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Comparison of the diagnostic yield of aCGH and genome-wide
sequencing across different neurodevelopmental disorders

Francisco Martinez-Granero', Fiona Blanco-Kelly'**, Carolina Sanchez-Jimeno'?, Almudena Avila-Fernandez'?, Ana Arteche®,
Ana Bustamante-Aragones'?, Cristina Rodilla@', Elvira Rodriguez-Pinilla’?, Rosa Riveiro-Alvarez'?, Saoud Tahsin-Swafiri @',

Maria Jose Trujillo-Tiebas'?, Carmen Ayuso ' Marta Rodriguez de Alba'?, Isabel Lorda-Sanchez'? and Berta Almoguera ®'>*

Most consensus recommendations for the genetic diagnosis of neurodevelopmental disorders (NDDs) do not include the use of
next generation sequencing (NGS) and are still based on chromosomal microarrays, such as comparative genomic hybridization
array (@CGH). This study compares the diagnostic yield obtained by aCGH and clinical exome sequencing in NDD globally and its
spectrum of disorders. To that end, 1412 patients clinically diagnosed with NDDs and studied with aCGH were classified into

phenotype categories: global developmental delay/intellectual disability (GDD/ID); autism spectrum disorder (ASD); and other

NDDs. These categories were further subclassified based on the most frequent accompanying signs and symptoms into isolated
forms, forms with epilepsy; forms with micro/macrocephaly and syndromic forms. Two hundred and forty-five patients of the 1412
were subjected to clinical exome sequencing. Diagnostic yield of aCGH and clinical exome sequencing, expressed as the number of
solved cases, was compared for each phenotype category and subcategory. Clinical exome sequencing was superior than aCGH for
all cases except for isolated ASD, with no additional cases solved by NGS. Globally, clinical exome sequencing solved 20% of cases
(versus 5.7% by aCGH) and the diagnostic yield was highest for all forms of GDD/ID and lowest for Other NDDs (7.1% versus 1.4% by
aCGH) and ASD (6.1% versus 3% by aCGH). In the majority of cases, diagnostic yield was higher in the phenotype subcategories
than in the mother category. These results suggest that NGS could be used as a first-tier test in the diagnostic algorithm of all NDDs

followed by aCGH when necessary.
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INTRODUCTION

The term neurodevelopmental disorder (NDD) has been applied to
a very broad group of disabilities involving the disruption of brain
and neurocognitive development and includes a wide range of
neurological and psychiatric problems that are clinically and
causally disparate’.

In its latest version, the Diagnostic and Statistical Manual of
Mental Disorders (DSM-5) classifies a heterogeneous group of
conditions as NDD: Global developmental delay/intellectual
disability (GDD/ID); Autism spectrum disorder (ASD); Attention
deficit/hyperactivity disorders (ADHD); Communication disorders;
Specific learning disorders; and motor disorders®. All these
conditions have in common the impact in neuronal development,
which affect various aspects of daily functioning.

NDDs are highly complex disorders characterized both by
clinical and genetic heterogeneity, which makes genetic diagnosis
challenging. The genetic architecture of NDDs is complex with
monogenic and multifactorial inheritance’**; with virtually any
type of genetic variation involved, and over 2000 genes described
to date (Deciphering Developmental Disorders, www.ddduk.org).
This complexity typically requires iterative genetic testing, which
frequently results in what has been called a “diagnostic odyssey”,
where after a lengthy and costly process, as high as 50% of
patients do not benefit of an etiological diagnosis*®. Establishing a
precise and timely diagnosis is critical for patient and family
management and for exploring potential therapeutic
interventions®’

To date, only GDD/ID and ASD have recommendations for
genetic testing. Current guidelines date of 2010 and include
chromosomal microarray (CMA, i.e. single nucleotide polymorph-
ism and comparative genomic hybridization—CGH—arrays) and
Fragile-X testing as first-tier tests for individuals with unexplained
GDD/ID and/or ASD®'°. The reported molecular diagnostic yield
of CMA for individuals with GDD/ID, ASD, and/or multiple
congenital anomalies ranges from 10 to 20% depending on the
series examined'®"2,

There is a growing body of evidence of the diagnostic
superiority of next generation sequencing (NGS), whole exome
sequencing (WES), and whole genome sequencing (WGS), over
CMA®. In NDD, diagnostic rates reported in recent studies and
meta-analyses are 30-40%>7"'37"¢ and higher when trio analysis is
performed®.

While all studies agree in the use of NGS as the first approach to
NDDs>'®, no accepted guidelines exist yet for their systematic use
in clinical practice.

For the past 5 years, the algorithm used for the diagnosis of
NDDs at our Genetics Department, at Fundacién Jiménez Diaz
University Hospital (FJD), has followed the existing guidelines:
array CGH (aCGH) and/or Fragile-X testing as the first-tier tests in
patients with GDD/ID, ASD and other forms of NDD, followed by
screening of ID genes by clinical exome sequencing in cases not
solved by the first approach. Clinical exome sequencing refers to
gene panels that typically target 4500-5000 known disease-
associated genes and has demonstrated to provide a cost-
effective sequencing analysis and easier interpretation of the
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results, avoiding or minimizing the unexpected or incidental
findings, than when applying the whole exome or genome'’™"°,

Using data generated by aGCH and clinical exome sequencing,
we aimed at determining the diagnostic yield obtained by aCGH
in NDD globally and also in its spectrum of disorders. To that end,
patients were classified into different categories (NDD diagnosis)
and subcategories based on the most frequent accompanying
clinical signs and symptoms to minimize the heterogeneity
between patients. Then, the diagnostic yield of aCGH was
compared to that achieved by clinical exome sequencing for
each phenotype category and subcategory. The process followed
in this study is illustrated in Fig. 1.

RESULTS

Characteristics of the patients included in the study and CNVs
identified by aCGH

The number of patients included in the study with a diagnosis of
NDD with an aCGH result was 1412: 1010 males (71.5%) and 402
females (28.5%) and the mean age of patients at the time of the
aCGH testing (+SD) was 8+ 6 years (range of 0-64years). The
number of patients in each phenotype category and subcategory
is illustrated in Table 1. Of the 1412 patients, 245 were subjected
to clinical exome sequencing (17.3%) and 247 to Fragile-X testing
(17.5%).

In our cohort of 1412 patients, we reported findings back from
the aCGH to 329 (233% of patients)) of whom 78 were
heterozygous carriers of pathogenic CNVs in recessive genes
unrelated to the clinical suspicion. Of the remaining 251 patients,
52 carried a pathogenic or likely pathogenic variant, including five
chromosomal rearrangements and 47 CNVs; 47 carried a variant
with incomplete penetrance; 13 patients had a sex chromosome
aneuploidy (1 Turner syndrome; 1 triple X syndrome; 5 Klinefelter
syndrome, and 6 XYY); and 140 carried a VUS.

Solved patients and patients with a variant of unclear
contribution (VUC) by aCGH

Patients were classified into four categories based on the CNV
found: (i) solved patients; (ii) carriers of a variant of unclear
contribution (VUQ); (iii) patients with inconclusive results; and (iv)
unsolved patients. Results are illustrated in Table 1 and Fig. 1.
Of the 52 carriers of a pathogenic/likely pathogenic variant,
there were three for whom causality could not be definitively
established due to being females with a X-linked CNV inherited
from an unaffected mother or with no information about the
inheritance (families RM-0515, RM-0888, and RM-1619). Proband
from family RM-0515 carried a heterozygous 6 Mb deletion at
Xq28 (chrX:149247622-155221913) that was also shared with her
unaffected sister. X-chromosome inactivation (XCl) testing in the
three females of this family demonstrated a completely skewed
pattern with the X chromosome carrying the deletion, being the
inactive in all three females. Further clinical exome sequencing
identified a de novo pathogenic variant in GRIN2B (MIM *138252)
in the proband, which completely explained the phenotype, i.e.
intellectual disability with a psychiatric disorder (MIM #613970).
The proband female from family RM-0888, who had GDD at the
time of referral, carried a maternally inherited partial duplication
of ILTRAPLT (chrX:29251326-29670652), a gene associated with X-
linked ID (MIM #300143), which included the coding region.
Results for XCl are still pending due to the current unavailability of
DNA samples. The third female (RM-1619) carried a de novo
deletion at Xq28 (chrX:152925630-153027220), spanning the
genes ABCDI, associated with X-linked adrenoleukodystrophy
(MIM  #300100), BCAP31, associated with X-linked deafness,
dystonia, and cerebral hypomyelination (MIM #300475), SLC6AS8,
associated with cerebral creatine deficiency syndrome (MIM
#300352), and PNCK (MIM *300680). This patient had GDD, atypical
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1. Patient selection
1412 NDD with aCGH

2. NDD phenotype classification
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ASD With epilepsy

Other NDD With micro/macrocephaly
Syndromic

3. CNV and patient classification

Pathogenic (46)

Sex chromosome Vari £ Likely benign
. . aneuploidy (12) G Benign Variants
Eichipatiogenicl© .unl.(r.nown Unrelated finding aCGH
significance o g

Pathogenic with incomplete penetrance (47)

Carrier of a VUC Inconclusive

Non-informative .
(31 result (140) Patients

result (1161)

4. Clinical exome sequencing in 245
patients not solved by aCGH

5. SNV and patient classification

Pathogenic (29) Variant of Likely benign Variants

q Clinical
. unknown Benign
Wittty significance No findings Exome .
pathogenic (20) Sequencing
Inconclusive Non-informative .
- - TEER) result (163) P

Diagnostic
yield aCGH
5.7% (80/1412)

Diagnostic yield clinical
exome sequencing
20% (49/245)

6. Comparison of diagnostic yield
per phenotype category and
subcategory

Fig. 1 Flow chart of the process followed in this study. One
thousand four hundred and twelve NDD patients with aCGH data
were selected and phenotype was classified into three categories:
GDD/ID, ASD, and Other NDDs; and four subcategories: isolated
forms, forms with epilepsy, forms with micro or macrocephaly, and
syndromic forms. CNVs identified by aCGH were classified into seven
different classes according to the pathogenicity and patients
carrying such variants were subsequently classified into four
different categories: solved patients, carriers of a variant with
unclear contribution, patients with inconclusive results and patients
with non-informative results. Two hundred and forty-five unsolved
patients were further subjected to clinical exome sequencing; SNVs
classified into the five ACMG classes, which were translated into
three different patients’ categories. Diagnostic yield, expressed as
the percentage of solved cases, by aCGH and clinical exome
sequencing was compared.

febrile seizures, microcephaly, and short stature. XCl results were
non-informative due to homozygosity of the HUMARA locus and
further clinical exome sequencing failed to identify another
pathogenic variant in this patient. The three cases were
reclassified as carriers of a VUC by aCGH.

Carriers of variants with incomplete penetrance (n = 47) were
further classified into either solved patients or carriers of a VUC. All
patients with a sex chromosome aneuploidy were classified as
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Table 1. Number and percentage of patients in each of the groups based on the aCGH results and stratified by phenotype category and

subcategory.

Phenotype Solved Carrier of a VUC Inconclusive Unsolved Total patients
N (%) N (%) N (%) N (%) N

GDD/ID 64 (8.4%) 18 (2.3%) 80 (10.4%) 604 (78.9%) 766

GDD/ID isol 38 (6.9%) 11 (2%) 56 (10.1%) 449 (81.0%) 554

GDD/ID + epi 6 (16.7%) 3 (8.3%) 4 (11.1%) 23 (63.9%) 36

GDD/ID + micro/macro 3 (8.3%) 0() 1 (2.8%) 32 (88.9%) 36

GDD/ID synd 17 (12.1%) 4 (2.9%) 19 (13.6%) 100 (71.4%) 140

ASD 13 (3.0%) 7 (1.6%) 46 (10.5%) 373 (84.9%) 439

ASD isol 11 (2.8%) 6 (1.6%) 39 (10.1%) 330 (85.5%) 386

ASD + epi 0(-) 0 (-) 2 (16.7%) 10 (83.3%) 12

ASD + micro/macro 0(-) 0(-) 2 (14.3%) 12 (85.7%) 14

ASD synd 2 (7.4%) 1 (3.7%) 3 (11.1%) 21 (77.8%) 27

Other NDDs 3 (1.4%) 6 (2.9%) 14 (6.8%) 184 (88.9%) 207

Other isol 3 (1.8%) 5 (2.9%) 11 (6.4%) 152 (88.9%) 171

Other + epi 0(-) 0(-) 1 (11.1%) 8 (88.9%) 9

Other + micro/macro 0(-) 0 (-) 1 (12.5%) 7 (87.5%) 8

Other synd 0(-) 1 (5.3%) 1 (5.3%) 17 (89.4%) 19

Total 80 (5.7%) 31 (2.2%) 140 (9.9%) 1161 (82.2%) 1412

Percentage in each group is calculated from the totals. For the phenotype: GDD/ID Global developmental delay/intellectual disability, ASD Autism spectrum

disorder, Other NDDs Other neurodevelopmental disorders, isol isolated forms, epi epilepsy, micro/macro micro/macrocephaly, synd syndromic, VUC variant of

unclear contribution.

patients with a VUC: eight with GDD/ID, two with ASD, and two
with Other NDDs.

Also, carriers of the 15q11.2BP1-BP2 deletion (n=8) and
patients with a variant of incomplete penetrance that were
subjected to additional genetic testing after the aCGH (n = 7) were
considered carriers of a VUC.

Finally, 80 patients were classified as solved cases (Fig. 1) (49
with pathogenic/likely pathogenic variants—Table 2—and 31 with
a variant of incomplete penetrance—Table 3—) (5.7%) and 31 as
carriers of a VUC (12 with a sex chromosome aneuploidy, 16 with a
variant of incomplete penetrance and the three females with the
variants in the X chromosome) (2.2%).

Patients with inconclusive and non-informative results by
aCGH

One hundred and forty patients were classified as cases with
inconclusive results due to carrying a VUS (9.9%; Table 1; Fig. 1).
There were some recurrent VUS: CNVs involving different genes
from the contactin protein family (CNTNAP2 -7g35-, CNTNAP4
-16023.1-, CNTN4 -3p26.3-, and CNTN6 -3p26.3-) in nine patients;
the 15q11.2 BP1-BP2 microduplication in nine patients; CNVs
involving the gene RBFOX1 (16p13.3) in eight patients; the partial
duplication of DISCT (1g42.2) in six patients and CNVs involving
DPP6 (7936.2) in five patients.

One thousand one hundred and sixty-one patients were
classified as unsolved patients with a non-informative aCGH result
(Fig. 1).

Diagnostic yield and comparison of aCGH and clinical exome
sequencing in the different phenotype categories and
subcategories

Clinical exome sequencing was performed in 245 patients of the
1332 patients not solved by aCGH (carriers of VUC, patients with
inconclusive and non-informative results; 18.4%). The proportion
of patients sequenced across the phenotype categories was 23.9%
of GDD/ID (168 of 702 patients not solved), 11.5% of ASD (49 of
426 patients not solved), and 13.7% of Other NDDs (28 of 204
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patients not solved). Across the different phenotype subcate-
gories, the groups with the highest proportion of patients
sequenced were forms of NDD with epilepsy (50%, 33.3%, and
55.6%, for GDD/ID, ASD, and Other NDDs, respectively) and
syndromic forms (61.7%, 36%, and 31.6%, for GDD/ID, ASD and
Other NDDs, respectively); followed by forms with micro/macro-
cephaly (27.3%, 28.6%, and 25%, for GDD/ID, ASD, and Other
NDDs, respectively). Isolated forms were the least represented in
the sequenced group) with 13.2%, 8.3%, and 8.9%, for GDD/ID,
ASD, and Other NDDs, respectively.

Forty-five patients were sequenced using the True Sight One
(TSO) and 200 with the Clinical Exome Solution (CES) and the
virtual panels used included 1349 and 1369 genes, respectively
(DDD panel). Results found were 49 patients solved (29 with
pathogenic and 20 with likely pathogenic variants; 20%; Table 4);
33 patients with inconclusive results, due to carrying a VUS
(13.5%) and 163 unsolved patients with non-informative results
(66.5%). No significant differences were found in the results
obtained by TSO and CES (data not shown). All patients
sequenced using CES were subjected to the CNV analysis pipeline
implemented in the DDM platform, but no additional CNVs were
identified. There were 29 samples with 31 variants identified by
aCGH that were subsequently identified with the CNV analysis
algorithm: one pathogenic variant (the 6 Mb Xq28 deletion) two
sex chromosome aneuploidy (XYY); three variants with incomplete
penetrance (15q11.2 BP1-BP2 deletion; 15q13.3 microduplication
and a 2p16.3 deletion involving NRXNT) and 25 VUS (see
Supplementary Table 1). Eighteen of the 31 variants were
detected by the CES CNV analysis (58.1%), including the two
XYY cases, the pathogenic CNV and the three variants with
incomplete penetrance. Genomic coordinates of the CNVs by CES
are detailed in Supplementary Table 1. Of the 13 variants that
were not detected by CES, 11 CNVs fell in regions not covered by
CES and only two had genes targeted by the clinical exome. Of the
CNVs potentially identifiable by CES (n = 20), 90% were accurately
detected.

Diagnostic yield for aCGH and clinical exome sequencing was
calculated considering only patients solved (Table 5). For aCGH,
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Y A A - phenotype categories and subcategories, except for isolated ASD.
5 22229 2200200[2F Clinical exome sequencing was significantly superior than aCGH
3B R8888 225888|=¢ overall (p = 7.1 x 107), for the diagnosis of GDD/ID (p =2.4x 1077),
T|VVVLUVLU <T<VUVUUVLU[ISS but not for ASD or Other NDDs (p > 0.05).
s¢ Sex distribution of solved patients was comparable between the
§§ two methods (Fisher test p value >0.05 for all categories and
E 3 subcategories; data not shown).
= 0O
]
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S = 2 qQ DISCUSSION
8] v U W [} ) s Q
= g g g %’ g g g Yo Current recommendations for the genetic diagnosis of NDDs date
8|lsssgs o 232 of 2010 and include the use of a CMA, such as aCGH, as the first-
| S55c 5 & ESS tier test for individuals with unexplained GDD/ID and/or ASD®~'°.
S|l e & P E 'g g These guidelines have not been updated since then and, over the
s|lgegggg g 85 E past decade, a growing body of evidence has proven the higher
N P A P b A -
e Ts8sHE ¢ _g G :qf resolution of NGS in the diagnosis of such conditions and supports
s|S§E£EE£EE£E € S&u its use as the preferred first approach®’'37'6, In this regard,
|12 22828 e E g £ Srivastava et al. recently published the results of a meta-analysis of
e ESs the diagnostic yield of WES reported in NDDs and concluded that
a é aa this technique is superior than CMA and should be used as the
= % A . 5
Ulaaa da acaaoacaaocaoaol|lo<? first-tier test”.
I = ﬁ § i In order to provide additional evidence for the use of NGS as
S co o2 o -“o; g the preferred test in NDDs, in the present work, we used genomic
g1II I ) 8 2 E 2 data generated on aCGH and clinical exome sequencing between
Wlocooo ¥ o 1 1 11 1]lgas 2015 and 2019, as part of our genetic diagnostic algorithm, to
7|~ %fé ‘é delineate the diagnostic yield of each technology in NDDs, and
> g < N S across its spectrum of disorders, and compare the performance of
Z o83 S5 . ©5|8uy E both. Strengths of this study are the large cohort included and
S5 R3Bow w25 € E|la6& that all patients were assessed by a clinical geneticist and
~ Mm N O m o Qe . L . . .
8 E § Neoem Jd 3 %_ 2 g 2|3 _g’ S extensive clinical and phenotypic data were available, which were
288 @ Na5 98 s g€ used for the stratification of the main NDD phenotypes (GDD/ID,
SI8Lcen Lagc« € Elgas ASD, and Other NDDs) into four different phenotypic subcate-
§ § § g E g A% 285§ Egﬁ gories based on the most commonly observed signs and
elc R3¢ TS oy s[8eE symptoms in the clinic. This stratification minimizes the clinical
g qed A h X ) § 33 3 gz’u? heterogeneity between groups and provides the diagnostic yield
SIT2XXX X555 65 5 =2 3 of aCGH and clinical exome sequencing in more homogenous
V|lvuovduvvowy R i B 52 NDD phenotypes that can be used in clinical practice. The a priori
° %% knowledge of the expected diagnostic rate for a specific form of
- S=2 NDD is critical for clinicians, patients, and parents and has a major
=g a 23z impact on the time to diagnosis, the burden of tests to be
N a g 5 2 Shs performed and the associated costs.
Y % 8 2 g =T & As expected, we found clinical exome sequencing superior than
g8 K= @ 255 [ ic di is of NDD Il and al I
3 ] #= 2 .5 8 aCGH in the genetic diagnosis of s overall and also across a
; ¥* o = o g < g g phenotype categories and subcategories. An exception was the
s % g2 § s E 2% subcategory isolated ASD, where no additional patient was solved by
T3 3§65t & g% NGS. Statistical significance was achieved for GDD/ID (26.2% of
s|E§ES3Z 35 8¢ ﬁ: = solved cases by NGS versus 8.4% by aCGH). Across the different GDD/
s -é _g e 3 s 2 s & g% § ID subcategories, NGS achieved the highest yield, 55.6%, for forms of
sl 25 S%5 6§ Z & 5 = £ GDD/ID with micro or macrocephaly (versus 8.3% by aCGH), 31.5%
Slelz c S s® 2 3 5 & E S for syndromic forms of GDD/ID (versus 12.1% by aCGH), 26.7% for
£l g Sew<s ¢ g_r_‘; 523 forms of GDD/ID with epilepsy (versus 16.7% by CGH) and 17.7% for
S191a S g = 3 ° o £ S< 3 isolated forms (versus 6.9% by aCGH). These rates are similar or even
Slg|2%5 52X T 8¢ 3= 5 . . 5,7,13-16
~|l0|2 3 2348 € 23 K higher than those previously reported . One factor that has to
ol |50 o350 § - ® £ S§2 4 be accounted for in the diagnostic yield obtained for clinical exome
L5833 EAg E 2= 8%% sequencing is the bias in the sample selection, as all samples
FlUla X Xa X% <2V ©E£0 included were previously screened by aCGH for CNVs and large
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Table 3. Pathogenic variants with incomplete penetrance identified in the solved patients.
Genetic diagnosis (MIM #) Genomic coordinates Size Phenotype (gender) Inheritance
1921.1 BP2-BP3 duplication (MIM #612475)  chr1:145400040-145746492  0.34-1.2 GDD/ID_isol (F); GDD/ID + micro/macro (F)  NA
chr1:145400040-146531598  0.34-1.2 ASD_isol(M) Inh
2p16.3 (NRXN1) deletion (MIM #614332) chr2:50557535- 50766750 0.21-0.23  ASD_isol (M) Inh
chr2:48503210-51396916 0.29-0.30 GDD/ID_isol (F) DN
15q13.3 microdeletion (MIM #612001) chr15:31140606-32438944 1.3-2.8 GDD/ID_isol (M) Inh
chr15:31140606-32438944 1.3-2.8 GDD/ID_isol (M) DN
chr15:29214105-32438943 1.3-2.8 GDD/ID_isol (F) Inh
chr15:31140606-32438943 1.3-2.8 GDD/ID_synd (M) Inh
chr15:31140606-32438944 1.3-2.8 GDD/ID + epi (M) Inh
chr15:31140606-32438944 1.3-2.8 GDD/ID_isol (M) Inh
15913.3 microduplication chr15:32029550-32438944 0.4-1.0 ASD_isol (M) Inh
chr15:32029550-32438943 04-1.0 ASD_synd (F) Inh
chr15:32029550-32438943 04-1.0 GDD/ID_isol (F) Inh
chr15:31140606-32438944 04-1.0 Other_isol (F) Inh
16p13.11 microdeletion chr16:15049829-16287899 1.2-2.1 GDD/ID_isol (F) Inh
16p13.11 microduplication chr16:15049829-16287899 1.2-2.1 GDD/ID_isol (F) NA
chr16:15125829-16287899 1.2-2.1 GDD/ID_isol (M) NA
chr16:15049829-16287899 1.2-2.1 GDD/ID_isol (M) Inh
16p13.11 deletion chr16:15512480-18128489 2.6-34 GDD/ID_isol (M) Inh
16p12.2 recurrent deletion chr16:21950360-22428364 0.5-0.9 ASD _isol (M) Inh
16p11.2 microdeletion (MIM #611913) chr16:28488583-30188269 0.5-1.3 ASD_isol (F) DN
chr16:28488583-30188269 0.5-1.3 GDD/ID + epi (F) DN
chr16:28488583-30188269 0.5-1.3 GDD/ID_isol (M) NA
chr16:29664618-30171078 0.5-1.2 GDD/ID_synd (M) DN
chr16:29664618-30171078 0.5-1.2 GDD/ID_isol (F) DN
16p11.2 BP2-BP3 deletion (MIM #613444) chr16:28833437-29038072 0.2-1.6 ASD_synd (F) Inh
chr16:28833437-29038072 0.2-1.6 GDD/ID_isol (M) Inh
16p11.2 microduplication (MIM #614671) chr16:29657192-30188268 0.5-1.3 GDD/ID_isol (M) Inh
17912 recurrent duplication (MIM #614526)  chr17:34816424-36207539 1.4-2.0 GDD/ID_isol (M) NA
22g11.2 microduplication (MIM #608363) chr22:18919528-21417548 2.5-3.2 ASD _isol (M) NA
For the genetic diagnosis, MIM numbers are provided when available. Genomic coordinates correspond to hg19. For the type of CNV del deletion, dup
duplication. Size includes the minimum and maximum estimated size in Mb; NA not available; For the inheritance, DN de novo, Inh inherited, NA not available.
For the phenotype: ASD Autism spectrum disorder, GDD/ID Global developmental delay/intellectual disability, Other NDDs Other neurodevelopmental
disorders; epi epilepsy, isol isolated forms micro/macro micro/macrocephaly, synd syndromic, F female, M male.

chromosomal aberrations and what may have led to an over-
estimation of the real resolution of clinical exome sequencing.
However, the large differences found in the diagnostic rates between
both methods and the current possibility of analyzing CNVs using
NGS data suggest that the overestimation might have been minimal.

For ASD and Other NDDs no significant differences were found
between both tests despite NGS still being superior than aCGH:
6.1% versus 3%, respectively, for ASD and 7.1% versus 1.4%,
respectively, for Other NDDs. The limited sample size of patients
solved in these categories may have influenced the lack of
statistical significance.

The number of patients not solved by aCGH subjected to clinical
exome sequencing was lower for ASD and Other NDDs than for
the rest of the phenotypes: 11.5% and 13.7%, respectively, versus
23.9% of GDD/ID. When considering phenotype subcategories, the
proportion of patients sequenced was higher for forms of NDD
with epilepsy and syndromic forms, followed by forms of NDD
with micro or macrocephaly and with isolated forms being the
least represented. Criteria for performing NGS to patients with
inconclusive or uninformative aCGH results in our diagnostic
algorithm included a confirmed NDD diagnosis upon post-aCGH
evaluation; the complexity of the phenotype; the possibility of

npj Genomic Medicine (2021) 25

follow-up; the availability of clinical exome sequencing at the time
of the study, implemented in our laboratory at the end of 2016,
and the probability of a monogenic origin of the condition in each
particular patient, with most forms of ASD, and all the conditions
included in the category Other NDDs, having a multifactorial
inheritance'®; and the existing evidence of the genetic con-
tributors to the phenotypes at the time of testing. These selection
criteria explain the relatively limited number of samples subjected
to NGS in this study with a bias towards more severe, complex and
monogenic disorders, might have led to overestimate the
diagnostic yield of NGS.

The diagnostic yield observed for both ASD and Other NDDs is
low, but especially for ASD, with rates described for CMA and NGS
of 10-40%"*%. The main genetic contributors to ASD are rare
inherited and de novo CNVs and SNVs?°, being causality of de
novo variants easier to determine. With the classification criteria
followed in this study, based on the ACMG guidelines, novel or
rare inherited variants, not associated before with ASD, remained
as VUS. These variants accounted for 10.5% of patients with ASD
by aCGH and 18.4% of patients by NGS. Also, 1.6% of ASD patients
carried what we denominated a VUC (variants with incomplete
penetrance and sex chromosomes aneuploidy) for which the exact
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Epilepsy, generalized, with febrile seizures plus, type 2, AD (MIM #604403)- SCN1A
(
Nicolaides-Baraitser syndrome AD (MIM #601358)- SMARCA2 (|

Lamb-Shaffer syndrome AD (MIM #616803)- SOX5 (
Pitt-Hopkins syndrome AD (MIM #610954)- TCF4 (NM_001083962)

Mental retardation AR 13 (MIM #613192)- TRAPPC9(NM_031466.6)
Mental retardation, AD 22 (MIM #612337)- ZBTBI18 (

Genetic diagnosis (MIM #)—gene (transcript)

Table 4 continued
NM_001165963

For the genetic diagnosis, MIM numbers are provided; AD autosomal dominant, AR autosomal recessive, XL X-linked. For the inheritance, DN de novo, I-Trans inherited in trans, NA not available. For the variant

class, LP likely pathogenic and P pathogenic. For the phenotype: ASD Autism spectrum disorder, GDD/ID Global developmental delay/intellectual disability, Other NDDs Other neurodevelopmental disorders, epi

epilepsy, isol isolated forms, micro/macro micro/macrocephaly, synd syndromic, F female, M male. x2 2 patients.

?For the MECP2 exons 3 and 4 deletion the estimated genomic coordinates are chrX:(153248310-153295808)-(153298018-153357594).
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Table 5. Diagnostic yield for aCGH and clinical exome sequencing
and statistical comparison between both tests.

CGH array Clinical exome
sequencing
Phenotype Solved Total Solved Total Adjusted p
category and N (%) N N (%) N value (Mixed
subcategory effects model)

GDD/ID (all) 64 (8.4%) 766 44 (26.2%)° 168 42x10°°
GDD/ID isol 38 (6.9%) 554 11 (16.2%)* 68 0.029
GDD/ID +epi 6 (16.7%) 36 4(26.7%) 15 0.740

3¢

GDD/ID + 8.3%) 36 5 (55.6%)° 9 0.015
micro/macro

GDD/ID synd 17 (12.1%) 140 24 (31.5%)° 76 0.004

ASD (all) 13 (3.0%) 439 3 (6.1%) 49 0.498
ASD isol 11 (2.8%) 386 0(-) 32 1
ASD + epi 0(-) 12 1 (25.0%) 4 1
ASD + micro/ 0 (-) 14 1 (25.0%) 4 1
macro

ASD synd 2 (7.4%) 27 1 (11.1%) 9 1
Other 3 (1.4%) 207 2 (7.1%) 28 0.177
NDDs (all)

Other isol 3 (1.8%) 171 2 (13.3%) 15 0.065
Other + epi 0(-) 9 0(-) 5 1
Other + 0() 8 0() 2 1
micro/macro

Other synd 0(-) 19 0() 6 1
Total 80 (5.7%) 1412 49 (20%)® 245 7.0x10 "2

For the phenotype: ASD Autism spectrum disorder, GDD/ID Global
developmental delay/intellectual disability, Other NDDs other neurodeve-
lopmental disorders, epi epilepsy, isol isolated forms, micro/macro micro/
macrocephaly, synd syndromic, F female, M male.

“Refers to phenotypes where the diagnostic yield of clinical exome
sequencing is statistically significant compared to aCGH.

contribution to the patients’ phenotype could not be accurately
established. Criteria for considering a case carrying such variants
solved or not was exclusively based on the performance of
additional genetic tests after the aCGH, which indicates whether a
clinical geneticist found the variant likely explaining the pheno-
type of the patient or not. This criterion might have led to
inaccuracy in the diagnostic rate calculation as these variants
could be contributing to the phenotypes but not taken into
account.

The classification of patients in the diagnostic categories might
have also affected the low rates found for ASD. This classification
was made according to the patients’ clinical records, where, often,
patients with ASD features are diagnosed as GDD due to either
not being old enough to be diagnosed as ASD or not being
assessed with a specific ASD-standardized scale to provide an
accurate diagnosis. These patients might have been wrongly
assigned as GDD (GDD/ID), a category with a greater
diagnostic rate.

It has to be highlighted that this limitation is intrinsic to all
NDDs, where symptom overlap between different entities is
significant, as well as the heterogeneity of their clinical
characteristics, causes, treatment responses, and outcomes; what
makes it complex to distinguish one from another’.

For aCGH we found a substantially lower diagnostic rate, overall
(5.6%) and per phenotype category, than the 15-20% previously
reported'?7'2%>?5 These differences might be attributed to
multiple factors such as the criteria used for patient selection,
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being our cohort characterized by a high clinical heterogeneity
where the genetic contribution to the phenotype is expected to
vary widely; the sample size studied; the timing of the study and
therefore, the knowledge about the CNVs; and the variant
classification criteria used which has evolved over time with the
increasing knowledge about population genomics; and the CMA
methods used in other studies and their resolution. In this study,
we used a 60 K aCGH, the smallest of all commercially available
arrays, what might have resulted in the lower diagnostic yield
observed. Arrays with higher probe densities generally lead to an
increase in the detection yield that is often accompanied by an
associated increase in the number of VUS that are detected?®.
However, as most arrays used clinically, the 60 K aCGH has probes
concentrated in clinically relevant genes, covering over 245
recognized genetic syndromes and over 980 gene regions of
functional significance in human development, which allows for
detection of smaller CNVs within disease-associated regions while
minimizing the number of VUS. Nevertheless, comparison of the
diagnostic yield of NGS with higher resolution arrays (i.e. 180K,
400K, or 1 M) may be necessary to confirm our results.

As with NGS, performance of aCGH improved when patients
were grouped into the phenotype subcategories. Our classification
criteria of GDD/ID, ASD, and Other NDDs into the different
subcategories (isolated, epilepsy, micro or macrocephaly, and
syndromic) was based upon the most frequently co-occurring
clinical features, signs, and symptoms seen in our clinical practice.
In general, diagnostic rates were higher in non-isolated forms of
GDD/ID and ASD. This observation is in line with previous reports
that associate dysmorphisms and/or congenital malformations
combined with other clinical signs to an increased aCGH
diagnostic rate?’. Indeed, several authors have evidenced the
predictor effect of congenital malformations, facial dysmorphic
features, cephalic perimeter, and others, in finding a pathogenic
variant by aCGH?’", Taken all together, these data support the
different contribution and influence of genetic factors in the
various categories and subcategories of NDDs and evidence the
need of stratifying patients when designing and applying
algorithms for the genetic diagnosis of these conditions.

The use of a targeted gene panel, instead of WES or WGS, might
have led to an underestimation of the diagnostic yield of NGS in
our sample. The clinical exome sequencing panels used in this
study, CES (Sophia Genetics) and TSO (lllumina), target 4490 and
4813 known disease-associated genes, respectively, versus the
22,000 genes of WES/WGS. When only considering NDD-specific
genes, these two panels contain ~1400 of the over 2000 genes
published by the Deciphering Developmental Disorders consor-
tium (data accessed on June, 2020), which can lead to an
underestimation of the diagnostic rate. Another disadvantage of
the use of a targeted gene panel instead of WES/WGS is the fixed
content of the former, not allowing the possibility of adding newly
discovered genes or periodic reanalysis of the data with new
evidence. This static content is a limitation, since NGS reanalysis of
negative cases as new evidence is published has been described
to increase 10-25% the diagnostic yield of this method®?73°,

On the other hand, besides the easier interpretation of results
and the minimal risk of incidental findings, a strength of using a
targeted panel is the higher coverage of the genomic regions
included, which allows for a more accurate screening of CNVs
compared with WES. Indeed, all critical genes of microdeletion
and duplication syndromes and most contiguous gene deletion
syndromes found by aCGH in this study are included in the clinical
exome sequencing panels used and therefore, potentially
identifiable. Although the number of samples tested was limited
(n=29), our clinical exome sequencing method was able to
detect all clinically relevant variants (n=6), i.e. the pathogenic
CNVs (n = 1), variants with incomplete penetrance (n = 3) and sex
chromosomes aneuploidies (n=2). CNVs not detected by the
clinical exome panel were all VUS and the main cause for the not
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detection was the region not being targeted by the clinical exome
sequencing panel, which is designed to include genes known to
cause human disease. When only CNVs falling in regions captured
by both methods were considered, the clinical exome sequencing
CNV analysis was able to detect 90% of the variants.

The present study has several limitations, some of which have
already been acknowledged, such as the possible overestimation
of the clinical exome sequencing diagnostic yield due to a bias in
the selection of samples for NGS and a lower than previously
reported aCGH diagnostic yield. Another limitation of the study is
its retrospective design. Although, our results are consistent with
all previously published works on the diagnostic performance of
NGS>71371 3 prospective study comparing the diagnostic yield of
aCGH and clinical exome sequencing in an unbiased sample
would be desirable to confirm our results. Lastly, we did not
evaluate factors related to the NGS implementation process such
as cost, turn-around-time, acceptability by clinicians; ease of use;
validation of results; or storage and management of genetic
variants, which still pose some challenge for implementing
diagnostic NGS®. However, clinical exome sequencing was
implemented in our laboratory in 2016 and, although it was not
specifically set-up for NDDs, such factors were assessed prior
implementing NGS for the diagnosis of genetic diseases in our
clinical practice.

Finally, it is worth mentioning that we did not find any positive
result for Fragile-X syndrome across the 250 patients tested.
Although the number of patients screened in this study is limited,
recent evidence supports that the frequency of Fragile-X syndrome
has been overestimated over time and now is calculated as 1% of
all ID, with the majority of patients having either compatible
clinical features or a family history suggestive of this disorder®’

Considering the above-mentioned limitations, our results
suggest that clinical exome sequencing could be useful in the
genetic diagnosis of NDDs as a first-tier test in the diagnostic
algorithm, especially nowadays when CNV analysis from NGS data
is possible and methods are being increasingly optimized. NGS
may be followed by aCGH in cases not solved or cases where the
genomic region of a large CNV identified by NGS needs to be
accurately delimited, and only perform Fragile-X testing in highly
suspected cases.

METHODS

Patients and samples

The project was approved by the ethics committee of FJD and was
performed in accordance and the Declaration of Helsinki Principles and
institutional requirements. Written informed consent was obtained from
each participant or their guardians.

The selection of subjects was performed by retrospective review of
patients with a diagnosis of NDD referred to our Genetics Department by
the pediatric neurologist and/or neurologist and having an aCGH study
done between January,1st, 2015 and December, 31st, 2019.

Patient information was extracted from the patients’ electronic health
records. Data collected was sex, age, patient’s diagnosis; pregnancy and
perinatal/neonatal history; data on imaging and electrophysiological tests;
family history; laboratory findings and genetic tests performed.

Clinical diagnosis of NDD was performed by a pediatric neurologist or
neurologist, depending on the age of the patient. Patients were evaluated
by a clinical geneticist, which included a detailed anamnesis, pedigree
analysis, and physical examination.

Genomic DNA from all patients was extracted from peripheral blood
samples using automated DNA extractors: BioRobot EZ1 (QIAGEN, Hilden,
Germany) or MagNA Pure Compact system (Roche Applied Science,
Penzberg, Germany). Parental samples were obtained, when possible, to
determine the origin of the genetic variants identified in the probands.

NDD diagnostic algorithm and genetic analyses

The algorithm used for the genetic diagnosis of NDD did not change over
the 4-year period from 2015 to 2019 and included an aCGH for all cases
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with NDD, isolated or accompanied by other symptoms, and not
characterized genetically; followed or preceded by Fragile-X testing in
patients with negative or inconclusive results when there was clinical
suspicion of this condition. Patients were evaluated by the clinical
geneticist upon completion of each of the above-mentioned tests and
clinical exome sequencing was ordered in patients with non-informative or
inconclusive results. Factors influencing the ordering of clinical exome
sequencing include having a confirmed NDD diagnosis upon post-test
evaluation, which occurs in over 90% of the cases; the complexity of the
phenotype; the likelihood of having a monogenic cause based on the
patient’ and family history; the possibility of follow-up and the interest of
the patient and family to continue the genetic study, as some patients do
not come back to the clinic after the aCGH result. Another factor is the
timing of the clinical exome sequencing ordering since this technology
was incorporated to our algorithm by the end of 2016 and therefore there
is a substantial number of patients that are still awaiting to be subjected to
exome sequencing.

aCGH

aCGH was performed using the aCGX 60 K platform (CGX™ perkinElmer,
Inc) following the manufacturer’s protocol. The platform has a resolution of
190 Kb in the backbone and 28 Kb in the targeted regions and covers over
245 recognized genetic syndromes and over 980 gene regions of
functional significance in human development.

Quality control included several parameters such as DLR spread,
reproducibility, background/signal intensity, and signal/noise ratio.

The array images were scanned and extracted using the SureScan
Microarray Scanner (Agilent Technologies, Santa Clara, California, USA).
CNV analysis was conducted with the Genoglyphix’ platform
(PerkinElmer, Inc).

Clinical exome sequencing and variant analysis

Since the implementation of clinical exome sequencing, two different
technologies/capture designs have been used: the lllumina True Sight One
(TSO; lllumina, San Diego, CA) at the end of 2016, and the Clinical Exome
Solution v1 and v2 by Sophia Genetics (CES; Sophia Genetics, Boston, MA)
from 2018 and 2019 respectively, to date. TSO and CES target 4813 and
4490 genes involved in human diseases, respectively, and have an overlap
of 3815 genes. Both libraries were run on a NextSeq500 instrument
(llumina, San Diego, CA).

For sequencing data analysis of the TSO clinical exome, we used a
standard pipeline that was run on the lllumina BaseSpace Sequence Hub
and analyzed using the Variant Study platform (lllumina, San Diego, CA).
For the CES, the NGS data analysis was performed using algorithms
developed by Sophia Genetics and implemented in the SOPHIA DDM™
analysis platform and included both SNV and CNV identification. CNVs
identified by aCGH in samples also sequenced with the CES clinical exome
were specifically queried and CNV detection yield in these samples was
calculated.

Overall quality control of the NGS data included the capture on the “on-
target” region >60%, the coverage at x25>95% and x50 = 90%. Variant-
level quality control included the flagging “PASS”, a read depth =20, and a
frequency of the alternative allele >30%.

Variant analysis in all patients was performed using a virtual gene panel
specific for NDD based on the list of genes regularly published by the
Deciphering Developmental Disorders consortium (www.ddduk.org) and
evidence gathered from the scientific literature. Both techniques were
applied to index cases.

Variant filtering and prioritization was based on the following: the
genotype of the variant and the suspected mode of inheritance; the minor
allele frequency in the Genome Aggregation Database (gnomAD) <1% for
recessive and X-linked and <0.5% for dominant genes; the functional effect
of the variant in the protein (loss-of-function, missense, in-frame indels,
and splicing variants); for missense variants, the predicted effect in silico;
the description of the variant in ClinVar or the scientific literature; the
existence of functional studies supporting the pathogenicity of a variant;
and the results from segregation analyses.

Additional genetic tests

Additional genetic tests were performed on some patients based on the
clinical suspicion or the aCGH/NGS results found. These tests included the
karyotype, Fragile-X screening by triplet-primed PCR; X-chromosome
inactivation (XCl) testing the HUMARA locus®®, Sanger sequencing for
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the familial segregation of variants identified by NGS; and MS-MLPA assay
for confirmation of Prader-Willi and Angelman syndromes (ME028 SALSA
Probemix, MRC Holland).

Patients’ phenotype classification

For analysis purposes, patients were classified into different categories
based on the clinical diagnosis made by the neuropediatrician and clinical
geneticist at the time of referral and the specific area of neurodevelop-
ment or central nervous system affected:

(1) GDD/ID: global developmental delay (age <6 years) or intellectual
disability (age =6 years); (2) ASD: autism spectrum disorder; (3) other
neurodevelopmental phenotypes (Other NDDs) such as attention deficit
hyperactivity disorder (ADHD), communication disorders; specific language
disorder; specific learning delay; or primary motor delay.

The three categories were further subdivided into four subcategories,
according to the most frequently co-occurring clinical features, co-
morbidities, signs, and symptoms: (A) Isolated forms, if no other system
was involved or forms with less than five dysmorphic features; (B) Forms
with epilepsy: if only epilepsy or seizures were also present (excluding
epileptic encephalopathy); (C) Forms with microcephaly or macrocephaly:
if the only accompanying symptom was a cephalic perimeter below or
above two standard deviations (SD), respectively; and (D) Dysmorphic/
syndromic forms for patients with dysmorphic facial and/or skeletal
features (at least five specific features) or patients with at least two or more
of the following: epilepsy, micro/macrocephaly, stature and/or weight
above or below 2SD; cardiac, hearing, hormonal, neurological, skeletal,
urogenital and/or vision anomalies. The number of five dysmorphic
features chosen to stratify patients into syndromic or not syndromic was
arbitrary but aimed to be high enough to assure a syndromic form and
minimize the subjectivity of the observers. The different phenotype
categories and subcategories are illustrated in Table 1.

Variant interpretation and classification
Both aCGH and NGS variant interpretation was done at the time of testing
and no new analysis was made specifically for this study.

Criteria for CNV classification were based on previous recommenda-
tions*>*° and included: (1) Type of CNV: deletion or duplication; (2) Size; (3)
Region involved; (4) Gene density and function of the genes involved; (5)
Frequency of the variant in the Database of Genomic Variants; (6) Origin of
the variant (inherited versus de novo). (7) Partial or complete overlap with
a known syndrome or well-established neurodevelopmental disease
genes; (8) Previous classification of the CNV/gene in the databases and
literature. Databases used for CNV classification and interpretation were
the following: Database of Genomic Variants (DGV), DECIPHER, Human
Genetic Mutation Database, Orphanet, the Simons Foundation Autism
Research Initiative (SFARI) and NCBI databases (ClinGen Genome Dosage
Map, ClinVar, International Standards for Cytogenomic Arrays -ISCA-,
Online Mendelian Inheritance in Man ~-OMIM-, PubMed.

CNVs were classified into seven different classes (Fig. 1):

(A) Definitely pathogenic/causal CNVs: CNVs overlapping a specific
syndrome or involving a well-established gene; CNVs previously reported
as pathogenic or likely pathogenic in databases; unbalanced product of
parental translocations; or other chromosomal rearrangements. (B) Likely
pathogenic CNVs: Deletions and duplications not previously reported or
reported in a limited number of cases involving genes previously
associated with NDD, epileptic encephalopathy or brain congenital
malformations. (C) Known pathogenic CNVs with incomplete penetrance:
Deletions and duplications previously reported or reported in association
with NDDs with a penetrance <100%. (D) Sex chromosome aneuploidies:
Turner syndrome (monosomy X); triple X syndrome; Klinefelter syndrome
(XXY); and XYY syndrome. (E) Variants of unknown significance (VUS): CNVs
containing genes for which evidence of pathogenicity is not currently
available or the exact contribution is not determined. (F) Unrelated finding:
Pathogenic CNV in a recessive gene not related with the clinical indication
of the study. (G) Benign/Likely Benign CNV: CNVs without genes or with
genes previously described as polymorphisms.

Classes A to F were reported back to patients at the initial referral with
the appropriate genetic counseling by a clinical geneticist. For analysis
purposes, we only considered classes A to E CNVs.

SNVs resulting from clinical exome sequencing analysis were classified
into the five different categories proposed by the ACMG/ESHG (Fig. 1): (1)
Benign; (2) Likely Benign; (3) Variant of unknown significance (VUS); (4)
Likely pathogenic and (5) Pathogenic®*?. Variant classes 3-5 were
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reported back to patients at the initial referral with the appropriate genetic
counseling.

Patient classification

Based on CNV and SNV classifications, patients were divided into four
categories (Fig. 1): (i) Solved patients: patients carrying a pathogenic, likely
pathogenic CNV (classes A and B) or SNV (classes 4 and 5) related to the
referral reason or a variant of incomplete penetrance (CNV class C)
explaining the phenotype of the patient. (ii) Patients with VUC: patients
where the exact contribution of the variant is not clear. These patients
were cases with a known pathogenic variant with incomplete penetrance
(CNVs class C) where the phenotype associated with the variant did not
fully explain the phenotype of the patient and additional genetic testing
was ordered; cases with the 15q11BP1-BP2 deletion, with a well-
established mild effect®; cases with sex chromosomes aneuploidy (CNVs
class D); and females with X-linked pathogenic variants inherited from an
unaffected mother. (iii) Patients with inconclusive results: patients with a
VUS (CNVs class E and SNV class 3). (iv) Unsolved patients with a non-
informative result: patients with no CNV identified by aCGH, an unrelated
finding identified by aCGH (CNVs class F), or a likely benign or benign
variant (CNVs class G and SNV classes 1-2).

Patients with more than one CNV or SNV identified were classified based
upon the most pathogenic finding.

Statistical data analysis

Descriptive statistics (mean and SD) were calculated for age at diagnosis.
Diagnostic yield for aCGH and clinical exome sequencing was calculated as
the number of solved patients per category and subcategory and expressed
as percentage of the total number of patients in the corresponding category
and subcategory. Comparison between the diagnostic yield of aCGH and
clinical exome sequencing was performed using a logistic regression model
with mixed effects to take into account the non-independence of the
samples, and p values were corrected using the Benjamini-Hochberg
method. The association of gender with the diagnostic yield and the
comparison between the two exome sequencing tests used (TSO and CES)
were performed using a Fisher exact test, for each phenotype category and
subcategory. The statistical significance was set as p < 0.05.

Reporting summary

Further information on experimental design is available in the Nature
Research Reporting Summary linked to this paper.
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