfAwe |) uoneande (52T) DH /8 -99) 'SA SI31LIRD NG ‘(PrT = u)
‘Te10a1pny) 14N [ed1dAe peaids-apim pajoipaid adAoush ysiy (T€T) ASY GL  -DD 'SASIBLIBI-DD  ise) $3de) [euonows 14N 0£8858Ts! 13N
dnoub ysu
(TT02 "xal09 [eJodwia [elare] b pue (snbojowoy -uou sa (aja|[e-0 20T0T.L2S!
‘le3e Adlleum)  ease s,20018) 1 6L Ul uoReARdE | 1dnoib Misi (v502) OH 99 pue-1) dnoib sisiy Sise) abenbuen] Y 'GPLYBLLSI
‘uoljelpel
Jdlweleyy JoLs)Ue JO 4 4 SI3LLIed-] | 8[ewsd
'snnajosey [endiooo
-0JuOJy [e150J B Ul 1 :SI8LIRD-1 | B[R
'S3211109 [BJUOI4 puE [e)d1220
‘SNIAB WI0JISN} ‘WN||808189 Ul /4 1 :SI8LUed-L | Aubajur N 11a
'SNIN219sey |e31d1990-03u04y [elisos ybL
u1 ajod [ejuouy Jybu Ul IND 4 :SIsLUed-1 ] SeIN
'S301102 [eu0.y pue [e11didd0 ‘sniAB wiogisny SI8LIRD-YVY/ 1V ABojoydiow
(0TOZ "le3@ UBL)  ‘WIN|3G3I8D UL BWINJOA INAA PUB N 4 iSI9LIBI-L | OH ¥T¢ 'SA SIalIed-] | D pue AIM IdINS SvLv6..81
'sasAJeue [euoifal ul sspou
0/ 3y1 4o 09 ul (ybus] yred wnwixew) A101U823 saljiwey (sasAjeue A1oay)
(102 | PUe ‘sasAJeue ureiq-ajoym ur Aousidiye [eqolb 68T WOoJj suImy SIaLLIeI-11/1D ydeub) Aydesboloen
‘[e 39 sluuaq) pue ssaupliom-|[ews | ‘ybus] yred 4 :s191118I-0D ‘(r'e2) OH 8z€ 'SA S18lIed-0D Jaqu} ureig-sjoym 11d 20T0TLZS!
'S9211109 [eJodwa) [eiuaA pue ‘Jendidso (1)
[e1paw ‘D4 dw Usamiag AJIAIIIBUUOD [euoriouny OH 6¢ :91dwres S1311Jed-)S1-Uou
Jlowigysod-tois)ue abuel-buoy | :dnoib-ysii-uoN uoneoljday  'SA slaled 3ja|[e-0
'S3913409
|edodwial [esuaA pue ‘[endiado Jeipaw ‘O-4d P (eZT) OHOT
|eIPAW Udamiaq AJIAI3IBUUOD JoLIslsod-loliaiue (v'2T) AV 9T (sunaad
(o102 abues-buoj | :dnoub xsiy Buissedoud doeqpesy £ ¢V asve |e1eLI}S-0]U04y)
‘e 18 pue|saz psemas Burinp D4d [elpaw ul ANAIOY 4 :(S|03U0d :a)dwes SIaled-ySU-uoU  se} Bulusea| uorjdwi
UeA-1109S) pue suaiyed ssoloe pasde||0d) dnoib 3s1i-uoN A19A02SIQ  'SA SJaLLIed BJ3][e-D papinB-premay 14N Z0T0T.2S) ZdVNLIND
(s1eak
u1afe ueaw) po redwod adAjouayd Alfepow
VUL BPY (@dAi0uab Jo 199450 urew) syNsa Arewid az1s sa|dwes sdnoJb adAoue annuboo/buibew | Buifew | wsiydowAjod a9
‘(11 81qeL

99S Sauab ajepIpued JO UoI193]3s J0)) uoneindod Ayeay ay1 Ui salpnis sauab alepipued SQSY pue sojdwes [01u02-3sed SASV Ul Sa1pnis sonauab Buibew

Author Manuscript

‘A dlqeL

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 59

Klein et al.

Je1oe} Jo Buissasoud femdadiad Burinp ejepbhAwre
pue snwejeyiodAy Jo UOIL|a1I02 [euonouNy

| ‘uorrennoe ejepbAwe 4 :siaLLIed 3[3|[e-v ssel Bulyorew-aoe 144
(dejiano
86) (6'1€)
OH 82¢ ‘IdNJ SlalLIed-vv
(oT0Z (6'62) aWN|oA D Ul
‘[e191501) awnjoA N9 snwefeylodAy 1 :SIsLLIRd 3] [e-Y OH 212 IINGA 'SA S1311IEI-99 suolresa)fe [euoifiay (NgGA) 19INS
‘(se10BAzowoy vy ajew ul D4si
+) adAj0uab Jo 199)J8 Urew ou Ing ‘D-d [elsre|osIop yoeoudde
149] pue uoifal o1weeylodAy usamiaqg (Q4s1) UBALIP-BIEP ‘BSIM
04 a1els-Bunsal ul uonoesiul adAyoush-Ag-ispuss SIalle -1axoA e Buisn (D4)
(102 (se10b6Azowoy y afew ur ao4t) adAlousb (@'v2) OH 012 3la][e-9 aew ‘s Ansuap ANIA128ULU0D
‘e 18 Buepn) 10103443 Urew panqIyxa snwejeylodAy Jo ao4 § JERRVAVEET ] [euonoun4 14INL-SI
“(puan
Juapuadap-peo|-a|s||e) Aj[esare|iq ejepbAwe pue
D4d usamiag Buidnod feuonouny sjels-bunsay 4 o4s! 1HINS-s1
(souapuadap-peo|-aja||e JO pual) e (AngL
(#TOZ  yum ‘uoibaigns [eipawonuad Ajjerdadsa) Ajessre|iq (1'$2) OH 062 SI91LRD -/ ‘INM ‘IND) Saunseaw
‘e 18 Buepn) Sawn|oA efepBAwWe 4 :SIaLLIed-\Y 8[ewsS § "SA SI31LIBI-Y Y ureiq 1eqolo (NGA) 19INS 9/G€eGs!
S61789¢¢s!
'9/GgGs!
'€6%789¢¢sI
"awn|oA ejepbAwe [elare|iq SJa1Ied ‘9TE8T6SI
4 YlM SUOIFeId0SSe pamoys ‘(3131 [e-9 8621G2Zs! -99 'SA SIalired AdL ',88/€2s!
(oToZ Buipnjour) sadAlojdey dNS-€ 0M[ “awN|oA (6'SE) OH 802 -OV 'SASIaLLRY  ‘awinjoA sndweooddiy ‘862Szzs)
"[e 18 8nou) e[epGAwe [essre|iq | isia1Led dJ3][e-V :86275ZTS! § -VV :86¢75¢es! pue erepbAwy I4INS ‘8L,2¥0TSI
SI81Ie0-99 (AngL
(102 *(S11V 40 912[34109 [eIIWOYRUROINAU) (8'82) OH SET SASIBLIRI-OY N ‘IND) Sainseaw
‘le19 0MeS)  EBInsul YBLI Ul BWNJOA N 1 311D 39][e-V S[elN § 'SA SI31IED -\ ureiq 1eqolo (NgA) 19INS
SIa11Ied-y//9 Ul Wialsurelq
Jouig)sod ul | pue SIsLLIRI-99 Ul DIV [eIPSWosIop
(1102 J0 uo1ba1 ul 8WN|OA | pafeanal sisAjeue INGA (€1) DH TS S1a11Ied-YO AdL
‘[e 18 uewInd) *SBWN|OA e[epBAWE 1 ‘BWNJOA IND | :SI1LIRI-9D) 1 DOHT 'SA S131LID-9 9 ‘awin|on ejepbAwy 14INS 8621522s) H1X0
"xal09 Jejodojuoly Jybu ul pue
‘Al1etaieyiq arenbuid Jolisiue pue ‘LAD [enuadisod [SETINR] juswdojanap
(z102 pue jenuadald [enusa ‘UAB [eiodws) sjppiw pue -99) 'SA SI31LIRD (1.D) ssauxa1yy
‘e 18 X21IpaH) Jouadns ur (dnoab 92 ur1samol) 1D 1 :SILLIeI-D (22-6) DHZZZ -9D 'SASIBIIE-)D 1911102 JO SaInses|N 14INS 0£8858TS!
Aubajul NN paltaly :adAlouab sty 11a
(s1eak
u1afe ueaw) po redwod adAjouayd Alfepow
VUL BPY (@dA10uab Jo 199450 urew) syNsa Arewlid azis sa|dwes sdnoJb adAoue annuboo/buibew | Buifew | wsiydowAjod a9

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 60

Klein et al.

awN|oA I

(200 (v's) asV vv pue N9 Je||9qa199 (reurpnubuo)
‘| 18 uISSeAn) IND 90| [BIUOJ} PUE [JILI0D | :SI81LIed-S 7 71 °SA 1S 'SASS pue [2213109 2108180 19INS
(6002 “adfioush pue aWn|oA
‘[e 19 UeyeuZey) 3WNJOA N 10 IND [€10] US3MIB( SUOITRId0SSE ON (0€) asv ev SS 'SASTSA T INM pue N9 [eloL (NGA) 1dINS dd1LIH-S  1LHS#HV9DTS
uone.SIuIWpe
-J|9S UID0IAX0  Apnjs JA0SS04D
[eseuenul Jaye pajj041u09
‘(Ananoe s1aLLed uoirennoe erepbAwe -0gaoe|d STOTOVS!
(€T0Z ejepbAwWe | :s1s111ed-1 D) UI901AX0 JO sdusnjul (6'72) OH 56 =11 "SA SI31IIed ysey Buissadsoid azeh purjgajgnop ‘68.08TS!
‘Ie 18 Bejuoy) Japun Auanoe erepbAwe 1y611 parejnpow GTOTOYS! Fa =10 :STOTOYSI  pue [euonows-[eroos TN ‘86¥89¢¢s!
*(asuodsal o1wreuApoway
1samo| pamoys dnoib 99 9;6g5s1) sndwesoddiy
pue ‘00V ‘D40 Ul 1jnwis pjIyd o3 sesuodsal
[Caxr a1weuApowsay pue Bunuaied aanisod yioq dNS Jad Se] uonoeIauI 8//2v0TS!
19 BY{S[eUDIIA) LI pa1eIdosse a1am 8/ /Z0Ts) pue 9/5€Gs4 ylog 4 OH Oy sdno.b adAousb g pIya-1ay1oN 14N '9/GgGs!
"aseyd awodno
Burinp jou Ing spiemal o uonredionue Buunp
(suoibal [ea11102 [eIU0Ly8Id puUe Shwefey ‘e[nsul slallied 188/€281
(102 ‘elepBAwe ‘susquindde snajonu) A1INJI1 pIemal -0D/1D 'SA SlaLed ‘€678922S!
‘[e19 OuBlWEQ)  JIGIJOSAL Ul UOIYBANDY 1 ISIBLLIEd-1 | £6¥892¢SI (9€g) OH 1E -11 :€6¥89¢¢sl dser diin 14N ‘8L,2¥0TSI
'suoifal urelq
Jay1o ul AuAnae 03 an1dadal alow ale D-d [elpaw
19| pue ‘ejepbAwre 13 ‘sienasado sied jessie)iq
‘suoifial ureuq J8Y310 UO ddUBNYUI | MOYS Dd
(€102 le1paw pue ejepBAwe [essle|ig ‘1saJaiul o suoifial SI8LUBI-YY/OY >Sel [Inwns
‘e 18 9%90Ja/) UsaMI8g ANAIIIBULOI [BUONAUNY | SIBLUEI-DD (¥e) DH T2 "SA S1311IBI-99 paduaeA-jeuoiowy 18NS
'snJAB Jesodwiay Jorsadns pue
‘elepbAwe ‘ejnsul ui sasuodsal [eanau d1yredws pue
(sT0Z 9ouapuadapIalul UsBMIS( SUOITRID0SSE | Pajeansl Z02) SI81LIRI-YY
‘le 19 on7) sasAfeue UoISSalbal [eIIYdIRIBIY (SIBIIRI-DD § ¢'02) OH 09 'SA SIaLIRI-99)  Xse) Buliayns ,s18y10 19N 9/GEGSI
(v6v8922s!
‘86¢v5¢es!
‘T6¥892¢CsI
',88.€2s1
slallied ‘)822€9/81
(102 “(swajqoud -11/1D "SA SlaLued >se) Buipnjour)
‘[e 18 y107) J1aad aiow 0} parejal) ANAIDE SA 1 SI9LURI-DD (7'¥T) OH ST -0 :GT6.E2S)  Sadey Aibue pajewiuy I4NS  SANS Buibbel-gz
*(pa1o1pald aouspuadap premal JO S|aAs| Jamo)
SJa11JeD 3] [e MS1 ajew ul Ajjedry1oads) uonows
(s1eak
u1afe ueaw) po redwod adAjouayd Alfepow
VUL BPY (@dA10uab Jo 199450 urew) syNsa Arewlid azis sa|dwes sdnoJb adAoue annuboo/buibew | Buifew | wsiydowAjod a9

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 61

Klein et al.

(@HQAV) IA pue Al S8|qeL 98s S[enpIAIpuI AYjeay Ul S8IpNIS #1790 7S 10} ‘SaIpnIs |011U00-8se0 Ajuo Aelb ul

a|dwres ueisy
| 5V

sajew Ajuo
7

Ssajewsy >_:o4N

3WN|OA UleIq [€10) = A ‘J8)eW SHUM = A ‘WNJBLIS [BIUBA = SA ‘Answoydiow paseg-1axon = INGA ‘snaIns [esodws) Jouadns = 1S ‘Buibewi aoueuosas ansubew [eanonas

= YIS ‘SIUBA3 3yl

NJssans = 3S ‘eale 80RLINS = WS ‘AIAINBULOD [euoIIouNny 81els-Bunsal = D-4S) “1Sala1ul J0 UoIfal = |OY ‘X8100 [ejuoigaid = D4d ‘X809 [eIU01J01aI0 = D40 ‘Xe109 [ejuolgeid [eipsw

= D4dW “sel Aejap aAuadul Atelauow = A ‘SnJAB [elu0ly JoLBjUI = 94| ‘|00 Auieay = DH ‘ANsuap ANIAIDBUUOD [euonouny = D4 ‘A1IAI198UU0D [rUOIdUNY = D4 ‘1alew Aelb = |NO ‘Buibew! Josusy
UoISNIP = |1 Q 4OMIBU 8pow J|Nejap = NI ‘SWNJOA [BI11I0I = AD ‘SSBUXIIY} [e1H0D = | D ‘SNajanu ajepned = NO ‘ANSIaApe pooyp[iyd = D ‘SHeud 8)1]-o1siine = 17V ‘Xal02 aye|nfuld Jousiue = DOV

(yT0Z ‘dnoib Sy ui uoneAnoe erephAwe (L'¥T) DH S9 Buissaidxa
‘e 39 suIBbip) 1 121971 975 's5) sadAoush Buissaidxe mo (5'€T) AsV vv ubiy 'sA Mo isel sadey [euonow (REIAE
*(QH J0oy 8519AU02)
(cT0Z dnotB @Sy ul ANIAIP3UL0D Jops)ue-lotisisod (5'¥T) OH 99 Buissaidxa AlIAIOBUU0D T€SGes!
"[e 18 suIbBinn) | 197197 078 ‘s5) sedAiousb Buissaldxs moT (L'€T) ASV ¥5§ ubiy 'sh mo [euonouny 14IN-S1 Yd1LLH-S
(s1eak
u1afe ueaw) po redwod adAouayd Alfepow
VUL BPY (@dA10uab Jo 199450 urew) syNsa . Arewid azis sa|dwes sdnoJb adAoue annuboo/buibew | Buifew | wsiydowAjod a9

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 62

"AJBAII8p PJeMa] JO B} Je uteigpiw Ul pue
‘S3011109 [BIU0JJ0}IGIO pUe [eluo.yaid [esare|
ul pue uonedionue premas Bulinp O4d |elare|
pue SA ul uoneAnae 1saybiy Buimoys siaried
18| [e-18WAdW / /OO PUe SIaLLIed 3|3|[e
-H6 1LV LWOD PUREY9DTS uoheIsiu|
‘A1anijap

pJemal JO awil Je Utelgpiw pue D-d [elare|

SiaLired
-18W/18W ‘SA SialLed

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.

Klein et al.

(6002 ul pue uonedionue pJemas Burnp SA pue -[eA ‘sIa1Ied-HoT yse} uonedionue
"[e 19 JayaiQ) NO Ut Ananoe 1saybiy :siaLied -6 £¥90 7S (6'22) OH 22T /d0T "SA SIaliIed-H6 premay
raJe Jojow Arejuswajddng ysel (jeubis
(6002 -21d) pue snajonu d1WeleYIgNS Ul UoIgIYUI SI9111BO-HOT -dojs) uonigyu
‘e 18 uopbuo)) Burinp uolleAnNo. | :SIsLUED 818 |B-6 V9D TS (L'22) DH €Y JH0T "SA SIaLIIeI-H6 asuodsay
‘uoibal [eyuo.yaid [eia1e|0SIOP UOITRAIOR
153yB1y moys s303aNs H6/H6 pue [en/|eA
(L002 ‘Ajpuapuadspul adAioush yoes SIa1LIRd-en
‘e 18 NpjeD) 10} pUNOJ 819M UOIIBAIIOR UlRI] UO $198)d ON (9'6T) DH G2 JIeA x S13111ed-H6/46 3sel 3oeg-N
(900z  (eadte [eyuswba) esyuan ay) pue eabiu eruRISgNS SIa1LIRI-HOT se] (MINA
‘e 38 Hoys) 16L) uoneAIO® UIRIGPIL | (SIBLLIEO-Y6 (L'ze) OH 6v /HOT 'sAsIoLieo-Hp  Alouisul d1posid3 1IN 1N0OD dlN .£)€ve0Ts
‘Aubawn .
AW\ UO 103448 OU :SISLLIRI-Hy /Yy PG T § ('8) aHav 1591 "SA SJa1LIeD
(5102 Auibawi 9AlRU-3UIIBXOWONEe -db/db ‘S18111ed-H0T sanfen
Ie 18 BuoH) IN/W\ UO 108448 OU :SI8LLIeD-H6 EVID TS pue -juenwins 8g /H0T "SA SI3LIIed-H6 V4 ‘Aubaiur Wm 11a AWOO
‘uoifial 12109 |elaLted
161 Jo uonezijewlou Juswdo|ansp [e110d
10 A10108le1] J0UNSIP :SILURI-Y/ AHAY (sreak
"X31102 [eiatied Jousisod pue [ejuolyaid Jorisyul vTveT slalLed 9 ‘dn-moj|oy}
/IIU0JJON QU0 JYBLI JBUUIY) :SIBLLIRI-H/ PG ‘0°0T) OH €0T -¥/-UOU "SA SI3LLIed ueaw) Apnis
(2002 Juawudojanap (6sTTET -4/ 's1slIed-HOT feutpnyiBuoj
‘e 18 MeYS) 1911102 UO 193)J8 ON :SIBLIBI-HE EV9D TS ‘T°0T) @HAV S0T JHOT "SA SIBLIIBI-HE  SSOUMDIY} [BI10D ‘I4INS 1a&¥a
"adAjouab pue snyels qHAYV Usamiaq o,
SUOIoRIBIUI ON 'AFL 10 ‘ND U0 S10848 ON 7 Il :(2'0T) OH 02
"3WnjoA (9°1T1) sbunqis 1594 "SA SJa1LIRD (4LNA
(s002 N [euoiald 1 :SIBLLIBI-HY /Yy #THT pajoagjeun 9 -dp/dY ‘s1alied-yoT awinjoA ND pue € uoxe) ¥ada ‘(dLNA
‘[e 39 uoisInQ) SOWN|OA ND | :SIBLLIEd-HB £VID TS (T'zr) aHav 92 /40T 'SA SJ81LIBI-H6 Japew Aeib Od4d SIS 41N .g) eVe0Ts
(s1eak (uonoe Jejul Jo saush paIpnis (ws1yd.iowAjod)
(uooe Joul Jo adAloush auah u1abe ueaw) alepipued) pa.redwod adAouayd Alirepow (s)yousb auab a1epIpued
UL BJPY alepIpued JO 199448 urew) s}nsal Arewild oz sa|dwes sdnoJbadAioues  aanuboo/Buibew | Buibew | reuonippy asv/aHav
‘auab

31Buis auo ueyy alow BuiApms uonendod Ayljeay ayi ul salpnis sauab ayepipued pue sajdwes [041U02-3sed SASY pue AHAY Ul saipnis sonauab Buibew

AN 3|qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 63

Klein et al.

'suonipuod Buissasoud

Jeay ul ‘erepbAwe b1l pue D4d ajppiw

pue JoLiajul [e4are|iq ‘snans jeiodws) Joriadns
pue sniAB esodwiay Joadns bl ‘suoifal

SEIN=)
-|eA/[eA pue SIaLiIed

(z102 [end1990 Jouajul pue wlioisny [elare|iq -1W/BW x SIalIed ysel (te5528!
‘[e 18 8zpeInfiIng) uIyHm ANAIOBUUOD 2901010844 (UOIORIBI (§2€)OHT6  -.1.71pue sidLe-,S,.S 8deJ [euonows 14N AWNOO “Yd1LLH-S) ¥V9D 1S
VCHLIH
(8002 sooe) AiBue 0] asuodsel €1 I
WweH pue 897) u1 uoneAnae ejepbAwe [essieig| :sia1ed- 5 (€€2) OH 8§ SS 'SA SJ8lLIed-T] 80e} |euonowy 14N} ‘THd1 (Md1LLH-G) ¥V9D 1S
s
(1102 ‘IInwns A1bue o3 asuodsal J311IRI-[BA "SA JaW/18W se]
‘[e 39 Jlopsuo) ur Ananoe erepbAwe ybu : siates-,S (T'¥2) OH ¥S 1.1 °SA SJ8LIeDd-,S a0} [euonowy
'S109449 slalled
UOII9RIBIUI JO BAINPPE ON "IN Jueseajdun -18W/18W pue SI1aLLIed
(L002 Aq pa1oa)a suoibal [ea1102 d1quwil| pue (@'Th) OH 87 — [eA/]eA x SIaLIed sel Buissaooud (te55¢28!
‘[e 19 BY|0WS) [edweaodduy ‘efephAwre u s1o8ye UonoRIBIU] Fa -.71.71 pue sIaLIed-.S. S uonow3 14N ANOD  "YdT1LLH-S) ¥V9D1S
golo) 4
(8002 ur Auanoe @104 | :uonoelaiul || [e—s3|1v (1'28) OH S8 >sel uonigryul
‘|e 18 uowessed) OO0V Ul uonjeAnde | :sislired-s 7 71 'SA SlsLUed-S asuodsay 14N} vovw (4dT1LLH-S) ¥V90T1S
'8102s A1gIXue
ey pue Anianoe sndwreosoddiy-erepbAwe (tegszss
(€702 "[e 38 UYEH) Ul uoIeroosse aAmsod 1siaLied-, 7, (822) OH 68 SJ311IBD-,S 'SA .1 ser aIin [FE[AT ZHd.L  "YdTLLH-S) ¥v9D1S
e|nsu/uaweind
Y611 pue wnjagalad 4o siwa ‘sndwedsoddiy SI91LIBI-[RA/[RA "SA
(¥102 ‘efepbAwe ‘snuAB redwesoddiyered SJa11IRI-}8W X SIaLLIed awnjon
‘e 10 enpey) [e4978110 JO BWINJOA N1 (UONJBISU (€€) OH 16 =717 'SA S1aLIed-S WO [edo|9  (INGA) I4INS 1o (YdTLLH-S) ¥V90TS
(eT02 "saunjon efepBAure (22) OH 68T INWLS (eu1Ls ‘TeGGes!
‘[e 18 d1n0uedafS) 1 UNM PIJeIO0SSe ale S3f3|e sl #9075 7 “I7SATIS SASS  8wnjoA elepbAwy I4INS HIXO “Yd1LLH-S) ¥V9D 1S
(8002 aWINJoA
|e 18 semezad) 3WIN|OA DDV 1 (09°28) OH TTT [BA/IBA x SI3LIIED-S N9 [eqoID IHINS INaE (4d1LLH-S) ¥v90T1S
“SA Ul sfeubis 3se} uonisinboeas
(1702 10143 uonaipaid aannadde olweuApowsy M 69 SIa1IRI-HOT pue UonoUNXa
‘e 10 ®¥jz0rY) JaBuons pue sajel Bulules| | :SiaLed -46 t /40T "SA SIaLIRd -4 ‘Buluonipuod Jea 19N IWO0D
'sured 0y sasuodsal
(0102 el116ueb |eseq 03 parejal Ajjuspuadapul SIa1IRI-HOT ANOD
‘el uo|ia)  asem sadAiousb L WO/ EV9DTS PUR IMF.L (LT12) OH ZE /40T 'SA SJ81LIBI-H6 se} AN 14N MIL
(s1eak (uonoe Jejul Jo saush paIpnis (ws1yd.iowAjod)
(uonoe Jeul Jo adAloush auah u1abe ueaw) alepipued) pa.redwod adAouayd Alirepow (s)yousb auab a1epIpued
UL BJPY alepIpued JO 199448 urew) s}nsal Arewild oz sa|dwes sdnoJbadAioues  aanuboo/Buibew | Buibew | PPV asv/aHav

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 64

Klein et al.

HL 2v901S
eaya
caya
‘Taqa
‘oaa ‘Haa
IN0D
cqyay
za4av
‘T9yav
‘gevyay (4LNA
vevyavy 8 uoaul pue 41 NA
"020L€S4 40 93] [e-L ynm AjoAIIppe patien NO (GEIEY ‘arvyavy 41N .£) EV9DTS
(zT02 pue (AB [elpaw Joadns pue euoly Jorsdns -99) 'SA SI811Ied ‘grvday ‘(HLNA € uoxs) yada
‘[ 38 sulUWnD) ‘[equoyy JoLialue) suoifial [epuouy ur ANAnOY (T°22) OH 05 -1) 020LES1EV9DTS sse) [eubis-dois (PSP} VIveay ‘(L6v008Ts1) zZQYA
"wa [e21u03gns d1seyd pue [ejuolyaid [elare|
21U0] Usamiaq uonariaiul sAlrebau 0} pajulod
941 43| Ul AlAnoe Alojeledald uo HOT/46 [eA/[BA "SA 13W/JeA
LV PUB 1BW/[BAL VOO J0 108448 Jeaul] 'SA JBW/IBW “HOT (26v008Ts1)
(sTo2 "UOIIBAINOR O] [esIOp | :SI8LII-HOT (9127) DHTL /40T "SA SI81Ied-YH6 wbipesed 2a4a ‘(4LNA
"[e 18 pjouly) "s)InsaJ 30aye Jou pIp wsiydiowA|odzgya t ‘TV/2V 'sAsisuIed-TY  Buipeal 1abiel-anD RS 1O 1N .£) VoIS
3J8|[e-d. 10 TV “(saimoid)
UHM 8soy} 1oy ssew Apog ul | a1niny paioipaid Jajem Jo sasse|b
‘(1818M 10 pOO} B|geleredun ‘sA) spooy ajgelejed ‘spooy a|qerejedun
10 @yeiul paulBew 0] asuodsal Ul WnyeLs pue (9°ST) OH by Slalled ‘spooy a|qerejed (MLNA € uoxe) yayda
(0TOZ '[e19901S) ‘D40 [eJele] ‘wn|ndJado [ejuo.y JO UONBAINDY 1 / -4/ pue SIaLIed-TY 4O ayeiul pauibew| 19N ‘(26%008TS1) zayda
$9SS0] pue
sureb Asejauow
yby Ajparoadxaun
(o102 "X3102 aye|nbuld sialed  Buiinyeay wbipesed
‘[e19 BIBWRD)  PUE BINSUI JOLIBIUR U SBsUOdSal | S1811Ied-0D (zT2) OH €S -L1 "SA S19111BI-00 Bunques 14N 1NOD (566008T781) @A
(o102 SIaLled
‘Ie 18 Bejuo) D0V J0 3WNJOA IND1 :uondRIaI| (62°22) OH 19T -19W x SI9LIRI-TY AINO [eqo|D 14IAS INag (318118 TV) 2@ya
"elepbAwie pue DOV |10l
Ul UOIJBAIIOR | :SISLUED-]8W PUE SJ3LLIED-S
"sabew
(z102 Jeuonows Jo uoleiussald Bunp uoreAoe (6v'72) OH 82 18W/|eA UoIIRISIUI Buissaooud (tesszs!
"[e 18 pa1yIno) elepbAwe pue DOV [eAS01, :SI8liIed-S 4 77 'SA sIaLIed-S uonows [PETATY INGd  “YdILLH-S) ¥V90IS
1INwis paousfen Ajaanedsu
pue [enedsonsiA 1o} 1sngo 3sow ‘efepbAwre ZHd. x SJalled ysel
(8002 "[e 18 1|UED) pue uaweind JO UOHEANJE | :UONJRIBI| (0'v2) OH 6V =17 pue s181LIed-S 808} [RUONOW FSIATE ZHdL  (ddTLLH-S) ¥v9DTS
(s1eak (uonoe Jejul Jo saush paIpnis (ws1yd.iowAjod)
(uonoe Jeul Jo adAloush auah u1abe ueaw) alepipued) pa.redwod adAouayd Alirepow (s)yousb auab a1epIpued
UL BJPY alepIpued JO 199448 urew) s}nsal Arewild oz sa|dwes sdnoJbadAioues  aanuboo/Buibew | Buibew | reuonippy asv/aHav

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 65

Klein et al.

S31pNIS |013U02-35ed Ajuo Aelb Ul

a|dwres ueisy
I 5V

sajew Ajuo
7

sajewsy Ajuo
4
JanewW alym = NN ‘Alowaw Buijiom jeredsonsin = INMSA ‘WNIBLIS [eIIUBA = SA ‘Teadal
Wwiapue) Jaquinu ajgelten = ¥ I NA {Sel [01U02 [euoljuslie a|geLieA = XSkl DA ‘aWN|oA ulelq [e10) = Ag L ‘UolBal parejsuesiun = Y1 N ‘Buibew aoueuosal onsubew [eInionis = [YINS ‘Xau0d [ejuolyaid
= Ddd ‘X8M02 [BJUOIJONAI0 = D40 “iSel Ae[ap aAnuUadul Arelsuow = Xsel gIIN ‘103u0d Ayljeay = DH ‘awnjoA Jajew Aelb = ANO ‘Buibewi soueuosal dn3aubew [euonouny = 14N} ‘Adojosiue euofioely
= v ‘Buibew Josus) uoisnyip = |1.Q ‘auiwredop = Q@ ‘snajonu ajepned = NO ‘luapuadap—jans| usbAxo poojq = @109 ‘1eplosip AlAnoeladAy/a1oLap UoRUANY = AHAY ‘X802 alenbuld ousiue = DIV

(uoneinwins

‘ured panIasqo 01 S1S Wbu Jo

SI311IED-99) 'SA -OY ‘SA
-V :9/GEGS ‘s1aLed
-L1'SA-10'SA-20

2110913
0} uosJad 1961e) JOo
sasuodsal [e1oey)

(925€Gs!
pue 86178922s1)

(PTOZ  Ssauanisuodsal | UM paje1dosse sem Adeinaoe (6'72) OH 05 :86178922S1 ‘SIalLIed >se) aouewiopad H1XO ‘(1855284
‘e 18 ussine-) olyredwsa yby :s18111ed-02 86189ZZS! ) =717 'SA sialed-Ss olyredwy 14N - "dd1LLH-G) ¥V¥9DTS
‘Ajigersen Jueayiubis Joy
pajunoade swsiydiowAjod [enpiaipul Jo suoN
"AIA1IORAI S\ pale|al-piemal ul AlljigeLien
[enpIAIPUI-I31UI JO %6 0T 40} Palunodde
(TT02 $9109s 3]1404d \Q SNI0JIINIA "SI01B) yse) aweb
‘[ 18 BAO|OYIN) 3SH JO JBquunu |, Yl pale|allod ANANoesy | (S'¥) OH 69 ajiy04d wQ@ snaojnA Buissanb pren
‘plemal Arelauow
01 asuodsal ul ejnsul pue ‘N9 ‘usweind
u1 uoneAniae 4 sadAjoush su, Jo Jaquinu |
18409 a1sodwod SnIo|RINIA “premal Alelauow premal (4LNA
01 asuodsal ul uoreAnae sniAb endiooo Asejauow pue d1N .£) EVIDTS
a|ppiw 1 :2dAjoush S+a¥a ‘SA 1+aya 8109 sndojiNW pooy a|qereed Jo (YLNA € uoxa)
'suoifal premal paseq-yd JO UOITeAINOE + MOYS pue sadAjousb  1disoas pajedionue yada ‘(ze/66.18)
(zT02 10 39 20135) 1ou pip :sadAjoual ist, G yuMm sfenplAlpul (€'ST) OH 09T YSL [enplAIpu| pue yd1zoay 14N LNOD ‘L6¥008Ts1) 2a¥d
(s1eak (uonoe Jejul Jo saush paIpnis (ws1yd.iowAjod)
(uonoe Jeul Jo adAloush auah u1abe ueaw) alepipued) pa.redwod adAouayd Alirepow (s)yousb auab a1epIpued
UL BJPY alepIpued JO 199448 urew) s}nsal Arewild oz sa|dwes sdnoJbadAioues  aanuboo/Buibew | Buibew | reuonippy asv/aHav

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 66

Klein et al.

(1702 "[e 18 UBYOD)

'adq pue OH
0} pasedwod SaWN|oA Je[nsul J01I9Isod pue JoLIS)UE ‘[elo] 4

((0om)
S:(y91) y 9)aartr:((eer)

€(g91) y G)) OH 8 :((€'91T)
49 xm.mck G)SX4TT

#
#

SawINjoA
Jejnsul feuoiBal pue |ejo)

(6002 "|e 18 UOS|IAN)

“OH 0} paJedwod S3WNJOA J8|[3Ga130 NS 4 pue SX4

0] pasedwod LAB [eiodws) pue [eIu0.y Ul SSWNJOA D | :ASV

"OH 0}

pasedwod suoibal [edodws) pue [e1aLied ‘Jej|agalad Ul SSWN|OA

IND 4 pue N pue LA [ejuol) ui SSWNJoA IN9D | :SXd
"dsSV 01 paledwod win||agaad pue N ul pue ‘LIAB ayenbuld
pue ‘Jesodws) ‘[e3atied ‘[BIUOI) UIYIM SBWNJOA IND | :SXH

(7'62) OH 0T
(1°0€) @SV 0T ‘(6'82) SXd 0T

IND |euoifal Jo NFA

(6002 "2 19 N3] ZeH)

"awN|oA efepbAwe |:asy
"aWN|oA eepBAwe 1 :SXH
'sdnoJf 103u03 [|e 0} pasedwod sWNJOA ND |

+ (92) OH 1€ :(0'e) Aa 6T
(827) asv €9 (6'2) SXd 28

awin|oA efepbAwe
‘usweynd ‘sndwresoddiy ‘ND

(8002 "[e 18 Y80H)

'sndwesoddiy pue ‘ejepbAwe

‘SILLIBA 101131s0d Ul SBWN|OA Uleiq [euoifial pasealdsp

pue paseaJoul Jo Juslpeld [elaye| 0} [elpaw B papnjoul
sdnouf Jayio wouy SX4 pareulwiodsip ey susaned Jeneds
"0dd [eJsle| pue [elpaw

‘gnsul ‘snwefeyiodAy Buipnjour suoibal ur sswnjoA NS 4

N (syyuow

8'7€) Aa 8T (syiuow /'67)
JH z¢ ‘(syuow Gg) SXH TG

UOITeD1JISSE|D
ulaned arerreAn|nW {Buioes
lenuew pue NGA INO

(2002 "fe 19 897)

"I I [edodwsay pue
[elaLied [9A]-pURIY pUE ‘SBLUNJOA B|OLIUSA [BI3Ie| pUB ND |

(L9vT)
OH €€ :(99'7T) SX4 9¢

nNaL

(8667 [ 19 ss19y)

BWNIOA IND ND |

(5'8) OH 0T (T'6) SX4 0T

S9WIN|OA anssi |

(66T "[e 18 uejdeyy)

"SOLINJOA JR[NJLIUBA pUB NO |

(5'8) OH 0T :(0'6) SX4 0T

SAWN|OA Uteuq [euolfay

(66T [e 19 se1e))

‘awnjoA [edwesoddiy Wby |

((0X)] ;8 (¥9) ﬂ G) OH 0T
‘((06) ;8 (€9) P G) SX4 0T

awinjoA
elepbAwe pue sndwedoddiH

uoneINw

TS aWOoIpUAS

(S66T 'Ie 19 SS19Y) *(SaJew ur) SoLIUSA [JSTR] PUE ‘BWN[OAND | OH 02T ‘SXd TS 40 sdnoibgns Answoydiow anieInuENd 14INS T&NA X 9|1bel4
(s1eah Alirepow

0UL BJPY (@dA10Uab Jo 10840 UrRW) S1NSa 4 Arewlid u1abe uesw) azs sa|dures adAlouayd Buibew |  Buibew a9 Rplosia

Author Manuscript

*31NJRJ3)I| BY) JO Y2JBaS IN0 Ul PaAdLIal a1am (DTYNIOVD) swolpuhs Aylowi] oy saipnis oN (Cao3mv) swolpuks nay pue ‘(79N)
T 2dA1 S1S01RWO0.QIJ0IN3U ‘(ZDSL PUR IDS.L ) SIS0J9]as snosaqn ‘(7&pV<) awolpuAs X aj1bel)) sawoipuAs Aljigesip [en1aajjaiul ul saipnis sonauab Buibew

AIA 31qeL

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 67

Klein et al.

4 108l

(c00z 'I® 'sjoel} Jojow . i) l10j0w-A10SuUss pue ‘srepned
19 AJeJ09-eauleg) -Kiosuss [e1atied pue sAkemuyred [elernis-ojuoy ul NM UL YH 4/ (T'21) OH 0T *('97) X4 0T -[BU0J}. ‘UIeIg-3]OUYN 1La
(y102 "sewn|oA [edwesoddiH 1 :1H 7 (9T2) OH 5z -(0'2e)
119} pue JeujoN) "OH 01 paredwod swnjoA NO pue sndwedoddiH | :SXd IH 2T '(9°22) ASV+SX4 #T  awnjoA [edwesoddiy pue NO
"saoueIsIp [e1pes Apoq
N2 [BIPBWOIUBA PUB peay NO [eIaYe|0SIOop | ‘IUEISIP [e1pel (2'6T) OH 9¢ ‘(5'6T) S[|03U0D
(¥70Z '1e 10 Buad) NO [es81e]1q | yum ‘sdnoub jouod yioq 01 pasedwod NO | paydrew-O| 82 ((£'T2) SXd 8 AydeiBodo) pue awnjon NO
‘3WNJOA . (o
N2 UM SI01nBYa( 8AISINdWO0D JO UOIE|34I09 8ARISOd :ASY 7 () asv oe ((87) 3WNJoA ND pUe SIoIAeyaq
(€102 '[e 12 H1om) "3WN|oA NO ynm AInful-41as J0 UONEIa1100 SAMISOd [SXH  ASV+SX 9T) (97) SX4 Tv annnadal diysuonelay
*OH 01 Je[lwis SIeak G 0} Z wouy Yyimoub ureiq Jo ayey
'dSy 01 pasedwod awnjoA efepbAWY 1
'asy 01 patedwod . . ymolb ureiq
3WNJOA ND PUe ‘NS Je|[808Iad ‘N 8qo] [edodwa] | 7 (92) OHTE (0'e) aa 6T ‘SaWNJOA [2111020NS pue
(z10z "lejonoIzeH)  'ASVIouINg OH 0} pareduiod sswnjoA Urelq [eqolD | :SX4  '(8'27) SV 891(62) SX4 €5 (sedol) [euolBas ‘ureiq feloL
'SX4 03 paledwod eale adepns
[euouy 3ybu 4 10} pusil e pue [eiodwia) Ya] aup ut Ajfeary1oads
uoIeaLIAR 4 ‘awn|oA aqo| [elatted Yo | :ASV+SXH . . Xapul uolyeal 1A
‘OH 7 (62'8) OH 0T (asv+ pue eale adens ‘Alxajdwod
(2102 "re 30 pMboiy) 03 pasedwiod A1xa|dwod pue SSBLMDIYY ‘BWIN|OA [BIIMOD :SX4  SXd G 'SXd 9) (9T'6) SX4 TT '$S9UNDIY} ‘BLUNJOA [€21110D
(eyep
[eutpnbuol ynm 21) ((§'ST)
+9€ ‘(g'sT) / L) OH €8 :(erep
"1IAB D4d JO uoIjeINIeW JURLIBQY ‘90USISa|Ope SS0I0e DH _mc_ua_m:o_ H;VES mwv ﬁm_mw S3WN|OA Ulelq [euoifal
(TT0Z '[9 AR1g) 01 patedwod ND Ul S3OUBIBHIP BWIN|OA paje[al SX JUaISISuoD 7 €c-09 ) 9€) SX46 u1 abueyd parejal-aby
"D 01 Xau09 aye|nbuid Ya| woly pue ‘sniAb redwesoddiyered
0} wajsurelq wouy Buipuslxa suoifias ur INM |
"‘NO Buipnjaui suoifias [e1e1is-0juoly JO SSWNJOA D | (INGA) aWnjoA INA
(TT0Z "3WN|OA 30| [eluol) 1Yo 4 . pue NS pue (ABojoalals)
‘e 18 ueye|eH) *9WNJOA ¥|Nq wisisurelq ybu pue saqoj [elared ‘NO | 7 (g€) OH 81 +(0€) SXd L1 SAWN|OA ¥|nq urelq [euoibay
"SX4 UeYl alow
DH 40 ey} S3|qIasal @SV Ul 81n1anJis urelq Jo ulaied [|elanQ
"OH 01 pasredwod (wnjnburd
|esiop pue ‘ensui ‘ejepbAwre ‘sjod jesodwsa) ‘uoibal jeiodwsy . . ‘BulIglsn|d pue uoIyedISSe|d
Jouadns ‘D40 ‘D4d [etpaw Buipnjour) suoibal INAA pue IND 7 (967) A 6T (952) OH T¢ ulaned ajeLieAnNW
(TT0Z [e10Y30H)  [es0dwid) pue [ejuouy JO SLN|OA (ASY 404) | pue (SXH 10y) 4 1(2L'2) ASV €9 :(06°2) SXH 2§ ‘INEIA B1RLIBAIUN
(s1eah Alirepow
0UL BJPY (@dA10Uab Jo 10840 UrRW) S1NSa 4 Arewlid u1abe uesw) azs sa|dures adAlouayd Buibew |  Buibew a9 Rplosia

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 68

Klein et al.

(8002 "[e 18 UBS|OH)

‘Buipoous aoey

Burinp Al1Anoe utelq pue A1dIXUe [e190S UOI1R|31102 aAlreBaN
"BuIpoaus 98} |NYss89NS BulINp Xa1109 [ejuoly Jouadns

pue [eipaw Buipnjaui suoifiai [ejuo.yaid Jo UOIBAIIDY 4

(L'8T) OH TT «(G'8T) SX4 TT

Buipoous
328} BuLInp uoneAdY

(8002 I 10 uebenH)

*S90B} Pa|qLIRIOS 0} pasediod [eJinau

10} UOIBAIIOR DOV pue O] USamIag UOITR|a1I09 BAINSOd | :OH
'S0} Pa|quIRIoS 0} patedwiod [esnau oy

UOIIeARIO® BINSUI pUe O] U3aMIaq UoNe|a1109 aAlelaN | :SXd
'S908} P3|qLUBIOS 0} Pasedwod pes 10j UOIBAIIE ND 4

'S90B} P3|qLUIRIIS 0} PaJediiod [esnau o) UOIBAINE DOV 4

y (9°ST) OH 0T “(¥'9T) SX4 0T

IS8} UONGLIE [BUONOWS

(£00Z '1e 12 WeoH)

'Ddd [e481R[0.13UBA Y3 Ul

UOIIeAIIOR pUE 89UBWI0LISd YSB) USaMIaq UoIIR[24109 dAIISOd
'sdnoJf jonu0d

4100 YlIMm pasedwod UOITBAIIR D-d [eJ81R|0JIUBA 1d] | pue
‘peay arepned JybL pue D4d [eIsiejouaA B ul UOIBAIIY 1

4 (Z9T) OH 0T
(9¥1) Aa 0T ‘(#'ST) SX4 0T

se1 obou/o9

(¥002 "[e 18 N8.IED)

"DH Ul U33s Se Sa0ey
pajBue 01 pasedwiod saoey PIeAIO) 0 UOITRAIIOR 94 Ja1ealh ON
‘1INWRS |[e 0} UOIRANOR S1S Yo 1

y (SST) OH TT “(#'9T) SX4 TT

1nwns
9zeb pue adey} 0} asuodsal
Ul UoleAlde S1S pue 94

(2002 "2 18 wwey)

*OH Ul U8as se 8qo] [elalied 1011adNS/I0LIBJUI UI UOITEAIIE ON
'snIAB [esodwa)
Jouadns ‘X809 Jejnsul ‘snAB [e3U0140110U0 Ul UOITBADY ¢

/ (r's1) 4 OHTT 'SX4 ¥T

ysel doons
Bununod e BuriNp uoeAOY

"UOIBAIOE |, PAMOYS SOH 8]iym ‘sniAB feubrewesdns
pue ‘anqo| [earred Jouadns ‘sniAB [ejuoly a|ppiw ‘94|

sysey Alowsaw Bujiom
lenredsonsiA Yoeg-g pue

(T00Z ‘T 10 UOM) Ul SiSe) 0Bq- PUE %0eq-T Usemiag UONEAIO Ui 8BURY0 ON 4 OHSTSXA0T 0047 Bunnp vonennoe 10y 1IN
(uoissaibai [enp
OOV pue ‘snaundaid ‘rejnsul [essle|iq ul 44741 pue | dnoib) AlAndsuL0d
"S}IoMIaU [enedsonsiA pue ‘afenbue| ‘|01u0d Jeuonouny {(441v4)
9AIINJ8X3 Ya| ‘snaundaid ‘souslifes ul ANARIBUUOD [eUOIOUNS 4 apnydwy [euonoely 14INS-SI
"Xal09 axenBuld jenusbgns pue ‘snurefeyl
‘X802 snaunda.d ‘xali0d Ie[nsul [essle]iq ul Aususp NS 4
3Inqo|
|eyatted Jowiadns 1ya) pue ‘sniAb Jejnbue Yo ‘afesodway wnueld
(102 ‘lea 11eH)  Ya| ‘snduredoddiy 1) ‘peay ayepnes |essle|iq ul Alsuap INO | (€9T) OH 9T :(§2T) SX4 LT (Wan) Ansuep WO (IS8
y (9°0T) OH T# :(95°0T)
(eToz 'IB 'snUAB [enusdaid pue ‘turefey) S1 /T :(SL°0T) SAT'TThze Aunisnyp pue Adosjosiue
18 BUIBY-UOIB||IA) Jousisod ‘ajnsded [eussiul Jo squulf Jousisod ul o 4 :SXH 6z {(TO°'TT) SXd 8T 10 uosiredwod paseq-[axoA
Kemyred ,(0€)aa
(6002 '[e 19 seeH) [EJeLIISOIUOIY [RAJUBA WD) Ul P3ZI[ed0] SIaqy Jo Ausuaq | 8:(€7) OHET !(82) SX4 LT INM [€1eLIISOJUOLY. [eJUBA
(s1eah Alirepow
0UL BJPY (@dA10Uab Jo 10840 UrRW) S1NSa 4 Arewlid u1abe uesw) azs sa|dures adAlouayd Buibew |  Buibew a9 Rplosia

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2020 April 20.

1

Am J Med Genet B Neuropsychiatr Genet. Author manuscript



Page 69

Klein et al.

(#7002 '1e 12 eIy

*30U89sa|ope Bulinp

| pue sIeak T 01 2 sabe usamiaq salaydsiway Jejjagalsd
1da9xa suolfal |[e 10 BWN|OA JO/PUB JAGUINU ‘SUOITEI0| OF Nt
"3|nsden [eulaiul/do uiusfeassd ogn

(0€T) TAN 2T

Jaquinu pue awnjoA 0dN
‘suoiBal pajosye Jo JsquinN

(z00z
‘Ie 18 As|sBulliig)

"OH pue
s1B T4N 01 paredwiod sAog T4N Ul 1d yBis pue Ja| usamiaq
AnBWWAS | pue awnjoA NS pue eale adeyns 1d Ya 1

(8'TT) OHYZ ((T'TT) TAN ¥2

dd pue
1d 8ys Jo AnswiwAse pue
‘WNJOA IND ‘Bale 80epINS

(T00Z "I 10 UBRIS)

*OH 03 patedwod s10algns o1jeydadoloew ul swnjon
JTe|ndLIUSA 10 NI 10U INQ BWNJOA |\ PUB SWNJOA Ulelg |
"T4N 21eydasowuou 0} pasredwod o1jeydadoioew

U1 9ZIS 84N3ONJIS dUI|pIW | pue saisusiuliadAy essie)ig |

(T°91-G't 8bues) OH
09 :(2'¥T-2'9 8buel) TAN 8T

awnjoA N

pue N9 ‘sainjonais (uljpiw)
10 S3Inseall 9111aWn|oA

pue aLawoydion

(0002 °Ie 18 3100\

's108(gns Japjo 01

paJedwod JaBunoA ul o1res M 01 IND Ul Sedualayip dnolo |
9zIsJ0 |

3WNJOA IND | 03 8Np AL |

(8'6) OH 6T :(6°0T) TAN 2§

salsuauliadAy pue suoibal
00 '4SD ‘M ‘ND ‘AdL

*(o13198ds-abe) ybiay

wajsurelq | pue ‘snuis prowbis Buipuadsap ‘sainsesw sy | m HNVNNV (6'9) suoljeINded ease
(666T ‘yibua| ouaydsiway 1ou . . pue suoisuawip [ewAyoussed
‘e 19 oLleNIQ) g “Us1swelp [e1siiediq pue ‘Yipim [eLrelq ‘yipim arepnedlqg | OHEY .ml .Homv (@8) TaN 22 pue JeJndLIUBA 2
's1eak +QT pabe s198[gns ul uononpas
© U}M SIeaA QT 0} & UBBMISQ BWNJOA pue Jaquinu Odn | sOdn 4o awn
(6661 (%2°'9T) urelgpiw pue ‘(%G €z) WN|13ga189 ‘(%¥ 0€) dO (87 .82) (8'2) TAN 9 ur aueyd pue uonnguisip
‘e 18 syuyo) ur Ajuowiwiod 1sow pazi[edo] ‘s1algns Jo %6 Ul punoy sogn VAR ‘aWN|oA ‘JaquinN
T 8dAy
(9667 "[e 19 pres) ‘N AJ1e109ds3 ‘awinjon urelg |, OH 0Z ‘TAN 22 INM PUE INO [elgaiaD IHINS I4N  sisojewoiqioinaN
1nwns
9zeb 0] asU0dsal Ul X109 [ejuoly pue snIAB wioyisny ‘sniAb sk} uonenyiqgey
(¥T0Z "[e 1o oUnIg)  payeINBUID Ul UOIIEZIISUSS JUBdIUBIS pUE LOINIIGeY [eINdN 4 (0'6T) OH Gz ‘(6'02) SX40€  azef e Bunnp AuAnoe urelg
‘(suod) wialsurelq Ya| pue ‘wnj|agalad
Ya| ‘snJAB [esodwisy appiw pue Joradns ya| ‘snIAB ey . . Se] UOIRUIWILIOSIP
(6002 "[e32 IIBH)  [eIpaW Y3 Buipn|oul YI0Miau pazifelaye|-ya| B Ul UONBADY |/ (£'v1) OH 0T *(2'87) SX4 0T [esodwiay Aloyipny
'$]0J3U09 0} pasedwod azeb 19a.11p
0] 8Ins0dXa 8A1S$329NS UM efepBAwe Ja| ul uonezisuss | (0'ST) OH £ 1Inwis azeh aka papane
nwins 7 DOHEL paloalip Bunp uoieAioe
(800Z "le 10 uosIEA))  9zef 848 J09.1p O} UOIEAIIOE BINSUI Y] | PUB UONBAIDE O4d 4 (T'9T) @A 0T !(§'ST) SX4 €T 104 pue ureig-aJoym
(s1eah Alirepow
0UL BJPY (@dA10Uab Jo 10840 UrRW) S1NSa 4 Arewlid u1abe uesw) azs sa|dures adAlouayd Buibew |  Buibew a9 Rplosia

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 70

Klein et al.

(¥T0Z T2 19 BNDIN)

‘snwefeyl ‘4o ‘usweind ‘ND Ul DAy |

8T> 6 pue SOEN oYUM 9
's0an yum 8) (€°9T) TN +T

snwefeyl
'd9 ‘usweind ‘N 0av ‘w4

(zT0Z
[e 19 0y|14-zessad)

"W S1We[RY} PUE Ie|[3galad [elale|lg 4

(T'%T) OH 0Z {(8'2T)TAN ¥v

snwejeyy
‘suod ‘wn|jagaIsd ‘og v4

(8002
‘e 18 uajabug uen)

'suoifial 3sow Ul (W)W J0 /4 Ul S3UaIayip ON

*OH 01 paredwod says Burresdde-jewlou ut QY |
sayis Burieadde

-[ewJou 0} pasedwod Ogn ut senfeausbis pue DAY |

OH 8 :((e'ZT) 8rew
6¢ ‘(2'¢T) 8lewsy 1)) TAN 0§

Ja)ew urelq paJapiosip
pue Ayieay (sanjeausBia

(W ‘v4 '0av)
SONSIa)oeIRYD UOISNYIQ

suoibal N [endiaooolstied
pue [ejuoiy pue

(Looz 00 'snuerey) “el|bueb [eseq
‘e 39 luoquiez) 1saIa1 Jo suotbal le ut v4 1 pue dav | (€'92) OH 0T (8'52) T4N 0T ‘wasurelq DAV pue v 11a
'90] |eIuU0Jy Ul
apn)ubew 1sereaib yum DAV | pue UOISNYIP [elpel pue W 1 ssgl
(zT02
‘[e 32 1poBs|ex) “BWN|OA M PUB D | (L'22) OH 2T *(¥2) TAN ¥T BWINJOA N PUB IND
"0 Jo nuab e sanjeauabis Joul | SaNIS1IB1ORIRYD UOISNYIP DD 1La
"(%02) ®31e 3D (%0T) Wbus| 29 | (¥9-T2 9bues)
(0T0Z '[e 30 I1eubim) AGL UISRUBIBIPON  OH 0T :(89-0¢ 8buel) TAN 0T ABojoydiow 92 ‘AGL 14INS
$9q0] diquil| pue _Sm_._mn:_m._on_tmu ._Scot Ul awnjoA IN9D |
91S
(¥T0Z ‘[ 19 8p1id) B pue snIAB [engo ‘sniAB |euosy Jo1adns O BWINJOA ND 4 (1°€€) OH 9T (8'62) TN 9T 3WINJOA N PUe IND
(%96 Anoy10ads ‘9626 (0°s€) OH T€ ‘(T°€€)
(#7102 12 18 uENnQ) ANAILISUBS) SBSBD JO 96176 PAIISSeID A[1081100 SIBIISSEID INAS TN 8T *OH 62 (T'TT) TdN T2 INGA SNAS
“eale 99e)INS pue SSauXaIyl ,mE:_o> 311103 Ul SadualajjIp ON co_uco_t;m
.wco_mw‘_ |e1daid20 pue _Sw_\_ma X81100 wum_smc_u pue eale adeyins .ww@:v_u__.t
Am._UON .m_:m:_ .mwno_ _m_ongu pue JejuoJy ul sad1pul uoned >O 4 .mE3_0> |ea11100 _me:_o>
"[e 19 B1UE|OIA) "0 8IppIW pue NO 1B ‘Twiefey) Jo SWNjoA | (6TT) OH ¥T {(€'TT) TAN ¥T [eanJoagns [euoibey
sobe
JUBJaIP e sanisusiulIadAy
"abe UYlIM suoISs3| o_‘_mr_nw__.cws Ul Sadualajjip ON 21 J0 uonezijeao|
‘abe UM wislsulelg/wnj|agsalad pue pue sansLisdeIeyd
(9002 12 1B 111D) 9g ul seisusjuladAy g1 Jo Alsusiul pue ‘azis ‘Aousnbald ¢ (6°€T) TAN €0T leubis ‘Aouanbaiy
'8q0|
(so0z |eluo.y ul Apueurwopaid sswinjoA A pue suoiBail [endiooo
‘e 18 POOMUBRID) pue [ejaLred ‘[esodwsa) ul Ajjueuiwopaid SswnjoA D | (5'6) OH 6€ (£6) TAN 9€ S3WN[OA N PUB INO
(s1eah Alirepow
0UL BJPY (@dA10Uab Jo 10840 UrRW) S1NSa 4 Arewlid u1abe uesw) azs sa|dures adAlouayd Buibew | Buibew | aueo Rplosia

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 71

Klein et al.

(T00Z '1e 12 J3|pry)

N Je|[30g318D |

's108.) oLBydsIWwayeul

Jolew JaLpo pue 1nd1asey. [euipnibuol Jo A 4

"JUN02 Jagn} yum

paye[a1i0d A[aAireBau awnjoA NS [221103gns pue diquil] 4O 1
"X31109 [e1atted-0juouy JybLl pue ©g ‘snwejeyl ‘sniAb
a1e|nBuld Jouaisod ‘saqo] [edoduwia) [eIpaw Ul BWNJOA NS 4

(0°07) OH 8 :(S'T¥) OSL 0T

SWNJOA 4SD pue M ‘D

“WIN|[3G3133 Ul SJ3gN} YHM PaJRId0sse aWN|OA 8204 4
"A|Uo $19gN) [21g3I30 YNM $193[QNS UBY) SUOISS] [BII1LI0D

ewAyouased
BulAjiapun Jo sawnjoA

(000zZ e leqo|f aiow pey pue s1agn) Jej|agalad pue [eigaiad yioq pue s1agny Je||agaiad 20S.1 x31dwo
19 ewuog-1JeN) pamoys $109[gNS 40 %T ¥ PUe €T Sem Jaquuinu Jagny uesiy (6'8) OSL € 10 UOIRI0| pUR JaquinN 14INS /IDS.  SIS0J9|as shotagn
(wnpired
‘ND) SeaJe [£211109gNS pUe [BIUOIY PUR D40 U9 ‘shaundaid
/22d pue ‘sniAB Jeuibrewreldns ‘ejnsul ‘Xa10d [eJUOLY
(5Toz  pue ejepbAwe Yo ‘(usweind ‘ND) Sease |2I1140IgNS pue ‘ensul 24SY 20d ‘D40
‘[e18J8pII0T)  'X8L0D [BJUOY PUB DOV [eAUBA YB] (UsamIeq AAdBUL0D | (€2T) OH 08 '(S'2T) TAN ¥T ‘e[epBAWe ‘OOV [BAUBA  THINY-S!
sAemuyred Jejnjjasonted
pue Jejnjjaooufew
‘uoleINWIS paselq -rejnjjadoubew . (o Buieanoe 1nwins [ensia
(zToz  Buunp NQ Jo suoibal suljpiw JO UOITEAIIJR | 1O UOITeARBa( 4 k@ 2€) OH ST i (Tee) TN €T Burinp uoneAnde NG pue
‘238 3IUBIOIA) X3H0D [BNSIA [2A8]-MO] JO UOBAIOY 1+ (0'2T) OH 2 {(L'TT) TAN ST Aemuyjed [ensiA [eo00 Apre3
Buissaooud enredsonsia
Burinp suoibai [e11di22o
(800Z 'le 10 "X80J [ensIA Asewiid ul UOITEAIDY 4 pue ‘[e1arted ‘feiodway
susydaig-sjuswa|o) “uonennoe alsydsiwey 1y Jo pesisul ys | (8'6) OH €T (8'6) TAN €T ‘[BJUOI} Ul UOHEARDY
Buissasoud
"UOITRAIIOR [RIUOIY leneds-fensia Bulinp AuAnoe
10LI8JUI pUE [eJ8Je| 0 dAITR[SJ UOITBAIIJE X81102 JOLIBISOd | (£'ST) DH ST ‘(P¥T) TANGT  xau09 [ealted pue [endiao0
"Buissaoold o1ydesBoyrio Burinp
(002 + pue Buisseaoud a160jouoyd Aloipne Burnp | uoneande Buissaoo.d a1bojouoyd
‘[e 39 Assburliig) 101431500 0} SAI}R[91 UOIEBAINOR D [B49}R|0SIOP PUE JOHIBJU| (€°ST) OH ST (¥'¥T) TAN ST Bunp s|0y usi ur AiAnoy 1dINS
“mnoynm
sjuaned 01 pasedwod swoidwAs [earbojoinau yum syuaired
ursogn N Jo AuAIsnyIp [eipel pue (Zepqure] ‘0Av,,
's10e4) N 1dnIsip sOgN 8T 40 N0 8a1y L SOEN 40 s19en NM
"OH 01 pasedwod juagelpe 1oy sario3oalesy N
4 4 pue DH pue sa)is Burteadde-[ew.ou [eisie|enuod 'SI0Y INM\8 pue NS / 10}
(¥702 12 30 uBM3) 0} pasedwiod sOEN INM pue IND ul sanjeauaBla pue DAY | OH (T L) TAN VT sanfeausbia ‘ay ‘v4'0av
(T91)
OH 8 (s1e9A 8T < G'sIeak
(s1eah Alirepow
0UL BJPY (edAi0Uah JO 1094 Uew) S} Nsal Arewid ujafe uesw) azs so|dwes adAlouayd Buibew | Buibew | a9 Rplosia

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 72

Klein et al.

(6002 "[e 1 OeId)

'suolfal [ela)ejenuod
UM paredwod SUOISa] M Ul SeN[eA 4 4 Pue senfeA DAV |
'S190N} [BI1140J Ul S3N[EA DAY |

(T°ST) OSL ¥T

SuoIS3|
N\ PUB 180N Ul 4 ‘0aV

"SyIuoW T Uey) Japjo s1slgns

suod pue

(6002 10} N 1eNd1920 pue [elatded 1ybii ul pue syluow T pue 96 ‘saqo] [endid20 pue |eiaised

‘[e 18 yeledjniy) usamyaq dnoub abe 1oy suod pue |NAA [eIUOIL UL SBNJeA DAY | OH 8T ‘(2T) OS1 €2 ‘[e1uouy Ul INMWN 40 DAV

(9002 'sJ1aqn} o1uaboidajidauou 03 pasedwod slagn}

‘[e 13 BAPURYD) s1agn} ojusBoldayida ur INAA J8gmigns ul senfea DAV | OSLGT ojuafoyda|ids Jo w4 ‘0av 1La

195U0

"JaSU0 ainzias e abe Y pare|aliod Ajaanelau anzias e abe 0] uoieal Ul

alam ‘s1agny 811-15A2 Jo Jaquunu pue uonlodoid ureig/iagny Jagwinu Jagny pue uorodoid

(T0Z '[e19 BIRNEN)  aX1]-15AD J0u Ing ‘s1aqn] JO Jaquinu pue uorliodoud urelg/iegn L (¥'21) OS1 €2 ureiq /18qn1 (ax1]-1sAD)

(€102 ‘SuoneINW 205/ (2'6) OH :(rOSL

[e 18 plajussiom) ynm $108[gns ui 108448 1586UOAS YIM ‘BWINJOA IB|[80318D) 1 12051 6T)(L'6) DSL 9€ aWN|OA Je|jagalad
“dn-mojjo} e swnjoA 199S |

(eT02Z 'S1O9S pamoys 0se YIIYM JO %tg S109S

" 19 12Z0[3YdIIN) ‘SNIIS PaMOYS 9629 "S1ODS Pamoys s3oalans DS 1 J0 %ST (82) 0SL 18 pue SN3S Jo 8oussald

uonauny aAubod

pue S3INZIdS JO SJURUILWISIEP

*90uablI||81ul pue 19sU0 ©os1 se uorodoud ureiq

(98002 ‘I 10 Uasuer) 2inz1as 1e abe 01 paje|as Ajasianul sem uoriodoad uresqg/sqnt 0¢€ ‘7254 vT) (6°2T) OSL 19 /iagny pue Jaquinu Jagn
"Urewop dv'o 19eiul Ue yum syaslgns
0} paJedwod urewop dy'o uagnl Buieainseur Ajoalip

Jo Bunajap uoneInw e yum s108[qns ui pue s108fans 795/ ((0'6T) 2051 ¥€ (0'S2) uopodoud ureiq

(28007 "[® 18 uasuer) 0} paJedwos 75/ ui uoiodoid ureig/iaqny pue sisgny | 1051 6T) (9'02) DS1 85 /4aqn] pue Jaquinu Jagny
'S)oeI} duaydsIwayeul Ul INAA 4

‘win||agaJa0 pue ‘ensul peoj uoIsa| pue

(200z fe12 31pIY)  ‘©4 ‘snuwejeys Buipnjour suoiBai ut SWNJOA D [e1H0GNS 4 (€'7€) OH Gz !(€'6€) OSLGZ  BWINJOA 4SO Pue N ‘D

(9002 'slagny puno.e ewAyoua.ed Jejjagalad o Aydolre pamoys SuoISa|

‘e 18 zoimanpng)  s19algns XIS 'SU0ISa| Jej|agaJiad pamoys s198lgns DS 40 %i'9T (sreak gz-0 abuel) DS1 €/  JB|19G848d JO SONSLIBORIRYD
‘Asda|ida Jo A103s1y © Y)m $308[gns ur swinjoA Jagny |
‘pale|allod
AlaA11s0d sawinjoA ajnpou pue Jagny "N ul Ajpueuiwopald
paledo| aiam SaINPON ‘Siagnl JO UoNezZIfesale| ou

g AJIsusp Jagny Ul uoierieA yiim suoibal [elsrred ui Ajisusp peoj

(7002 "1e 12 J81p1y) Jagny 3saybiy pue saqoj [euo.y ur Aouanbaiy Jagny 1saybiH (0'6€) DSL GZ  UOISa] pue UOINQLISIP JagnL

(s1eah Alirepow
0UL BJPY (edAi0Uah JO 1094 Uew) S} Nsal Arewid ujafe uesw) azs so|dwes adAlouayd Buibew | Buibew | a9 Rplosia

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2020 April 20.

1

Am J Med Genet B Neuropsychiatr Genet. Author manuscript



Page 73

Klein et al.

"3WNJOA UleIgpIW pue N pue suoifial [eluoiy SawinjoA
u1 asealdap 1sebre] yum ‘N 03 uostiedwod ut NS 4O SsoT | . (e 45D ‘19]9nu Aelb [eaiioogns
(€667 "2 19 ss1oy) aunjon feigeizg 14 (¢ THOHSTTOD LT Sy e o feanion At NS doIw awolpuAs nay
*s308lgns @@ — OS.L 01 pasedwod s3oalgns Q + JSL ul AN | (s1eak gz-z abues) OH

"Al11an8s peo| Jagni YlIm pale|aniod Ajamsod ‘ain | 02 ‘ad - DSL 6:ada +2SL ANAI398UU0D

(STOZ "1R 30 WY) "AlIAI9BUU0D dLIBYdSIWayaU| 4 TT)(s1eak yz-¢ abuel) DS 02 M [euoifal pue [eqo|D

'SUOIS3] INM Ul W 4 pue AlAISngIp [elpey | SuoIs3|

'suoifal [ewJou [eJale[esjuod o0} paredwod siagnl INA PUE S13gn] JO ANAISNYIP

(g102 "|e 18 UBBOQ) ur sanfe AUAISNYIP [eIpe. pue [e1xe pue DAV | Pue v 1 (e'6) OSL 8T [e1pe) pue [eIXe '0aV v
's)98[gns ASv- OS.1 01 pasedwod QS+ DS Ul Bale s,e30lg

0] 8509 |/ PUe AI011118) S, pUIMYISID) 0} 8S0[9 M Ul W 4 OH ¢ (asv - OSL 1081}

(#TOZ "[e 19 18nbe] ) *JoRJ) 10119 9benbuey [esiop ul sanjeA o 1 /T ‘ASV + OS1 0T) OS1 8€ 11n2119 abenbue] [esiop 4

NMVN pue

"dIN pue 4 WMVYN 12098 pue suolss) Ie[|8gaisd

(€102 Sa0UaIaYIP ON "IN PUE 7o TN JO UOITR|31i0d 8sianu] ((9€) sunpe 6 '(6) uaipnyo 'SNS ‘s13qn} ‘ST

‘lejo uayBeg uen)  03fans OS L sad SNIS OT pue 'siadni Lz ‘STINY Lt 40 UeaN L)OHOT!(G'ST) OSLOE 40 SonsHaloRleyd UoIsNyIa
's10ed) M Jofew pue siaquy uonoafoad ‘siaqiy

[eanssIWWo Jo sjutod 19e4} JO JagINU pue SIaquy JO Jaquiny 4 sjoely Jofew

(€102 e 38 Buomw) ‘suolBar N peaids-apim ut AAISNYIp [eIXe pue 4 ¢ ('ST) OH 2T (0'€T) OSL 9T Ul SosHajorleyd uoisnyia
"(s89uaiagip ou pamoys oym) s10algns asw- JSL

pue OH 03 paJedwod s)s[ans S+ JS.L Ul 4 dlelany + (L) oH 62 00D JO SAAISNYIP

(¢102 "2 18 S1913d) "00 Ul senfen AUAISIp | pue 4 sbeieny ¢ H(ASY uum zT) (2'2) osL oy [EIXe pUE [eIpel UBaW ‘v

"0 JO winpua|ds ui ANAISNYIP [eIPEJ PUE UBS | 0D 8y} Jo wniuajds pue LIAB

'S)oBJ} BULIBD[EI0]NDIUD [esodwiay ‘ajnsded Jeusaiul

(otoz pue ‘91 S ‘e|nsdea Jeussjul ut AUAISNYIP [eIXY 1 (s1eah gg-1'T abues) OH ‘10B.) BULIBD[RI0|NJIUSD

‘e 18 UBUUSLIM) "0D JO wniua|ds pue sjoel) suLed[ea0INoIuSl ul w4+ 9 {(s1esh Gg-G'T abuel) DS1 0T SOMIS18)oeIRYD UOISNYIQ
'sa|nsdea Jeusaiul pue 9
ul sansualoeleyd |1.a ajdinuw Yym paje|aliod awnjoA Jagny
"sa|nsdea [eutajul

u1 89en) | pue D9 ul (g)epquie| abeisne pue sdel} | ‘v 1 peoj Jagnl 0} uoie|al

*(1) xa109 Jejnsul pue (2G) saqoj [endia2o ‘(z) saqo| [esodwsal ul ‘sajnsdea [eusaiul pue

(010Z "2 30 OBWIS) ‘(¥9) saqoj [elatied ‘(1T) S9CO] [BIUOIY Ul PUNOY SI3M SIBQN L (T'TT) OH €2 (2'6) DSL 2T 00 sanjeaushis ‘soel) ‘v

sauoz o1usboidajida

'sau0z 21uaboydaida-uou 0} pasedwod -uou pue d1usboldajida
sauoz d1usboldajida ul INAMWN Ul W4 4 pue ALAISNJIP [e1pey | U1 s4agn} [ea1l0d
'sau0z d1usboldajida 01 Juadelpe Jo ul s|OY ul
(0702 "12 19 Blelpipn) -uou 0} paredwod d1usbolds|ids ul siaqny [B21102 JO W4 4 (2’8) DSL 2T  SonsualoRIRYD UOISNPIP ‘o
(s1eah Alirepow
0UL BJPY (@dA10Uab Jo 10840 UrRW) S1NSa 4 Arewlid u1abe uesw) azs sa|dures adAlouayd Buibew |  Buibew a9 Rplosia

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



Page 74

Klein et al.

ajew
t

.nw_ﬁ....E&,N
Ja1rew alym =AM ‘“Aswoydiow paseq [aX0A =INGA

‘s198[qo 1ybuiq payuspiun = Ogn ‘Alowaw Bupjiom [erodwa) = AL ‘SIS0I]IS SnoJagn) =S ‘BWoIpuAs Jauiny =S ‘uonounl jeiaredolodwial =fd ] ‘BWNJOA uleiq €10} =Ag1 ‘Allswoydiow paseq
-10sua) = NG ‘z utodawn =z ‘T ulodawin =T ‘Alowaw Burylom [eneds =|NANS ‘Saulyoew 1030aA Loddns =|NAS ‘snajns Jeiodwa) Jottadns =S 1S ‘snAB Jedodwial Joadns =91 'S ‘IHIA [eIMoNIs =4S
‘Inowiny 189 juelb jewApuadagns =1 D9S ‘sjnpou jewApuadagns =NIJS ‘ajounpad 1e||agaiad Joradns =4DS ‘BWoIpuAs 19y =1 1 ¥ ‘ANAI30BUUOI [euollouny a1els Bunsal =D4SY ‘1saiaiul Jo uoibal =|0Y
‘saul] uonrelBiw eipel =TINY ‘aedodwsal wnueld = d ‘ajelstied wnueld =dd ‘Xal09 [eluoisaid =D-4d ‘Xau09 a1ejnbuld Jo1aisod =)Dd ‘XaM09 [BIU0I40)GI0 =)0 ‘T SISOIeW0Iq1oInau =T4N ‘Jaew alym
Burreadde-ewlou =NMYN ‘BuiBewn Jaysuely uonreznaubew=| | N ‘ANAISNYIP Ueaw = A ‘9jounpad Je|[aqaiad a|ppiw =4 ‘sna|ns [elaiedenul =Sd| ‘9|nqo| [e1slied Jouajul =Td| ‘SnIAB [eluoly Joriaul
=94 ‘Ainlur a1xodAy =|H ‘wnpijjed sngojb =49 ‘1enew Aaib =|\9 ‘uigoid BuireAnoe ased | 9 =49 ‘BWO0IPUAS X a]1bel) =SX ‘|4 [euonouny =4} ‘SnuAB wioyisny =94 ‘suolyenionjs Aousnbaiy-mo|
Jo apnyijdwe [euonoel) = 447y} ‘Adonosiue [euonoely =y ‘Buibewi Josua) uoisnyip = | 1.3 ‘YJ0MIaU Jnejap =Nd ‘Aejap [eiuawdolanap =aq ‘pInyy eudsoigalad =4S ‘snajanu ayepnes =N ‘Wnsojjed
sndi0d =07 ‘1j6ueb |eseq=94g ‘IapJosip wnioads wsnne =Sy ‘Adososiue [eixe =(W)y JUaI014809 uoisniip Juasedde =DV ‘8102 a1ejnbuid JoLBIue =)V ‘aWoIpuAs uonalep z'1Tbzz =saz 11bzz

'spJom a)Buis Ajuo Buyeads Jo [eqianuou

alam oym spuaied Ul sninoiasey eurpnibuoj Jouadns Ul 1

'sAemyred [ensIA Ul SaoUBIBJIP ON "IN [BIUOI) PUB ‘UoITeIpel

(otoz olwerey) Jowalsod ‘ajnsded Jeussiul ‘are|nbuld Jo suoibal

‘e 18 poowyeN) pue ‘ansded [eutaixs pue D Jo wniuajds pue nush ul 4 1 1 (1'9) OH L£(5'9) LM 28 V4 [euoibay 1La
'sy08lqns
pajosyje AJ8IaAaS 810U Ul SSWN|OA 870| [EIUOLY JOLISIUY 4 (6'8) M
“BWNJOA N [9110D 4 1 SaWIN|oA

“lesiop AseInaiied ‘BwnjoA NS aqo] [elaled anie|aY 4

(8002 'Ie 18 JaueD) ureiq ay3 1noybnoay} awnjoA anjosqy 4

G2 '(('8) a19nes ss3)] 0T *(8'8)
81anss 810w zT) (9'8) L1Y €2

INM pue NS ul sabueyd
aAITe|a) pUE 3IN|0SqY

"S3WINJOA UTeIQPIW Ul S3OUBIBHIP ON "SWNJOA NO 4
"uteJq noybnoayy Ajuuioyun swnjoA INAA 1

(66T 'suolfial [esodwal-I0LIBIUE pUeR ‘[eIuo.)

‘e 18 WejueweIgns) -Jou9150d ‘rejuouyald ur psounouoid 3sow SWNJOA NS 1

y (0'6) OH 0z :(8'6) L1M 02T

SOLIN|OA ©ss0y JoLigIsod
pue 4S9 ‘IND [e2134030ns
‘INM pue N 201100 ‘Ad L

0UL BJPY (@dA10Uab Jo 10840 UrRW) S1NSa 4 Arewlid

(s1eah
u1abe uesw) azs sa|dures

adAlouayd Buibew |

Alirepow
Buibew |

3w

»oplosig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2020 April 20.



	Abstract
	Introduction
	Methods
	Search terms
	Candidate gene selection for ADHD, ASD, and ID studies

	Results
	Imaging genetics of ADHD candidate genes
	Imaging genetics of candidate genes for autism spectrum disorders
	Imaging genetics in selected intellectual disability disorders

	Discussion
	References
	Figure 1.
	Table I:
	Table II:
	Table III:
	Table IV:
	Table V:
	Table VI:
	Table VII:

