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INTRODUCTION
Developmental delay/intellectual disability (DD/ID) is a com-
mon condition affecting 1–3% of children.1 The method of 
approaching such cases has evolved over the years. Some of these 
children present with a combination of clinical features that 
allows the clinician to recognize a single-gene or a structural or 
numerical chromosomal disorder. In such cases, mutation analy-
sis of specific candidate genes, fragile X syndrome (FRAXA) 
testing, or conventional karyotyping is usually pursued first. 
Unfortunately, the majority of patients lack a specific presenta-
tion, which poses a diagnostic challenge. For these cases, a large 
number of nonspecific diagnostic assays are ordered, albeit with 
very low diagnostic yield. For instance, the yield of conventional 
karyotyping is estimated at 3% (excluding Down syndrome and 
other recognizable chromosomal syndromes).2 Clearly, a diag-
nostic assay with a wide range of indications and a higher clinical 
sensitivity is required. Molecular karyotyping has quickly been 
embraced as such an assay: it has revolutionized the diagnosis 
of unexplained neurocognitive phenotypes and has become the 
recommended first-tier clinical diagnostic test for these individ-
uals.3 It has been called an indispensable genetic analysis in the 

diagnosis of idiopathic (DD/ID)4 and is likely to remain so until 
supplanted by the increasingly popular whole-exome/whole-
genome sequencing. Unlike a regular karyotype that relies on the 
microscopic inspection of chromosomes, molecular karyotyp-
ing constructs virtual chromosomes based on the copy-number 
analysis of DNA, which improves its resolution by 100-fold.5 Like 
any other test, there are limitations: microarray platforms cannot 
identify truly balanced chromosomal rearrangements or point 
mutations, and low-level mosaicism for unbalanced rearrange-
ments and aneuploidy may not be detected.3 Furthermore, with 
the increasing recognition of the pervasiveness of copy-number 
polymorphisms, as well as the recent realization that reduced 
penetrance of some pathogenic copy-number variants (CNVs) 
can influence the clinical phenotype, assigning pathogenicity to 
CNVs that are uncovered at an increasingly high resolution by 
molecular karyotyping can be very challenging.

Miller and colleagues2 conducted a literature review of 33 stud-
ies including 21,698 patients tested by chromosomal  microarray. 
They found an average diagnostic yield of 11% (range, 5.1–
20.0%).2 This wide range is attributable to the fact that studies 
used different platforms with different resolutions and different 
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Purpose: Molecular karyotyping has rapidly become the test of choice 
in patients with neurocognitive phenotypes, but studies of its clinical 
utility have largely been limited to outbred populations. In consan-
guineous populations, single-gene recessive causes of neurocognitive 
phenotypes are expected to account for a relatively high percentage of 
cases, thus diminishing the yield of molecular karyotyping. The aim of 
this study was to test the clinical yield of molecular karyotyping in the 
highly consanguineous population of Saudi Arabia.
Methods: We have reviewed the data of 584 patients with neurocog-
nitive phenotypes (mainly referred from pediatric neurology clinics), 
all evaluated by a single clinical geneticist.
Results: At least 21% of tested cases had chromosomal aberrations 
that are likely disease-causing. These changes include both known 

and novel deletion syndromes. The higher yield of molecular karyo-
typing in this study as compared with the commonly cited 11% can 
be explained by our ability to efficiently identify single-gene disor-
ders, thus enriching the samples that underwent molecular karyo-
typing for de novo chromosomal aberrations. We show that we were 
able to identify a causal mutation in 37% of cases on a clinical basis 
with the help of autozygome analysis, thus bypassing the need for 
molecular karyotyping.
Conclusion: Our study confirms the clinical utility of molecular 
karyotyping even in highly consanguineous populations.
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inclusion criteria. Curiously, it is noted that all these studies were 
performed using outbred populations. Consanguineous popula-
tions have historically been investigated for recessive single-gene 
disorders, but there are no data regarding the contribution of 
CNVs to DD/ID disease burden in these populations. One may 
predict that the yield will be diminished because single-gene 
recessive causes of neurocognitive phenotypes account for a 
relatively high percentage of cases.

In the present study, we attempted to address this gap in 
knowledge by investigating a cohort of DD/ID patients in Saudi 
Arabia, a country with a consanguinity rate of 56%. We present 
data from our cohort of patients with a neurocognitive pheno-
type, and we demonstrate that the yield of molecular karyotyp-
ing is in fact paradoxically high at 21%, probably due to the 
successful identification of single-gene disorders in patients 
who were deemed ineligible for molecular karyotyping. In addi-
tion to established microdeletion syndromes, our study identi-
fies novel ones and challenges previous reports that assigned 
pathogenicity to a CNV that we show to be likely benign.

MATeRIALs AND MeTHODs
Human subjects
Our study is a retrospective chart review of all patients (n = 584) 
with a neurocognitive phenotype (mainly referred from pediat-
ric neurology clinics) who were seen by a single clinical geneticist 
in his clinic from September 2007 to June 2013. All families were 
enrolled under a King Faisal Specialist Hospital and Research 
Center institutional review board–approved protocol after sign-
ing written informed consent. Those whose clinical photographs 
are shown have specifically signed a patient photograph release 
form. Our inclusion criteria comprised the presence of a neuro-
cognitive phenotype (i.e., syndromic and nonsyndromic cases of 
DD, autism, ID, and epilepsy) with a normal regular karyotype, 
and the evaluation by a single clinical geneticist (F.S.A.) in his 
clinic. Patients who were not candidates for having a molecu-
lar karyotype were excluded. This included patients who had an 
abnormal regular karyotype result (mainly Down syndrome), 
patients with suspected Prader–Willi/Angelman syndrome, 
patients with positive family history consistent with autosomal 
recessive inheritance, patients with an environmental cause of 
their neurocognitive phenotype, and those cases suggestive of 
a specific syndromic diagnosis for which the causative gene is 
known. A subset of patients was excluded due to logistic (e.g., 
parents declined testing) or technical reasons (e.g., molecular 
karyotyping had been performed but failed due to poor-quality 
DNA and could not be repeated because the patient could not be 
recalled or had died).

Molecular karyotyping
Initially we used the Affymetrix SNP 6.0 array, which 
was replaced by the Cyto-V2 and later the CytoScan HD 
(Affymetrix, Riyadh, Saudi Arabia) arrays. The latter was used 
for the majority of our patients. Whole-genome chromosome 
single-nucleotide polymorphism (SNP) microarray analysis 
was performed to assess for imbalances (i.e., gains or losses) 

in the genomic DNA using the genome-wide SNP CytoScan 
HD array. This array platform contains 2.6 million markers 
for CNV detection (Affymetrix), of which 750,000 are geno-
type SNPs and 1.9 million are nonpolymorphic probes, for the 
whole genome coverage. The analysis was performed using the 
Chromosome Analysis Suite version Cyto 2.0.0.195(r5758). 
Oligonucleotide probe information is based on build 37 of 
the UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/
hgGateway, GRCh37/hg19).

Briefly, 250 ng of genomic DNA was digested with the restric-
tion enzyme NspI and then ligated to an adapter, followed by 
polymerase chain reaction (PCR) amplification using a single 
pair of primers that recognized the adapter sequence. The PCR 
products were run on a 2% tris-borate-EDTA gel to confirm 
that the majority of products were between 150 and 2,000 bp in 
length. To obtain a sufficient quantity of PCR product for fur-
ther analysis, all products from each sample were combined and 
purified using magnetic beads (Agencourt AMPure, Beckman 
Coulter, Beverly, MA). The purified PCR products were frag-
mented using DNase I and visualized on a 4% tris-borate-EDTA 
agarose gel to confirm that the fragment sizes ranged from 25 to 
125 bp. The fragmented PCR products were subsequently end-
labeled with biotin and hybridized to the array. Arrays were 
then washed and stained using a GeneChip Fluidics Station 450 
and scanned using an Affymetrix GeneChip Scanner 3000 7G. 
Scanned data files were generated using Affymetrix GeneChip 
Command Console Software (version 1.2) and analyzed with 
the Chromosome Analysis Suite.

The hidden Markov model available within the Chromosome 
Analysis Suite software package was used to determine the 
copy-number states and their breakpoints. Thresholds of log2 
ratio ≥0.58 and ≤ −1 were used to categorize altered regions as 
CNV gains (amplification) and copy-number losses (deletions), 
respectively.

To minimize the detection of false-positive CNVs arising due 
to inherent microarray “noise,” only alterations that involved at 
least 50 consecutive probes and that were at least 500 kb in size 
were used to categorize altered regions as CNV gains (amplifi-
cation), whereas those at least 200 kb in size were used to cat-
egorize copy-number losses (deletions) in our study.

We then proceeded to evaluate the CNVs detected in our 
patients based on the American College of Medical Genetics and 
Genomics standards and guidelines.3 The genic content in the 
CNV interval of all the patients who had a molecular karyotype 
performed was taken into consideration by seeking recent publi-
cations to compare breakpoints, phenotypes, and different sizes 
of CNVs that overlapped. To exclude aberrations representing 
common benign CNVs, all the identified CNVs were compared 
with those reported in the Database of Genomic Variants (http://
projects.tcag.ca/variation/) and those reported in our own data-
base for individuals who have been classified as normal.

CNVs were divided into the three recommended catego-
ries: pathogenic, benign/likely benign, and of uncertain clini-
cal significance. Under pathogenic, we had (i) de novo CNVs 
that met the size cutoff of 200 kb for deletions and 500 kb for 
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duplications (based on the laboratory’s consideration of the per-
formance characteristics of the assay used) and were not found 
in either parent and (ii) the CNVs that were inherited from a 
clinically affected parent. These included novel CNVs as well 
as those that were previously published as either representing 
a well- established syndrome or being linked to a neurocogni-
tive phenotype. The benign/likely benign CNVs were previously 
reported as a benign variant or were present in one of the unaf-
fected parents, respectively. However, this does not eliminate 

the possibility that pathogenic CNVs exhibiting incomplete 
penetrance or variable expressivity can be present in an unaf-
fected parent. CNVs that were found in patients whose parents 
were not tested were classified as being of uncertain clinical 
significance.

ResULTs
Of all the charts reviewed from September 2007 to June 2013, 
584 patients with various neurocognitive phenotypes met the 

Figure 1  Facial features of some of those with previously reported pathogenic copy-number variants. (a) Patient 08DG00312 with Chr1p21. 
3-1p13.3 deletion. (b) Patient 09DG00247 with Chr1p36.33-1p36.32 deletion. (c) Patient 11DG0743 with Chr7q11.23 deletion. (d) Patient 08DG00076 
with Chr9p24.3-9q21.11 duplication. (e) Patient 08DG00254 with Chr13q12.3 deletion. (f) Patient 12DG1161 with Chr15q11.2-15q13.1 deletion. 
(g) Patient 13DG1086 with Chr15q11.2-15q13.3 triplication. (h) Patient 11DG2239 with Chr16p11.2 deletion. (i) Patient 13DG0756 with Chr16p11.2 
deletion. (j) Patient 14DG0263 with Chr17p11.2 deletion. (k) Patient 11DG0257 with Chr17p13.3 deletion. (l) Patient 11DG2019 with Chr17q21.31 
deletion. (m) Patient 08DG00155 with Chr22q11.21 deletion. (n) Patient 10DG0083 with Chr22q11.21 deletion. (o) Patient 11DG0448 with Chr22q11.1-
22q11.21 deletion. (p) Patient 11DG2451 with Chr22q13.33 deletion.
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inclusion criteria. We then excluded (i) 76 patients with an 
abnormal regular karyotype (72 cases of Down syndrome, 
1 case of trisomy 18, 1 case of inverted duplications of chro-
mosome 15 syndrome, 1 case referred with Chr6q14q21 dele-
tion, and 1 case referred with an unbalanced chromosome 7 
translocation); (ii) 6 patients with Prader–Willi syndrome; 
(iii) 54 with positive family history consistent with autosomal 
recessive inheritance, because they are more likely to have a 
single-gene disorder than a deletion/duplication; (iv) 1 case 
with an environmental cause for the neurocognitive phenotype 

(kernicterus); (v) 217 with molecularly confirmed single-gene 
disorders; (vi) 1 case of mitochondrial DNA depletion; and (vii) 
46 due to logistic and technical reasons (see above). This is pre-
sented in Supplementary Figure S1 online.

Seventy-five discrete disorders were identified at the single-
gene level. Mutations in more than 80 single genes were found 
in these patients. No single gene accounted for more than 2% 
of the cases, with the exception of ADAT3 (6.5%), which was 
recently reported to be a cause of ID with strabismus.6

Valid molecular karyotyping data were obtained for 183 
patients. Based on the American College of Medical Genetics 
and Genomics standards and guidelines for interpretation and 
reporting of postnatal constitutional CNVs,3 38 (21%) patients 
(a father/two sons trio with the same pathogenic CNV were 
counted once) were found to have pathogenic CNVs. Thirty-four 
CNVs were de novo (two patients were each found to have two 
de novo pathogenic CNVs). Three CNVs representing known 
microdeletion syndromes (Chr22q11.21 deletion, Chr17p11.2 
deletion, and Chr16p11.2 deletion) were of unknown inheri-
tance because one of the healthy parents was not available for 
testing. Three CNVs were inherited from an affected parent. In 
addition, 141 patients (77.5%) had benign/likely benign CNVs 
or a normal molecular karyotype, and 3 patients (1.5%) showed 
variants of uncertain clinical significance.

Of the 40 pathogenic CNVs, 30 were previously reported 
(24 represent well-established syndromes and 6 were reported 
as being associated with a neurocognitive phenotype). These 
cases are summarized in Supplementary Table S1 online; the 
genic content of the CNVs of these patients can be found in 
Supplementary Table S2 online, and the facial features for 
some are shown in Figure 1.

The well-established syndromes found in 23 of our patients 
included the following: an interesting case of Williams syn-
drome with intact ELN; Bannayan–Riley–Ruvalcaba syndrome 
with autism and severe ID; a CHARGE-like case with trisomy 
12p; 14q32.3 deletion syndrome with Dubowitz-like features; 
and triplication of 15q11–15q13. Of the remaining six patho-
genic CNVs, patient 13DG0291 shared maternally inherited 
Bannayan–Riley–Ruvalcaba syndrome (Chr10q23.31 deletion 
involving PTEN) with his two sisters, but only he has autism 
and severe ID. Patient 08DG00254 with ID, epilepsy, and atten-
tion deficit hyperactivity disorder (ADHD) had a paternally 
inherited Chr13q12.3 deletion. His father has learning difficul-
ties and psychological problems.

Figure 2 Facial features of the family with a novel intellectual 
disability/dysmorphology syndrome represented by an identical 
Chr1p36.22–1p36.23 deletion. (a) Patient 13DG0955 with Chr1p36.22-
1p36.23 deletion. (b) Mouth of patient 13DG0955 showing fissured corners. 
(c) Patient 13DG0956 with Chr1p36.22-1p36.23 deletion. (d) Mouth 
of patient 13DG0956 showing fissured corners. (e) Patient 13DG0957 
with Chr1p36.22-1p36.23 deletion (father of patients 13DG0955 and 
13DG0956). (f) Mouth of patient 13DG0957 showing fissured corners.

a
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f
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Figure 3 Facial features of some of those with novel pathogenic copy-number variants. (a) Patient 11DG1345 with Chr1q21.2 duplication. (b) Patient 
11DG1823 with Chr2p21 deletion. (c) Patient 12DG2552 with Chr8p23.1-8p23.3 deletion. (d) Patient 11DG0629 with Chr15q11.1-15q11.2 duplication.
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The remaining 10 pathogenic CNVs were novel (one CNV 
was found in a father/two brothers trio representing a novel ID 
syndrome and was counted once, and two CNVs were found in a 
single patient). These cases are summarized in Supplementary 
Table S3 online; the genic content of the CNVs of these patients 
can be found in Supplementary Table S4 online, and the facial 
features for most are shown in Figures 2–4.

Three of our patients showed variants of uncertain clini-
cal significance because either one or both parents could not 
be tested. These are summarized in Supplementary Table S5 
online; the genic content of the CNVs of these patients can be 
found in Supplementary Table S6 online, and the facial fea-
tures are shown in Figure 5.

DIsCUssION
In our study, we demonstrate the relatively high yield of molec-
ular karyotyping (21%) for neurocognitive phenotypes in a 
consanguineous population by revealing 40 pathogenic CNVs. 
This is unlikely to be due to an overcalling of pathogenic CNVs 
because 75% were previously reported. Rather, the paradox is 
explained by the fact that more than one-third of our cohort 
(37%) was found to have a single-gene disorder confirmed 
molecularly, thus obviating the need for molecular karyotyping. 
These accounted for 75 discrete disorders identified mainly by 
autozygosity mapping, almost all of which were recessive. This 
essentially enriched the denominator for nonautosomal reces-
sive causes of neurocognitive phenotypes, that is, de novo dom-
inant causes, whether CNVs or point mutations. Furthermore, 

had we not excluded these cases from the denominator, our 
yield would have decreased to 9.5%, which is comparable with 
many cited yields. In line with this is the observation that the 
enrichment was significantly higher among patients with con-
sanguineous parents (2.8-fold) as compared with those with 
nonconsanguineous parents (1.5-fold).

Several other observations in our study are worth high-
lighting. For example, in several cases with previously 
reported CNVs, we expanded the associated described phe-
notype. Patient 11DG0743 is an interesting case of Williams 
syndrome as he was found to have an atypical de novo dele-
tion of the Williams–Beuren syndrome critical region in 
7q11.23 retaining the ELN gene, which is in keeping with his 
normal cardiac evaluation.7 The genes CLIP2, GTF2IRD1, 
and GTF2I have been proposed to be linked to abnor-
mal cognition in the Williams–Beuren syndrome critical 
region.7,8 However, we note that the deletion in our patient, 
who has the classic cognitive and behavioral phenotype of 
the Williams–Beuren syndrome critical region, preserves 
these genes.

The index case (13DG0291) in a family with classic 
Bannayan–Riley–Ruvalcaba syndrome is worth highlighting. 
He presented with autism, severe ID, and ADHD. His examina-
tion revealed macrocephaly and multiple macules on his penis 
(Supplementary Figure S2 online). Family history was nega-
tive, but examination revealed an affected mother—13DG0296 
(with papillomatous papules over the nose and eyelids)—and 
indeterminate status of two affected sisters—13DG0292 and 

Figure 4 Features of patient 10DG1455 with Chr5q11.2-q13.2 deletion and Chr9p13.1-9q13 duplication. (a) Face showing dysmorphic features 
including frontonasal dysplasia, widow’s peak, severe hypertelorism, and prominent broad nasal bridge. (b) Back of head showing flat occiput and low posterior 
hairline. (c) Hands showing syndactyly and broad thumbs.

a b c

Figure 5 Facial features of those with likely pathogenic copy-number variants of undetermined de novo status. (a) Patient 11DG0134 with 
Chr2p14 deletion and Chr19p12 deletion. (b) Patient 08DG00087 with Chr3q22.1 deletion and ChrXp22.33 duplication. (c) Patient 08DG00521 with Chr9p12 
duplication. (d) Right eye of patient 08DG00521 showing coloboma.

a b c d
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13DG0295—all of whom completely lacked any neurocognitive 
involvement. All four were found to have the same hemizygous 
10q23.1 deletion involving the gene PTEN (Supplementary 
Figure S3 online). Autistic behavior is an uncommon feature of 
Bannayan–Riley–Ruvalcaba syndrome; it has been described in 
only three cases.9–11 It is interesting that PTEN mutations have 
been associated with autism spectrum disorder with or with-
out classic features of Bannayan–Riley–Ruvalcaba syndrome, 
and that even though all four members of our family have the 
same deletion breakpoints, only 13DG0291 has a neurocogni-
tive phenotype.

Three of our patients (09DG00498, 11DG2239, 13DG0756) 
were found to have Chr16p11.2 microdeletion syndrome with 
very similar breakpoints (Supplementary Figure S4 online) 
involving almost the same genes, yet they have very different 
phenotypes. Patient 13DG0756 presented classically with ID 
and morbid truncal obesity.12 However, patient 09DG00498 
presented with DD, significant failure to thrive, and right 
radial ray defect with an abnormally placed right peduncu-
lated thumb, which has never been reported in this syndrome 
(Supplementary Figure S6 online). It is tempting to speculate 
that this radial ray defect may be related to the de novo 16p 
deletion in compound heterozygosity with a second hit from 
the other allele, akin to thrombocytopenia/absent radius syn-
drome. However, we cannot exclude the possibility of two inde-
pendent disorders. Finally, patient 11DG2239 presented with 
significant speech delay despite apparently normal cognition 
and hearing. He also had poor weight gain, postaxial polydac-
tyly of the left hand, and poor dentition. Childhood apraxia of 
speech was confirmed by his Chr16p11.2 deletion with break-
points similar to those previously reported.13 Interestingly, nei-
ther of these reported patients was obese. The literature clearly 
demonstrates that the 16p11.2 deletion is associated with obe-
sity, but the reciprocal duplication is associated with failure to 
thrive.14 Despite this, patients 09DG00498 and 11DG2239 pre-
sented with failure to thrive. It should also be noted that the 23 
genes with an impact on pathways central to the development 
of obesity were included in all three deletions: SPN, QPRT, 
C16orf54, MAZ, PRRT2, MVP, CDIPT, SEZ6L2, ASPHD1, 
KCTD13, TMEM219, TAOK2, HIRIP3, INO80E, DOC2A, 
C16orf92, FAM57B, ALDOA, PPP4C, TBX6, YPEL3, GDPD3, 
and MAPK3.12 The deletion found in patient 11DG2239 did 
not involve SPN. SEZ6L2 and DOC2A, genes included in all 
three deletions, have been implicated in autism disorder,15 but 
our patients did not present with autistic features. Curiously, all 
three patients presented with hand anomalies, and it is particu-
larly interesting that 09DG00498 presented with right radial ray 
defect, whereas 11DG2239 presented with its reciprocal, post-
axial polydactyly of the left hand.

Patient 13DG0955 is a child with syndromic ID that he inher-
ited from his father (patient 13DG0957); his brother, patient 
13DG0956, is similarly affected. All three were found to have 
an identical Chr1p36.22-1p36.23 deletion (Supplementary 
Figure S5 online), representing a novel syndrome presenting 
with a peculiar facial appearance of short palpebral fissures, 

wrinkled lower eyelids, prominent columella, and fissured cor-
ners of the mouth (Figure 2). They also presented with short 
stature. Patient 13DG0955 was found to have mitral valve pro-
lapse and mitral regurgitation, whereas his brother’s (patient 
13DG0956) echocardiogram was normal (the father was not 
tested). Vitiligo of both hands and a large rough nevus was also 
evident in patient 13DG0955, but not in his brother. Patient 
13DG0956 demonstrated low insulin-like growth factor 1 and 
delayed bone age. His brother (13DG0955) also had delayed 
bone age, but insulin-like growth factor 1 was normal.

Patient 11DG1823 was found to have a de novo Chr2p21 dele-
tion encompassing only two genes: SIX2 and SIX3. This patient 
presented with ID, DD, and epilepsy. On examination, she was 
found to have generalized hypotonia with normal reflexes but 
no dysmorphic features. A patient with normal neurocogni-
tive development with hemizygous deletion of the SIX2 gene 
with frontonasal dysplasia and craniosynostosis was previously 
reported, suggesting a role for SIX2 in craniofacial disorders.16 
Our patient suggests that a role for SIX2 in craniofacial dysmor-
phism is, at best, subject to reduced penetrance. Similarly, lack 
of holoprosencephaly on brain magnetic resonance imaging in 
our patient despite haploinsufficiency for SIX3, one of the four 
major holoprosencephaly genes,17 suggests that this may be an 
example of incomplete penetrance of the holoprosencephaly 
phenotype in association with SIX3 deletion.

We were also able to identify aberrations that were previ-
ously reported as potentially pathogenic but that we found to 
be compatible with normal phenotype. These CNVs are listed 
in Supplementary Table S7 online. For instance, a mother with 
normal cognition—patient 13DG1188—was found to have 
a Chr10q11.22 duplication, which we found among several 
patients and parents with both normal and abnormal cognition, 
which may explain the controversy surrounding the pathoge-
nicity of this CNV in the literature.18 Another interesting find-
ing was a 7q31.1 deletion that encompasses IMMP2L, a gene 
that has been reported in association with ADHD,19 autism,20 
and Tourette syndrome.21 This deletion was maternally inher-
ited in a patient with cognitive impairment (08DG00266) from 
an unaffected mother (08DG00268). Furthermore, one of our 
patients with DD (10DG0415) was found to have a hemizy-
gous 20p12.1 deletion that encompasses MACROD2. Although 
haploinsufficiency (microdeletion of exon 5) for this gene has 
been reported to cause Kabuki syndrome, we note that the 
phenotypically normal father (10DG0416) has the same dele-
tion.22 Finally, the normal father (13DG1373) of one of our 
patients (08DG00076) was found to have an Xp21.2 deletion 
involving IL1RAPL1, which was reported as an X-linked men-
tal retardation gene.23,24 These findings suggest that care should 
be exercised in assigning pathogenicity to CNVs without rigor-
ous calculation of their comparative burden in large cohorts of 
patients and controls.25

In conclusion, this study provides the first empirical data 
regarding the clinical utility of molecular karyotyping in a con-
sanguineous population. In addition to confirming the high 
diagnostic yield of this clinical test, our study revealed novel 
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CNV-related syndromes that we hope will be replicated by oth-
ers in future studies. The apparent discrepancies in the phe-
notypic consequences of certain deletions as compared with 
previous reports requires further clarification in additional 
patients to determine whether these represent reduced pen-
etrance or true lack of replication of the initial reports.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim
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