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Copy-number variants (CNVs) are substantial contributors to human disease. A central challenge in CNV-disease association studies is to characterize the pathogenicity of rare and possibly incompletely penetrant events, which requires the
accurate detection of rare CNVs in large numbers of individuals. Cost and throughput issues limit our ability to perform
these studies. We have adapted the Illumina BeadXpress SNP genotyping assay and developed an algorithm, SNP-Conditional OUTlier detection (SCOUT), to rapidly and accurately detect both rare and common CNVs in large cohorts. This
approach is customizable, cost effective, highly parallelized, and largely automated. We applied this method to screen 69
loci in 1105 children with unexplained intellectual disability, identifying pathogenic variants in 3.1% of these individuals
and potentially pathogenic variants in an additional 2.3%. We identified seven individuals (0.7%) with a deletion of
16p11.2, which has been previously associated with autism. Our results widen the phenotypic spectrum of these deletions to
include intellectual disability without autism. We also detected 1.65–3.4 Mbp duplications at 16p13.11 in 1.1% of affected
individuals and 350 kbp deletions at 15q11.2, near the Prader-Willi/Angelman syndrome critical region, in 0.8% of affected individuals. Compared to published CNVs in controls they are significantly (P = 4.7 3 10 5 and 0.003, respectively)
enriched in these children, supporting previously published hypotheses that they are neurocognitive disease risk factors.
More generally, this approach offers a previously unavailable balance between customization, cost, and throughput for
analysis of CNVs and should prove valuable for targeted CNV detection in both research and diagnostic settings.
[Supplemental material is available online at http://www.genome.org.]
Recent technological developments have improved our ability to
detect human genomic copy-number variants (CNVs), and it is
clear that CNVs contribute substantially to disease pathogenesis.
This is particularly true for neurocognitive disorders like intellectual disability (ID), autism, and schizophrenia (Vissers et al.
2003; de Vries et al. 2005; Friedman et al. 2006; Rosenberg et al.
2006; Sharp et al. 2006; Sebat et al. 2007; Szatmari et al. 2007;
Christian et al. 2008; International Schizophrenia Consortium
2008; Kumar et al. 2008; Marshall et al. 2008; Stefansson et al.
2008; Walsh et al. 2008; Weiss et al. 2008; Kirov et al. 2009). Notably, these CNV-disease associations normally share two genetic
features that have implications for future studies. First, pathogenic
CNVs causing similar disease phenotypes are often independently
generated, de novo mutations that arise as a consequence of
nonallelic homologous recombination between flanking duplicated sequences. Direct detection of CNVs is therefore critical
since many important variants are invisible to haplotype-based
genotyping methods. Second, individual pathogenic CNVs are
rare, being nearly absent in control populations and present in
1% or less of affected individuals. Therefore, studies of very
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large numbers (i.e., many thousands) of both affected and unaffected individuals are required to fully understand the phenotypic impact of known pathogenic variants and to identify new
disease alleles.
Currently available platforms allow for the detection of rare
CNVs in large sample collections, but cost and throughput obstacles limit our ability to effectively assess the contributions
of CNVs to disease. An evaluation of the two most widely used
technologies—array comparative genomic hybridization (arrayCGH) and genome-wide single nucleotide polymorphism (SNP)
microarrays—illustrates these limitations. Array-CGH platforms
offer high resolution (millions of probes) and the ability to customize
content. However, these experiments are expensive (hundreds of
dollars per sample), labor intensive, and difficult to automate. SNP
arrays offer similar levels of resolution as array-CGH along with
better quality control and automation. Yet, these experiments are
similar in cost to array-CGH platforms, are known to miss many
known or potential CNVs (Cooper et al. 2008; Kidd et al. 2008),
and offer limited or no customization options to target loci of interest. Other technologies are available for targeted CNV identification (e.g., quantitative PCR), but these assays generally cannot
be multiplexed and impose significant locus-by-locus design
challenges. Thus, there are limited effective options to detect CNVs
at numerous targeted loci in the sample sizes required to identify
rare, pathogenic CNVs.
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Targeted SNP genotyping assays, in principle, offer the ability
to merge customizable probe selection with speed and cost efficiency for CNV analysis. Several studies have used Illumina
GoldenGate SNP genotyping data to detect CNVs (Carlson et al.
2006; McCarroll et al. 2006; Newman et al. 2006). However, these
studies were unable to detect rare CNVs and required slow and
labor-intensive analysis methods. We have adapted the Illumina
BeadXpress SNP genotyping assay (which uses GoldenGate genotyping chemistry) to detect CNVs at many loci in large-scale
studies. The BeadXpress assay allows customized selection of up to
384 probes, is substantially cheaper than other CNV platforms,
offers considerable quality-control advantages, and is performed in
96-well plates. We developed an algorithm, SNP-Conditional
OUTlier detection (SCOUT), that builds upon a previously developed method to genotype common CNVs (SCIMM) (Cooper
et al. 2008), to provide reproducible, automatic data analysis.
SCOUT performs an initial quality control pass to identify and
remove low-quality data, and subsequently predicts copy-number
changes at each targeted site by identifying samples with anomalous fluorescence intensity or allelic ratio measurements.
In this study, we targeted 69 regions of the genome predicted
to be susceptible to rearrangement as a consequence of nearby
flanking duplications, which we term rearrangement ‘‘hotspots’’
(Bailey et al. 2002). These include 25 hotspots known to be associated with genomic disorders (e.g., Prader-Willi, Williams, and
Velo-Cardio-Facial (VCF) syndromes; Supplemental Table 1). After
validation of the assay using patient samples with known pathogenic CNVs, we screened a cohort of 1105 individuals with
unexplained intellectual disability (ID). We detected, and subsequently validated, pathogenic or possibly pathogenic CNVs in
over 5% of these individuals. We show that this assay can be used
to accurately detect both rare and common CNVs and has potential use in clinical diagnostics, population genetics studies, and
genome-wide association studies.

Results
Detection of known CNVs
We selected 69 regions of the genome either known or predicted
(based on genomic architecture) to undergo recurrent rearrangement resulting in deletion or duplication. For each region, we selected at least five SNP probes for genotyping. We also developed
an automated computational method, SCOUT, to detect rare CNVs
using SNP genotyping fluorescence data. SCOUT considers both
the total intensity and the ratio of the two SNP alleles at each probe
(Fig. 1). Scores from all probes within a given target region are
summed to identify samples that are outliers across the entire interval (see Methods and Supplemental material).
We first tested SCOUT’s ability to predict deletions and
duplications across the 69 hotspot regions using 39 DNA samples
with ID and related phenotypes, each known to carry a deletion or
duplication of one or more of the targeted regions in its entirety
(Supplemental Table 2). Among these 39 samples were 35 deletions
and 22 duplications involving 20 of the targeted regions, all of
which had been previously confirmed by array-CGH. Four of the
CNVs in the control set affect only part of a targeted hotspot (two
deletions, two duplications), allowing us to test SCOUT’s ability
to detect variants when only a subset of the probes in a target is
nondiploid. We found that CNVs were scored in the extreme
positive (duplications) and negative (deletion) directions, with
scores ranging in absolute value from 3.7 to 15.4 (median of 8.6),
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compared to a global distribution with a mean near zero and
standard deviation 1.6 (Fig. 2). In fact, only three positive control
CNVs score less than |5|, and each of these is at a locus containing
only two successful probes (see Methods). Considering only hotspots with three or more probes (66 of 69 targeted loci; Supplemental Table 1), a threshold of |5| allows for 100% sensitivity with
only two false-positives in these control samples. We detected an
additional duplication in one control that was not previously
known, but was subsequently validated using array-CGH. Finally,
we were able to detect one of the two partial duplications (scores
of 4.5 and 5.9) and one of the two partial deletions (scores of 3.3
and 5.6) at a threshold of |5|.
As additional proof-of-principle, we also placed probes within
two common CNVs and used a previously described method,
SCIMM (Cooper et al. 2008), to generate copy-number genotypes
at these loci (see Methods). We also genotyped flanking SNPs with
which the deletions are known to be tightly correlated (Supplemental Fig. 1). We found a near perfect correlation between each
common deletion and its tag SNP (r 2 of 1.0 and 0.994) across the
entire sample collection (;1100 samples for which both CNV and
SNP genotypes were obtained). Since such a strong correlation
between these independently generated genotypes for common
variants is unlikely to occur in the absence of accurate genotypes,
this shows that common CNVs can also be accurately detected
with this assay.

Discovery and validation of CNVs in 1105 individuals with
intellectual disability (ID)
We subsequently analyzed a series of 1105 DNA samples from
individuals with unexplained ID (see Methods). Each 96-well plate
included two controls (one individual with a known deletion and
one individual with a known duplication). SCOUT automatically
removed 95 samples (8.6%) due to excessive fluorescence intensity
noise, leaving 1010 samples. Note that the quality-control measures we applied are more stringent than those applied for SNP
genotyping (see Methods) and that failure to eliminate noisy
samples results in an increased number of false-positive predictions (Supplemental Fig. 1).
We identified 69 potential duplications and 59 potential
deletions in 98 samples that met a SCOUT threshold of |5|. We
sought to validate as many of these predictions as possible and
evaluated 59 samples that had at least one prediction at this
threshold and for which sufficient DNA was available. These
samples included 44 inferred deletions and 38 inferred duplications. We also evaluated 27 samples with predictions ranging in
scores from |4| to |5| and 30 samples with no predictions above |4|.
Each of these samples was analyzed using a custom oligonucleotide array-CGH platform with high-density probe coverage in
each of the targeted hotspots (see Methods; Fig. 1). We found that
35 deletions (SCOUT scores from 6.0 to 13.4, median 8.9)
and 23 duplications (SCOUT scores from 6.1 to 11.7, median 7.5)
were validated by array-CGH (Table 1; Fig. 2). In addition, three
deletions (SCOUT scores of 3.2, 5.8, and 5.9) and one duplication (score of 3.8) were found by array-CGH to be partial events.
We identified one sample that had a trisomy of chromosome 15
(SCOUT scores from 3.9 to 7.5 at the nine tested chromosome 15
loci; this sample was eliminated from further consideration) and
one sample that carried a large duplication spanning more than
three hotspots on chromosome 16. Finally, we validated four
duplication events at hotspots that contained only two successful
probes (SCOUT scores from 3.7 to 6.6).
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Figure 1. CNVs at 16p13.11 in individuals with ID. (A) SCOUT uses fluorescence intensity data generated for SNP genotypes, in this case at rs35597, to
identify samples that harbor deletions or duplications. Each sample is assigned a score based on its intensity relative to the center of the cluster of all
samples with the same genotype. Samples that harbor duplications exhibit greater total intensity and potentially aberrant allelic ratio (inferred genotypes
marked in green), while deletions exhibit lesser intensity and lack SNP heterozygosity (inferred genotypes labeled in red). Samples analyzed as positive
controls are labeled PC, while validated predictions are labeled as L1–L2 (‘‘loss’’) or G1–G9 (‘‘gain’’). Dashed circles are drawn manually for visual aid.
Unlabeled samples that appear to be outliers at this probe are either outliers only at this probe or samples with insufficient DNA for validation. (B) SCOUT
predictions were validated with targeted array-CGH experiments. Shown are the resulting data for the labeled samples in panel A, with normalized logtransformed test/reference ratios at each tested probe presented as vertical bars. Those probes that are more than 1.5 standard deviations above (below)
the average for the entire array are colored green (red). The samples shown include eight validated duplications, two validated deletions, and one positive
control deletion. Note that G9 was analyzed with a different array-CGH platform and is not shown here. Genome coordinates and segmental duplications
are annotated at the top. The bottom shows RefSeq genes/isoforms annotated in this region.

False discovery rate (FDR) and sensitivity estimation
Using the above data, we were able to generate estimates of our
sensitivity and FDR using a range of thresholds (Fig. 3). We excluded loci with only two useful SNP probes and also eliminated
CNVs that only affected part of a target locus. At a SCOUT
threshold of |5|, we have a FDR of ;21% (15 of 73). Importantly, we
find that more stringent thresholds improved specificity with no
drop in sensitivity. In fact, at a threshold of |6|, SCOUT detects all
validated CNVs with a total estimated FDR of ;11% (7 of 65;
Fig. 3). We also note that three false-positive deletion predictions
came from a single sample, with scores of 12.6, 8.7, and 7.1,
each on a different chromosome. This is the only sample with
three strongly scoring predictions from distinct chromosomes,
suggesting the sample was likely to be of poor quality (see Methods). Elimination of this sample would reduce our FDR to ;6%
(4 of 62) at a threshold of |6|.

Disease relevance of detected CNVs
We sought to assess the disease relevance of the CNVs detected in the
1010 individuals that we successfully screened, each of whom was
affected by ID and related traits. In order to estimate the overall CNV
discovery rate (independent of the availability of DNA for validation),
we used a SCOUT threshold of |6| to predict the frequency of deletions and duplications, respectively, in this series (Table 1). Overall,
we confirmed or predicted pathogenic or potentially pathogenic
copy-number changes in 54 affected individuals. Many (31) of the
discovered variants occurred at well-established disease loci, in-

cluding both deletions (n = 3) and duplications (n = 2) of 22q11,
and deletions of the Prader-Willi/Angelman (n = 2) and SmithMagenis (n = 2) syndrome regions (Table 1). In addition, we found
that seven (six confirmed) individuals carry deletions of 16p11.2,
an event that was previously seen at similar frequencies (;1%) in
autism (Kumar et al. 2008; Marshall et al. 2008; Weiss et al. 2008).
We were also interested in those variants that are seen in
multiple individuals of our cohort, but are of uncertain pathogenicity. We compared the frequency of each CNV detected here to
a recent analysis of 2493 adult individuals that we conducted using
genome-wide SNP genotyping data (Itsara et al. 2009). We note
that each of the CNVs tested here are large and span many probes
on the arrays used previously, suggesting that differential sensitivity is unlikely to be a major confounding factor in our analysis.
Comparison against this panel identified two enriched CNVs in
the group of affected individuals studied here. Deletions at 15q11.2
were detected here in eight of 1010 affected individuals contrasted
with three events in 2493 controls (P = 0.003). In addition, duplications at 16p13 were detected in 11 of 1010 affected individuals contrasted with only two of 2493 controls (P = 4.7 3 10 5). We
note that each of these enrichments remains significant even if we
only include validated events (P = 0.0082 and 1.4 3 10 4 for
15q11.2 and 16p13, respectively).

Discussion
Numerous recent studies show that CNVs contribute substantially
to the etiology of human disease, with rare variants and recurrent
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Figure 2. SCOUT assigns highly negative scores to deletions (red),
near-zero scores to diploid intervals (black), and highly positive scores to
duplications (green). Normalized histograms (Y-axis indicates percent of
each category) for known deletions (red, n = 35), predicted and validated
deletions (dark red, n = 35), known duplications (green, n = 29), and
predicted and validated duplications (dark green, n = 23) are shown.
SCOUT scores are binned by 1-unit increments with the center of each bin
labeled on the X-axis. The vast majority of scores correspond to diploid
sites (n = 10,566 or 98.9%).

de novo mutations of large effect being particularly important
(McCarroll 2008; Mefford and Eichler 2009). Identification and
characterization of such disease associations require reliable ascertainment of rare variants in large cohorts, which cannot be
accomplished efficiently by current methods for discovery of
CNVs in individual samples. We have used Illumina BeadXpress
assays in conjunction with a newly developed algorithm (SCOUT)
to interrogate known and putative mutational hotspots in a collection of over 1000 individuals affected by ID and related traits.
The resulting data demonstrate the capacity of this technology to
rapidly and affordably analyze CNVs in large collections of phenotyped samples. Our results also provide insights specific to the
genetic basis for ID. We address both the technical and biological
results in turn.
The approach that we describe combines the flexibility,
speed, and throughput of a SNP-based genotyping assay with the
ability to accurately identify rare CNVs (singletons in arbitrarily
large sample collections) and genotype common CNVs in a single
experiment. To our knowledge, this is the first automated application of this technology applied to the analysis of rare and
common CNVs. In this study, we analyzed 69 custom-selected
loci in more than 1200 samples in less than 1 mo of processing
time. We estimate that a single technician could genotype a customized set of more than 100 CNV loci in 600–700 samples/wk
with per-sample reagent costs five- to 20-fold less than that of
array-CGH or genome-wide SNP experiments. Since these samples were collected in a clinical setting and, in most cases, stored
for many years, this cohort is likely to provide a reliable indication as to the performance of this method when applied to
other clinical sample collections. Additionally, the fact that
BeadXpress assays have the potential for CLIA certification may
simplify development of clinical diagnostic assays to genotype
CNVs of known effect, including all known recurrent microdeletion/duplication syndromes. With refinement to provide
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improved sensitivity and quality control, such assays could be
applied as a cost-effective screen before using more expensive
genome-wide chips, similar to the way that we efficiently diagnosed causal variation for dozens of individuals in this study
(Table 1). In general, targeted SNP-based CNV detection provides
a powerful and previously unavailable combination of customizability, cost efficiency, and throughput for the discovery of
CNVs that contribute to disease.
With respect to the genetic basis for ID, we identified
pathogenic or potentially pathogenic variants in 5.4% of
the 1010 individuals studied here. Many of these individuals
carried variants of known effect and could be given a clinically
relevant diagnosis. Of note, at least six of the individuals with
a deletion of 16p11.2 in our cohort do not have a diagnosis of
autism, which was the disease originally associated with this
locus (Weiss et al. 2008). Our results therefore widen the phenotypic spectrum to include ID without autism, consistent with
a recent study that reported the same deletion in 0.3% of 4284
individuals with ID but not autism (Bijlsma et al. 2009).
We also detected a high frequency of 15q11.2 deletions between BP1 and BP2 (eight of 1010 individuals, 0.79%), near the
Prader-Willi and Angelman syndromes critical region (BP2–BP3).
While more definitive proof will require even larger sample sizes
and ideally an analysis of cases and controls on the same platform,
we observed that 15q11.2 deletions are significantly enriched
(P = 0.003) in our cohort in comparison to a recently published
genome-wide analysis of control individuals (Itsara et al. 2009).
Additional contextual data also suggest that this variant is pathogenic. This region is deleted in some individuals with Prader-Willi
and Angelman syndromes, and there is evidence that individuals
with Prader-Willi or Angelman syndrome that carry the larger deletion (BP1–BP3) are more severely affected than those with only
deletions of the critical interval (Butler et al. 2004; Hartley et al.
2005; Sahoo et al. 2006). Furthermore, deletions of this region were
found more frequently in individuals with schizophrenia compared to controls in two independent studies (Stefansson et al.
2008; Kirov et al. 2009). Combination of our data and these other
studies suggests that deletions of this region are a risk factor for
neurocognitive disease.
We also identified 11 individuals (;1.1%) with duplications
of 16p13.11 (eight BP1–BP2 and three BP1–BP3) and found it to
be significantly (P = 4.7 3 10 5) enriched in comparison to the
same published control panel used above. One additional individual was confirmed to harbor a larger duplication event
spanning this entire region (Table 1). Deletions at this locus are
known to be pathogenic (Ullmann et al. 2007; Hannes et al. 2008),
and duplications were associated with autism and ID in one
study (Ullmann et al. 2007). In a separate study of ID, the duplications were found to be enriched in affected individuals, but
this enrichment was statistically nonsignificant, suggesting the
variant was either benign or incompletely penetrant (Hannes
et al. 2008). Interestingly, these duplications were also reported
to be nonsignificantly enriched in individuals with schizophrenia
in two independent studies (International Schizophrenia Consortium 2008; Kirov et al. 2009). Thus, similar to deletions at
15q11.2, our data combined with previous literature suggest that
duplications at 16p13 are, in fact, pathogenic but incompletely
penetrant. In any case, future studies of neurocognitive illness,
which may benefit from both the technical and biological results presented here, are warranted to confirm the influence of
CNVs at these loci and more clearly delineate their phenotypic
consequences.
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Table 1.

CNVs confirmed or predicted in series of 1010 individuals with ID

Locus
Pathogenic eventsb
1q21.1 dup
15q11 BP1-BP3 delc
15q11 BP2-BP3 del
15q24 del
16p11.2 del
16p11.2 dup
16p12.2-p11.2 del
16p13 BP1-BP2 del
16p13 BP1-BP3 delc
17p11.2 del (SMS)c
17p12 del (HNPP)
17p12 dup (CMT1A)
17q12 del
22q11.21 3-Mb del (VCFS)c
22q11.21 3-Mb dupc
22q11.21-q11.22 distal del
Total

Size (MB)

1.4
5.7
5.3
2.2
0.9
0.9
8.1
1.2
3.2
3.5
1.4
1.4
1.6
2.9
2.9
1.4

Confirmed by
Combined frequency
array-CGH
Predicteda
(n = 1010)

1
1
1
0
6
1
0
1
1
2
1
0
1
2
2
2
22

2
0
0
1
1
0
1
1
0
0
0
1
0
1
0
1
9

0.30%
0.10%
0.10%
0.10%
0.69%
0.10%
0.10%
0.20%
0.10%
0.20%
0.10%
0.10%
0.10%
0.30%
0.20%
0.30%
3.08%

genome reference assembly. We chose 25
hotspots that are known to associate with
disease; the remaining 44 were chosen based
upon size and gene content. We also selected
two control intervals, which are common,
resequenced deletion events that we have
previously genotyped using multiple assays
(Newman et al. 2006; Cooper et al. 2008;
Kidd et al. 2008). Each of these deletions is
tightly correlated with nearby ‘‘tag’’ SNPs,
which were also included in the assay design.

Selection of SNP probes

Within each targeted region, we selected
HapMap (International HapMap Consortium
2005) SNPs to genotype in the assay based
on a number of criteria. First, we prioritized
probes with a high Illumina design score
(optimally ‘‘1.1’’). Second, since allelic ratios
at heterozygous SNPs provide valuable inforPossibly pathogenic eventsb
mation beyond absolute intensities (Cooper
15q11.2 BP1-BP2 del
0.4
7
1
0.79%
16p13 BP1-BP2 dup
1.2
7
1
0.79%
et al. 2008), we favored SNPs with a minor
3.2
2
1
0.30%
16p13 BP1-BP3 dupc
allele frequency above 10% in both the
15
1
0
0.10%
Large 16p13 dup (8Mb)d
CEU and YRI HapMap populations (our dis17q12 dup
1.6
1
0
0.10%
ease panel consists of both European and
22q11 distal BCR dup
0.7
0
1
0.10%
African-American individuals). Third, we
VCFS distal del
0.9
1
0
0.10%
Total
19
4
2.28%
eliminated probes within segmental dupliTotal path + possible
41
13
5.35%
cations to minimize cross-hybridization artifacts. Finally, we optimized spacing between
Events of unknown significance
7q11 del (distal to WBS)
1.7
1
0
0.10%
probes to achieve maximal coverage of the
10q11 del
2.6
1
0
0.10%
hotspots. Based upon previous experience
15q11.2 BP1-BP2 dup
0.4
1
1
0.20%
(Newman et al. 2006; Cooper et al. 2008)
11q13 dup
3.9
0
1
0.10%
and simulations using gender tests at XPolymorphic CNVs
linked SNPs genotyped previously (Carlson
NPHP1 del
0.7
2
0
0.20%
et al. 2006; data not shown), we estimated
NPHP1 dup
0.7
1
6
0.69%
that five probes per target would provide an
1q21.1 (TAR region) dup
0.3
3
NA
0.30%
acceptable compromise between accuracy
22q11.22-q11.23 dele
0.7
1
0
0.10%
and probe density. In addition, for troubleTotal CNVs detected
51
21
7.14%
shooting and control purposes, we placed
Copy-number changes detected in 1010 individuals with ID.
ten probes within each of several known
a
SCOUT threshold for predicted deletions is < 6 and for duplications is >6. Sufficient DNA samples
disease loci (1q21.1 [Brunetti-Pierri et al.
could not be obtained to confirm all events by array-CGH.
2008; Mefford et al. 2008], 15q13.3 [Miller
b
Pathogenic events include regions that are known to cause disease when deleted or duplicated.
et al. 2008; Sharp et al. 2008; Pagnamenta
Possibly pathogenic events are regions where at least one case has been reported or shows signifet al. 2009; van Bon et al. 2009], and 17q12
icant enrichment compared to controls.
c
[Mefford et al. 2007]).
The event listed includes two adjacent targeted regions and is therefore counted as two events in
the text.
After the samples were genotyped,
d
Predicted event involves three adjacent regions on chromosome 16.
scatterplots of intensity data were generated
e
Homozygous deletion previously reported as CNV in DNA samples from cell lines (Itsara et al. 2009).
for each probe and manually inspected (note
SMS, Smith-Magenis Syndrome; HNPP, Hereditary Neuropathy with liability to Pressure Palsies;
that this step only needs to be performed
CMT1A, Charcot-Marie-Tooth disease, Type 1A; VCFS, Velo-Cardio-Facial Syndrome; WBS, Williamsonce for any given set of probes). Probes
Beuren Syndrome.
with excessive noise or anomalous clustering
patterns, such as the presence of multiple
Methods
heterozygote clusters (Cooper et al. 2008), were excluded from
further analysis. After this filtering, 25 of the original 69 targets
Selection of loci
had five or more useful probes, 52 had four or more useful probes,
and 66 had at least three useful probes. Hotspots with only two
The coordinates of all regions targeted in this assay are listed in
probes (three loci) were analyzed but are ignored in the accuracy
Supplemental Table 1. We selected regions of unique sequence
statistics (Fig. 3). The SNPs assigned to each target, including failed
(>50 kb) that are flanked by large (>10 kb), highly similar (>95%
and successful probes, are provided in Supplemental Table 1.
identity) blocks of duplicated sequence, which we term rearrangement ‘‘hotspots’’ (Bailey et al. 2002). Regions with this architecture have an increased propensity to generate de novo
BeadXpress genotyping
deletion or duplication events involving the entire region due to
nonallelic homologous recombination. We selected 69 hotspots
The BeadXpress assay was performed in accordance with manuout of an estimated total of 110 nonredundant loci in the human
facturer’s protocols (http://www.illumina.com). DNA concentration
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performs an automated filtering step to
eliminate samples with an assay-wide excess of extreme outlier scores (see Supplemental Methods and Supplemental Fig. 1).
SCOUT sample filtering and scores and
SCIMM genotypes were calculated independently for each 96-sample plate.

Disease cohort
After obtaining informed consent, we
evaluated DNA from 1105 individuals
who received services through the South
Carolina Department of Disabilities and
Special Needs. Common causes of ID had
been excluded by fragile X testing, chromosome analysis, amino acid and organic
acid analyses, and urinary metabolic
screening (n = 1105, 49.8% female, 50.2%
male, 53% African American, 46% European American, 1% unstated or other
Figure 3. Reliability of SCOUT predictions as a function of threshold. Sensitivity (dashed lines/open
ethnicity). Eight hundred forty-seven
squares) and false discovery rates (FDR, solid lines/solid squares) to detect deletions (red) and dupliof these samples were also previously
cations (green) are plotted as a function of the absolute value of the SCOUT threshold, incremented by
screened using TaqMan quantitative
units of 0.25. These estimates exclude regions covered by only two probes and also exclude CNVs in
positive control samples.
PCR assays for deletions or duplications
of 15q13 (Sharp et al. 2008), 1q21.1
(Mefford et al. 2008), 17q21.3 (data not
was determined using a NanoDrop ND-1000 Spectrophotometer
shown), and 15q24 (data not shown).
(Thermo Scientific). Ninety-six well plates were prepared with
DNA at uniform concentration (either 50 or 100 ng/mL, depending
Array-CGH validation of predicted CNVs
on DNA availability). BeadXpress raw data were processed using
Illumina’s BeadStudio software suite (genotyping module 3.3.7),
We performed oligonucleotide array comparative genomic hyproducing report files containing normalized intensity data and
bridization (array-CGH) using a custom 123135K array (Roche
SNP genotypes. All SNP genotypes were inferred using a genotypNimbleGen) with 135,000 oligonucleotide probes. Each of the
ing cluster file automatically generated by BeadStudio from an
hotspots targeted by the BeadXpress assay described here were
initial 96-sample control plate containing 49 HapMap DNA samrepresented on the array with an average spacing of one probe per
ples, 11 ID patient samples (see Disease Cohort below), and 36
2650 bp, allowing for validation of putative deletions and duplipositive control samples (Supplemental Table 2).
cations involving all or part of each hotspot. Hybridizations were
performed as previously described (Sharp et al. 2008) using a single
common reference sample (NA15724). In a few cases, samples were
Algorithm: SNP-Conditional OUTlier detection (SCOUT)
validated using a whole-genome tiling array (NimbleGen HG18
SCOUT is an outlier detection algorithm that analyzes fluorescence
123135K WG Tiling v2.0) that also offers sufficient coverage to
data and SNP genotype calls to produce a per-site score for every
validate potential CNVs at all targeted hotspots.
sample at each SNP. Both the total intensity and allelic ratio
(position relative to the center of the heterozygote cluster) are
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