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Purpose: Individuals with intellectual disability (ID) and/or neurodevelopment disorders (NDDs)
are currently investigated with several different approaches in clinical genetic diagnostics.
Methods: We compared the results from 3 diagnostic pipelines in patients with ID/NDD:
genome sequencing (GS) ﬁrst (N = 100), GS as a secondary test (N = 129), or chromosomal
microarray (CMA) with or without FMR1 analysis (N = 421).
Results: The diagnostic yield was 35% (GS-ﬁrst), 26% (GS as a secondary test), and 11%
(CMA/FMR1). Notably, the age of diagnosis was delayed by 1 year when GS was performed as
a secondary test and the cost per diagnosed individual was 36% lower with GS ﬁrst than with
CMA/FMR1. Furthermore, 91% of those with a negative result after CMA/FMR1 analysis (338
individuals) have not yet been referred for additional genetic testing and remain undiagnosed.
Conclusion: Our ﬁndings strongly suggest that genome analysis outperforms other testing
strategies and should replace traditional CMA and FMR1 analysis as a ﬁrst-line genetic test in
individuals with ID/NDD. GS is a sensitive, time- and cost-effective method that results in a
conﬁrmed molecular diagnosis in 35% of all referred patients.
© 2022 The Authors. Published by Elsevier Inc. on behalf of American College of Medical
Genetics and Genomics. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Introduction
Intellectual disability (ID), deﬁned as limitations in both
intellectual function and adaptive behavior, affects approximately 1% of the world population.1-3 Depending on the
cognitive ability (as measured by an IQ test), individuals are
subdivided into 4 groups: mild (IQ 50-70), moderate (IQ
35-50), severe (IQ 20-35), and profound (IQ < 20).4 The
etiology of ID is heterogeneous and includes environmental
factors, such as congenital infections or hypoxic encephalopathy, and genetic factors. Genetic studies have suggested
that among individuals with IQ of <50, up to 70% have a
genetic background consisting of monogenic disorders and/
or deletion (DEL)/duplication (DUP) syndromes.5 ID cases
may also be grouped, depending on the presence of comorbid features, as syndromic (one or more clinical features
in addition to ID) and nonsyndromic. Finally, comorbidity
for other diagnoses within the neurodevelopment disorders
(NDDs), such as autism, attention deﬁcit hyperactivity disorder, and speech development disorders, is common in all
ID groups.
The most common diagnoses in ID are trisomy 21 (Down
syndrome; OMIM 190685), 22q11 deletion syndrome
(DiGeorge syndrome; OMIM 188400), and Fragile X syndrome (OMIM 300624, caused by a CGG expansion in
FMR1). However, these diagnoses only account for a small
fraction of ID etiology, which is extremely heterogeneous.
Both chromosomal abnormalities and submicroscopic DELs
and DUPs as well as pathogenic variants in >1000 genes6
have been linked to ID. Most of the pathogenic variants
are single nucleotide variants (SNVs) or insertion/DELs
(INDELs), but other variant types also play an important
role. In addition to FMR1, a number of other repeat
expansion loci have been associated with ID.7 Finally, both
simple structural variants (SVs) (translocations, inversions,
DELs, and DUPs) as well as complex chromosomal rearrangements (CCRs) may affect single genes and cause
monogenic diseases.8-11 As a consequence, the clinical genetic investigation needs to capture many different variant
types, often requiring multiple genetic tests.
As novel genetic screening technologies have emerged,
the standardized primary genetic analysis of individuals
with ID has evolved to maximize the number of individuals
receiving a diagnosis. When G-banded karyotyping was
replaced by chromosomal microarray (CMA) analysis the
number of identiﬁed abnormalities increased dramatically
from 3% to 10% to 15%.12 At present, it is becoming
apparent that to capture the high number of monogenic
causes of ID, a state-of-the-art genetic investigation of individuals with ID has to include an ID gene panel or in silico
ID gene panel ﬁltered from exome sequencing (ES) or
genome sequencing (GS).12-14 In fact, exomes are increasingly being used as a tier 1 test in ID. However, local policies differ and even in western countries (such as Sweden),
multiple strategies for genetic investigations of ID are still in
use. In many centers, the speciﬁc tests performed in each
case are decided from the referral and both CMAs and
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testing for common single-gene disorders such as Fragile X
are still frequently requested.
GS is increasingly applied in genetic diagnostics with
impressive results and has the ability to capture a broad
range of different genetic variants.15-17 A comprehensive
GS analysis may be used to screen for SNVs/INDELs,18
SVs,19-21 short tandem repeats (STRs),22 SMN1/SMN2
copy number,23 and loss of heterozygosity.24 Ultimately, to
maximize the diagnostic yield, all those variant types need
not only be called but also be assessed, highlighting the
demands for advanced data analysis as well as advanced
clinical interpretation.
In this article, we summarize the genetic results from 624
individuals with ID, investigated as singletons at the
Karolinska University Hospital (Stockholm, Sweden) during 2020 and 2021 and compare the outcome of the different
testing strategies. Altogether, our results show that GS as the
ﬁrst-line genetic analysis is feasible and effective, providing
a molecular diagnosis for one-third individuals with ID.
Even though GS as a secondary test captures a similar
number of causative variants, this approach is not costeffective, the time to diagnosis is delayed, and patients are
lost to follow up.

Materials and Methods
Study subjects
In this retrospective study, included individuals were
referred for diagnostic genetic testing at the Department of
Clinical Genetics, Karolinska University Hospital, Stockholm, Sweden, from February 1st, 2020 to March 4th, 2021.
In total, 229 unrelated individuals with an ID diagnosis or a
strong clinical suspicion of ID underwent genetic testing
using GS. In 100 individuals, GS was the ﬁrst-line genetic
analysis (cohort 1) and in 129 individuals, GS was the
secondary/tertiary genetic test, most commonly after CMA/
FMR1 testing when that analysis could not ﬁnd a cause for
the clinical phenotype (cohort 2). Finally, 421 individuals
were analyzed using CMA (of which 212 [50%] also had
FMR1 expansion testing performed) (cohort 3). Common
comorbidities in all cases were dysmorphic features,
congenital malformations, and epilepsy (Table 1).
All cases were analyzed as singletons. Follow-up analyses of parental samples were performed in 29 (29%)
(cohort 1), 29 (22%) (cohort 2), and 36 (9%) (cohort 3)
cases (Figure 1; Supplemental Tables 1, 2, 3, and 4).

GS
The detailed workﬂow for clinical GS at our center was
described previously.15,16 For all analysis, mapping to
GRCh37 (hg19) was used. In brief, large copy number
variations (CNVs) were assessed using the vcf2cytosure
pipeline in which detected SVs were visualized in the
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Table 1
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Clinical parameters of included cases

Cohort Characteristics

Cohort 1 (N = 100)

Median age, y
6
Male, n (%)
67 (67)
Consanguinity, n (%)
12 (12)
Main phenotypic features
ID, n (%)
97 (97)
Autism, n (%)
39 (39)
ADHD, n (%)
14 (14)
Epilepsy, n (%)
8 (8)
Malformations, n (%)
5 (5)
Genetic tests performed (within 13 months from referral)
CMA, n (%)
0
FMR1 STR, n (%)
0
GS, n (%)
100 (100)
Parental follow up, n (%)
29 (29)

Cohort 2 (N = 129)

Cohort 3 (N = 421)

7
84 (65)
9 (7)

6
292 (69)
7 (2)

125
61
20
16
13

(97)
(47)
(16)
(12)
(10)

309
242
69
20
18

(73)
(57)
(16)
(5)
(4)

124
55
129
29

(96)
(44)
(100)
(22)

421
212
37
36

(100)
(50)
(9)
(9)

ADHD, attention deﬁcit hyperactivity disorder; CMA, chromosomal microarray; GS, genome sequencing; ID, intellectual disability; STR, short tandem repeat.

CytoSure Interpret Software (Oxford Gene Technology).16
SNVs/INDELs and intragenic DELs/DUPs were ﬁltered
using an ID gene panel including 1097 genes (Supplemental
Document 1), and only coding variants and variants theoretically affecting splicing were considered. STRs were
assessed in 7 genes (ATN1, CNBP, CSTB, DIP2B, FMR1,
GLS, and DMPK). Remaining variants were ranked and
assessed in our in-house developed analysis tool Scout,15
and variants with a high ranking that matched the clinical
phenotype were classiﬁed according to American College of
Medical Genetics and Genomics (ACMG)/Association for
Molecular Pathology (AMP) guidelines.25 Pathogenic and
likely pathogenic variants were reported, ie, the variant was
listed in the GS report. Variants of uncertain signiﬁcance
(VUS) were reported when the likelihood of them being
pathogenic was high according to local praxis—depending
on both variant characteristics (ie, not present in normal
(NML) variation databases, high local ranking, compound
variant present for autosomal recessive genes) and overlap
between the phenotype described for the affected gene and
the clinical symptoms present in the affected individuals. In
some VUS cases, parental samples were requested to
determine de novo status.
The ﬁnal diagnostic yield solely included variants scored
as ACMG/AMP class 4 and 5. Class 3 variants that in
combination with inheritance pattern and clinical phenotype
of the patient (ID/NDD) rendered a strong suspicion of
pathogenicity were considered as clinically relevant ﬁndings, but were not part of the reported overall yield.

CMA
The array experiments were performed according to the
manufacturer’s protocol with minor modiﬁcations16 using a
4 × 180,000 custom oligonucleotide microarray with even
genome coverage and median probe spacing of approximately 18 kilobases (kb) (AMADID:031035, Oxford Gene
Technology).

FMR1 STR analysis
FMR1 CGG repeat expansion analysis was performed according to the manufacturer’s protocol, using the AmplideX
PCR/CE FMR1 Kit (Asuragen) and an ABI 3500xL Genetic
Analyzer (Applied Biosystems).

Fluorescence in situ hybridization
Metaphase ﬂuorescence in situ hybridization (FISH) follow
up of parental samples was performed in individuals C3P152 and C3-P348 using standardized protocols. For individual C3-P348, commercially available probes TelVysion
4p SpectrumGreen and Vysis CEP4 SpectrumAqua (Abbot)
were used. For individual C3-P152, Vysis CEP18 SpectrumAqua (Abbot) combined with BAC/PAC probes were
used and performed as previously described.26 At least 10
metaphases per individual were analyzed.

Statistics and cost calculations
Descriptive statistics for age and turnaround time (TAT) in
cohort 1, cohort 2, and cohort 3, and diagnostic yield between cohort 1 and cohort 3 are reported. Analysis of
variance or Kruskal-Wallis nonparametric test and Wilcoxon rank-sum test were used to calculate differences in
age and TAT and χ2 with Yates correction for differences in
yield between cohort 1 and cohort 3. Statistical signiﬁcance
was set to P = .05. The χ2 tests were performed in Microsoft
Excel, whereas analysis of variance or Kruskal-Wallis
nonparametric test and Wilcoxon rank-sum test were performed in R Studio software (version 4.0.2).
Costs for genetic analysis were calculated from the 2021
list prices at Clinical Genetics Karolinska University Hospital and converted from Swedish Krona to US Dollars
using the average exchange rate of 2020 (9.2037 Swedish
Krona = 1 US Dollars).27

A. Lindstrand et al.

2299
Cohort 1

Cohort 2

Cohort 3

n=100
54 variants in 47 individuals

n=129
53 variants in 50 individuals

n=421
(FMR1 included in 212)
56 variants in 55 individuals

Cases
Single variant
40 individuals

Two variants
7 individuals
compound het (2)
dual finding (4)
XY female (1)

Single variant
47 individuals

Two variants
3 individuals
compound het (1)
dual finding (2)

Single variant
51 individuals
CNV (49)
FMR1 (2)

Other variants
4 individuals
CCR (2)
unbal. transl. (1)
two CNVs (1)

28 pathogenic
12 VUS

5 pathogenic
9 VUS

29 pathogenic
18 VUS

2 pathogenic
4 VUS

45 pathogenic
6 VUS

2 pathogenic
3 VUS

29

29

36

Parental samples
Single variant
40 individuals

Two variants
7 individuals
compound het (2)
dual finding (2)
XY female (1)
single variant (2)

Single variant
47 individuals

Two variants
3 individuals
compound het (1)
dual finding (1)
single variant (1)

Single variant
51 individuals
CNV (49)
FMR1 (2)

Two variants
4 individuals
CCR (2)
unbal. transl. (1)
benign CNVs (1)

31 pathogenic
6 VUS
3 benign

5 pathogenic
7 VUS
2 benign

32 pathogenic
12 VUS
3 benign

3 pathogenic
2 VUS
1 benign

45 pathogenic
3 VUS
3 benign

2 pathogenic
1 VUS
2 benign

known XXY

XY female

47 variants in 43 individuals

48 variants in 46 individuals

51 variants in 51 individuals

35 pathogenic variants
12 VUS

34 pathogenic variants
14 VUS

47 pathogenic variants
4 VUS

Figure 1 Study overview. Flowchart showing results and samples analyzed in the 3 cohorts before (top) and after parental follow-up
analysis (bottom). Pathogenic variants refer to those classiﬁed as American College of Medical Genetics and Genomics class 4 and class
5. CCR, complex chromosomal rearrangement; CNV, copy number variation; het, heterozygous; transl, translocation; unbal, unbalanced;
VUS, variant of uncertain signiﬁcance.

Results

Cohort 1

Detected genetic variants

In the 100 unrelated individuals analyzed with GS ﬁrst, 47
had at least 1 genetic variant reported, encompassing a total
of 54 variants subdivided into SNV/INDELs (n = 39), SVs
(n = 8), chromosomal (n = 5), uniparental disomy (UPD)
(n = 1), and STR (n = 1) (Figure 1; Supplemental Table 1).
The 8 detected SVs included 2 DELs (C1-P61, C1-P64,
Supplemental Table 1) that were sized below or at borderline of the detection limit of the CMA used at our unit (3.2
kb and 39.2 kb respectively). In total, 4 aneuploidies, 2
47,XXY (Klinefelter syndrome), 1 47,XYY, and 1 mosaic
45,X/46,XX (estimated ratio 80/20) (Turner syndrome)
were detected. In individual C1-P32, a 4-year-old girl, the
GS analysis uncovered both an aberrant 46,XY karyotype
and an SNV of uncertain signiﬁcance (VUS) in AR,

The combined diagnostic yield for all analyzed individuals
in all 3 cohorts was 21% (130/624), and the per cohort yield
was 35% for cohort 1, 26% for cohort 2, and 11% for cohort
3. Focusing on the 521 individuals who underwent primary
testing either with GS-ﬁrst (cohort 1, N = 100) or CMA/
FMR1 analysis (cohort 3, N = 421), we found that the
diagnostic yield was signiﬁcantly higher with GS ﬁrst (35%
vs 11%, P < .001). An overview of the types of detected
genetic variants and their inheritance patterns for all 3 cohorts are presented in Table 2 and Figure 2. Details for each
cohort are given in the following, and all reported variants
are listed in Supplemental Tables 1, 2, 3, and 4.
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Variant types, ACMG/AMP classiﬁcation,25 and inheritance patterns in the 3 cohorts after follow-up investigations

Summary of Genetic Results

Cohort 1

44
Total number of individuals with variantsa
Total number of variants
49
Variant types (% of total number of variants in the cohort)
SNV/INDEL
34 (71)
ACMG/AMP class 5
7
ACMG/AMP class 4
14
ACMG/AMP class 3
13
SV
8 (17)
Deletion
6
Duplication
2
Complex
0
Chromosomalb
5 (8)
UPD
1 (2)
STR
1 (2)
Per variant inheritance pattern (% of total number of variants in the cohort)
Autosomal dominant
28 (57)
Autosomal recessive homozygous
7 (14)
Autosomal recessive compound heterozygous
4 (8)
X-linked
5 (10)
Chromosomalb
5 (10)

Cohort 2

Cohort 3

46
48

51
51

46 (96)
14
18
14
1 (2)
1
0
0
0 (0)
0 (0)
1 (2)

NA
NA
NA
NA
41 (82)
26
13
2
8 (16)
NA
2 (4)

23
11
2
12
0

41
0
0
3
7

(48)
(23)
(4)
(25)
(0)

(80)
(0)
(0)
(6)
(14)

ACMG, American College of Medical Genetics and Genomics; AMP, Association for Molecular Pathology; INDEL, insertion/deletion; NA, not applicable;
SNV, single nucleotide variant; STR, short tandem repeat; SV, structural variant; UPD, uniparental disomy.
a
Genetic variant determined to be of clinical signiﬁcance at the end of the study period.
b
Aneuploidy, XY female, unbalanced translocation.

supporting the diagnosis androgen insensitivity (XY female;
OMIM 300068), however, this does not explain the presence of developmental delay.
Of the total 54 variants (SNV/INDELs [n = 39], SVs [n =
8], chromosomal [n = 5], UPD [n = 1] and STR [n = 1])
detected in 47 individuals, 33 were initially classiﬁed as
pathogenic/likely pathogenic and 21 as VUS: 20 SNVs and 1
SV (a 2.8 megabase 10q26 DUP, C1-P101) (Supplemental
Table 1). Parental samples were received for 29 individuals, of which 14 were VUS cases, and follow-up investigations resulted in a reclassiﬁcation of 8 VUS variants: 5
were downgraded in pathogenicity from VUS to likely
benign (inherited from a healthy parent) and 3 were upgraded
from VUS to pathogenic (de novo), including the aforementioned 10q26 DUP. Parental follow up of pathogenic/
likely pathogenic cases did not lead to any reclassiﬁcation.

After follow up, of the initial 54 genetic variants, 36 were
classiﬁed as pathogenic/likely pathogenic (ACMG/AMP
class 4 or 5), 5 as likely benign (ACMG/AMP class 2), and
13 remained as VUS (ACMG/AMP class 3) (Figure 1;
Supplemental Table 1). However, 2 of these VUS were
compound heterozygotes with a pathogenic/likely pathogenic
variant in recessive genes that explain the disease phenotype
of the patients, and these 2 patients were therefore included in
the overall diagnostic yield (hyperlysinemia, OMIM 238700
[C1-P17] and achalasia-addisonianism-alacrimia syndrome,
OMIM 231550 [C1-P39]). In contrast, for the 2 class 3 SNVs
in MACF1 (C1-P2) and IRF2BPL (C1-P41) that were
inherited from mothers with similar clinical presentations,
pathogenicity cannot be conﬁrmed, and they remain as VUS.
Two individuals had dual ﬁndings, both from consanguineous pedigrees, and included 1 case with a homozygous

Figure 2 Detected genetic variants in the 3 cohorts. Variant types among the communicated ﬁndings in cohort 1 (A), cohort 2 (B), and
cohort 3 (C). ANEU, aneuploidy; CCR, complex chromosomal rearrangement; INDEL, insertion/deletion; SNV, single nucleotide variant;
STR, short tandem repeat; SV, structural variant; UPD, uniparental disomy; VUS, variant of uncertain signiﬁcance.
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INDEL in AP4S1 (spastic paraplegia 52, OMIM 614067)
and an STR in CNBP (myotonic dystrophy 2, OMIM
602668) (C1-P81). Interestingly, in this family, the brother
of C1-P81 (individual C1-P1) had been referred for GS
independently, and only the brother with a more severe
phenotype, including ID, harbored the AP4S1 variant. In the
second case, 2 homozygous rare missense variants in WIPI2
and BRAT1 were detected, and it was not possible from the
clinical presentation to rule out either of the genes (C1-P16).
Altogether, after follow up, excluding the XY female, 35
individuals harbored pathogenic or likely pathogenic variants
that were deemed as causative of ID and in 10 individuals,
VUS were reported (Figure 2; Table 2). Hence, the overall
diagnostic yield, explaining the primary symptom of ID, in
100 individuals analyzed with GS ﬁrst was 35%.
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samples were received for 36 cases. A total of 5 variants in 4
individuals, were downgraded from VUS to likely benign
after the parental investigation (2 DELs and 3 DUPs inherited
from healthy parents). The remaining variants were classiﬁed
as pathogenic/likely pathogenic (n = 45) and 4 VUS with a
high suspicion of being causative, the latter including 2 individuals (C3-P222 and C3-P283) with the 15q11.2 BP1-BP2
DEL with reduced penetrance was detected in both cases
inherited from a healthy father28,29 (Supplemental Table 3).
One unbalanced translocation between chromosomes 4 and 6
(C3-P108) and 2 complex chromosome rearrangements
(CCRs) were detected.
In the 212 individuals who had undergone FMR1 analysis, a pathogenic repeat expansion was detected in 2 individuals (2/212, 1%), giving a total diagnostic yield of 11%
(47/421) in cohort 3 (Figure 2; Table 2).

Cohort 2
CCRs
In the 129 individuals analyzed with GS as a secondary analysis, 50 individuals (39%) had at least 1 genetic variant reported, encompassing a total of 53 variants subdivided as SNV/
INDELs (n = 50) and SVs (n = 1), chromosomal (n = 1), and
STRs (n = 1) (Figure 1; Supplemental Table 2). In total, 32
were initially classiﬁed as pathogenic and 21 as VUS. The VUS
were all SNVs (Supplemental Table 2). Parental samples were
available for 29 individuals, of which 12 were VUS cases, and
follow up investigations resulted in a reclassiﬁcation of 6 VUS
variants: 3 were downgraded from VUS to likely benign
(inherited from a healthy parent) and 3 were upgraded from
VUS to pathogenic (2 de novo and 1 maternally inherited SNV
on the X-chromosome that was de novo in the mother). After
this follow up, a total of 35 variants were classiﬁed as pathogenic/likely pathogenic (ACMG/AMP class 4 or 5), 4 were
classiﬁed as likely benign (ACMG/AMP class 2) and 14 VUS
remained uncertain. Parental follow up of pathogenic/ likely
pathogenic variants did not lead to any reclassiﬁcation (Table 2;
Supplemental Table 2).
The single SV detected in cohort 2 was, as expected,
below the detection size-limit of CMA (22.5 kb, C2-P59,
Supplemental Table 2). The detected STR was a pathogenic
FMR1 CGG expansion in a 4-year-old boy (C2-P108) who
had not undergone targeted FMR1 STR analysis before GS.
A single aneuploidy was detected in cohort 2, which was
known before the GS analysis (47,XYY, C2-P39/C3-P62,
Supplemental Table 2). After disregarding the previously
known aneuploidy, 34 individuals with pathogenic ﬁndings
remained (Figure 1; Table 2), resulting in an added diagnostic yield of 26% (34/129) through GS with ID panel after
CMA with or without FMR1 STR analysis.

Disregarding the unbalanced translocation detected in case
C3-P108, 2 CCRs were detected (both in cohort 3). In the ﬁrst
individual (C3-P152), the CMA analysis revealed the presence of 3 CNVs on chromosome 18q, 2 DUPs, and 1 DEL
separated by NML genomic segments in the following
pattern: DUP-NML-DEL-NML-DUP. The 18q CCR was
shown to be de novo after NML parental CMA and FISH
analysis. As part of the clinical follow-up investigations, GS
was performed in patient C3-P152, and the data were used to
resolve the derivative chromosome structure. The highresolution characterization revealed a 10.9 Mb tandem DUP
(segment A) followed by a 135 kb DEL (segment C) and a
second 2.2 Mb DUP (segment E) that was inserted in an
inverted orientation 699 kb upstream of the original segment
E and 757 kb downstream of DUP A. Furthermore, a 13 kb
NML copy number segment was present 250 kb from the
centromeric end of the duplicated segment A, likely representing a DEL in DUP A. Breakpoint junction (BPJ) analysis
of the 4 BPJs revealed a 5 nucleotide (nt) insertion (GCCAT)
in the tandem DUP BPJ (A-A), a 10 nt insertion containing the
same 5 nucleotides (GCCATAGATA) in the DEL A BPJ and
for the inverted DUP, a 33 nt insertion was present in 1 BPJ,
and the other showed blunt ends. (Figure 3A).
The second detected CCR was a translocated DUP, in
which 5.6 Mb from 3q26.1q26.2 was duplicated and translocated to terminal chromosome 4q (4q35.1) where 4.5 Mb
was deleted (C3-P348). The rearrangement was ﬁrst detected
using CMA, and follow up using CMA in the parents revealed
that the variant was inherited from the father (with similar
clinical symptoms). FISH analysis showed that the segment
was inserted into chromosome 4 (Figure 3B).

Cohort 3
Additional genetic tests ordered in cohort 3
In 53 of the 421 individuals in cohort 3 (13%), at least 1 genetic variant was reported after CMA analysis, including 28
DELs, 16 DUPs, 1 unbalanced translocation, 2 CCRs, and 7
aneuploidies (Figure 1; Supplemental Table 3). Parental

During the 13 months this study was conducted, 38 of the
370 (10%) individuals negative after CMA/FMR1 analysis
were referred for further investigation using GS. Of those,

2302

A. Lindstrand et al.

Figure 3 Overview of identiﬁed complex chromosomal rearrangements (CCRs). A. The chromosome 18 CCR detected in patient C3P152. On top, a schematic illustration of chromosome 18 with the rearranged region marked with a blue rectangle. Below, the array plot is
shown, showing the duplicated and deleted genomic segments. Further down, the aberrant genomic segments are outlined on the chr18
reference chromosome (duplication A in red, deletion C in green, and duplication E in gradient red/yellow). A subway plot (in green) shows
how each region is connected in the short read genome sequencing data and allows for reconstruction of derivative 18 structure shown below
with the same color code as above and the inverted segment marked with an arrow. An arrow in the array plot marks the copy number neutral
probe, suggesting a deletion within segment A, also marked with * in the subway plot. At the bottom, screen shots from the integrative
genomics viewer and aligned BPJ sequences are shown for each junction. B. Overview of complex 3q-4q rearrangement detected in individual C3-P348. The array data, ﬂuorescence in situ hybridization–analysis validation images, and a schematic drawing of the CCR is shown.
BPJ, breakpoint junction; Chr, chromosome; der, derivative; Mb, megabase.
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26 individuals underwent ID gene panel analysis and are
therefore also part of cohort 2 (patients C2-14, 16, 26, 32,
38, 39, 50, 58, 61, 62, 73, 88, 91, 92, 97, 98, 100, 101, 104,
106, 107, 115-117, 119, and 121), and pathogenic variants
were found in 9 of them (Supplemental Table 2). The
remaining 12 individuals were investigated using different
in silico gene panels, and pathogenic SNVs were detected in
8 of those 12 individuals (Supplemental Table 4).

Age distribution, TAT, and cost calculations
The median age was 6 years (range 0-38 years) in cohort 1, 7
years (range 0-39 years) in cohort 2, and 6 years (range 0-62
years) in cohort 3. The mean age followed a similar pattern
with cohort 3 being the lowest (7.6 years) followed by cohort
1 (8.4 years) and cohort 2 (8.9 years). These differences were
not statistically signiﬁcant except that a higher age distribution was seen in cohort 3 than in cohort 2 (Kruskal-Wallis
non-parametric test and post hoc Wilcoxon rank-sum tests;
P = .033) (Supplemental Figure 1; Supplemental Table 5).
The TAT was higher in cohort 1 and cohort 2 than in
cohort 3 (median 50 [range 17-195], 46 [range 19-581], and
27 [range 4-104] days, respectively). The differences were
signiﬁcant using Kruskal-Wallis nonparametric test (P <
2.2 × 1016), and post hoc Wilcoxon rank-sum tests revealed
a signiﬁcantly lower TAT in cohort 3 than in cohort 1 (P <
2.2 x 1016) and 2 (P < 2.2 x 1016) but no signiﬁcant difference between cohort 1 and cohort 2 (P = .561)
(Supplemental Figure 1; Supplemental Table 6).
For the 521 individuals in cohort 1 and cohort 3 who
underwent primary testing, the average cost per analyzed
individual, including both patient speciﬁc analysis and
parental follow-up analysis, was 95% higher with GS ﬁrst
($4505 vs $2315 for cohort 1 and cohort 3, respectively)
(Supplemental Table 7). However, the higher diagnostic
yield resulted in a cost per diagnosed patient that was 38%
lower ($12,872 and $20,737 for cohort 1 and cohort 3,
respectively). In consequence, the cost per each additional
diagnosis made with GS ﬁrst compared with CMA/FMR1
analysis was $9124. Furthermore, the mean cost for parental
follow-up analysis was lower with GS ﬁrst ($1120 in cohort
1 compared with $1742 in cohort 3).

Discussion
Our results clearly show that GS is an attractive and feasible
option as a ﬁrst-tier test for individuals with ID/NDD. In this
retrospective analysis, we show that a singleton GS approach,
with in silico ﬁltering for a broad ID/NDD gene panel, results
in 3 times as many patients diagnosed compared with the
traditional testing strategies. The diagnostic yield for individuals with ID/NDD tested at our unit with 3 different
genetic testing approaches during a 13-month period was 35%
with GS ﬁrst, 26% with GS as a secondary analysis, and 11%
using only CMA/FMR1 analysis.
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The standardized genetic analysis for individuals with ID
and/or NDD, without a speciﬁc clinical diagnosis, has been
CMA for more than a decade in our laboratory, often in
combination with FMR1 STR analysis, with clinically
relevant genetic ﬁndings in 10% to 15% of the cases.12 The
detected yield in cohort 3 (11%, 47 pathogenic/likely
pathogenic variants detected in 421 individuals) is in
concordance with previously published papers, including a
recent paper from our own laboratory in which CMA
detected a pathogenic DEL or DUP in 12% of individuals.16
Hence, the test performs robustly but is limited to the
detection of some variant types, ie, DELs and DUPs >50 kb
in size and a CGG repeat expansion in a single gene, FMR1.
In contrast, GS may detect a multitude of variants of
different types and sizes.16 Because >1000 genes have been
implicated in monogenic ID and NDDs, both isolated and
syndromic,16,30,31 it is imperative that analysis of SNVs and
INDELs in a large gene panel is part of a genetic investigation for individuals with ID. Of note, ES is an attractive
alternative with an average diagnostic yield of approximately 26.5% for singletons and approximately 34.3% for
trio analysis in unselected rare disease pediatric cases3 and
an ES ﬁrst approach has been proposed as a suitable ﬁrstline test for individuals with ID/NDD.32 At present, many
genetic diagnostic laboratories are transitioning to ES ﬁrst
and extracting CNV information (>50 kb) from the ES
data.33 However, as we present in this article, many different
genetic investigation strategies are currently being applied
sometimes even within the same laboratory. This leads to
confusion for the referring physicians, affected individuals,
and their families.
At our unit, singleton GS is the main mucopolysaccharidoses-based genetic test for rare diseases15
and, similar to many other laboratories using ES and GS
analysis in the clinic, the GS data are ﬁltered in silico vs
clinically relevant gene panels on the basis of the patient’s
phenotype to expediate the interpretation and minimize
incidental ﬁndings. With this approach, pathogenic genetic
variants in genes not included in the panel will be missed.
Even though the gene panel is updated regularly (4 times per
year), a risk of missing newly reported monogenic disorders
remains. As the newly reported genes become increasingly
rare, this risk will decrease but still reanalysis of negative
cases is warranted at regular intervals. To partly overcome
this limitation, we systematically apply patient’s phenotype
speciﬁc Human Phenotype Ontology panels34 in cases in
which additional clinical symptoms are present and no cause
is detected with the ID panel. In our previous paper
mentioned earlier, 100 individuals referred for CMA were
also analyzed using GS, and the diagnostic yield increased
4% when Human Phenotype Ontology panels were added.16
The higher diagnostic yield with GS ﬁrst in the current study
compared with the former (35% vs 27%) may be partially
explained by the use of a larger gene panel (1097 genes vs
887 genes) as well as improved bioinformatic workﬂows15
and databases.35 However, the main reason for a lower
yield in the previous study is that those 100 cases were
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consecutive unselected individuals referred for CMA
whereas the current study is focused on individuals with ID/
NDD.
The singleton GS ﬁrst approach used in this study also
runs the risk of missing de novo variants. In cohort 1,
parental analysis was performed in 26 cases and of those, 14
variants were de novo (54%) of which, 3 were ﬁrst classiﬁed
as VUS. This de novo fraction is lower than in a recent
study from Finland using a trio-ES approach reporting a
de novo rate of 75%,36 providing further support that a
higher diagnostic yield could be obtained with trios.
Of note, most variants detected using GS are located
within the exome.15 Hence, the vast majority of the detected
pathogenic SNVs and INDELs would also have been found
by ES. The main advantage of GS over ES is the aforementioned ability to broadly capture many different types of
genetic variants the most important being SVs and STRs.
This means that after a negative GS, no additional tests are
necessary whereas after ES, the negative 73.5%3 should be
complemented with at least CMA and FMR1 analysis for
individuals with ID/NDD.32 Even so, the lower resolution of
SV analysis through CMA will result in some variants being
missed. In this study, 3 such small SVs were detected in the
229 individuals analyzed using GS, increasing the diagnostic yield by 1.3% (Supplemental Tables 1 and 2). Two of
those small SVs were detected in cohort 1, a 3.2 kb
MED13L DEL (C1-P61) that was below the detection limit
of our standard CMA and a 39.2 kb MYO5A DEL (C1-P64)
only detectable on CMA platforms with higher resolution
(Supplemental Table 1). The third SV was detected in
cohort 2 and was, as expected, below the approximately 50
kb detection limit of CMA in size (22.5 kb, C2-P59,
Supplemental Table 2). A more important problem is that
the correct complementary targeted tests are not performed
in many individuals, such as FMR1 analysis not being
requested by the treating physician in individual C2-P108
with an FMR1 CGG expansion (Supplemental Table 2).
Furthermore, GS enables expansion testing in many genes,
increasing the diagnostic yield by approximately 1% (shown
by the CNBP CCTG expansion identiﬁed in individuals C1P1 and C1-P81). Finally, a multistep process also runs the
risk of patients being lost to follow up, well-illustrated by
our results in which 90% (n = 332) of the individuals in
cohort 3 who were negative after CMA/FMR1 analysis had
not yet received a referral for additional genetic testing 13
months after the initial referral.
Implementing both clinical GS and ES services requires
highly specialized components, including access to
sequencing platforms and expertise in bioinformatics and
variant interpretation.15 At our unit, variant interpretation is
made by a multidisciplinary expert team, which adds labor
costs but likely increases the quality of data analysis.32,37
Even though the costs of genetic analysis vary between
laboratories and those reported in this article only represent
a single region in a single country (the Stockholm region in
Sweden), the overall trends will likely be translatable to
other laboratories and health care systems. Although the
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average cost of the GS ﬁrst approach is nearly twice that of
CMA/FMR1 analysis, the higher diagnostic yield of GS ﬁrst
subsequently leads to a cost per diagnosed patient that is
36% lower than with CMA/FMR1 analysis only. We also
observed a lower mean cost for parental follow-up analysis
for the GS ﬁrst cohort, likely explained by the fact that GS
often is followed up with polymerase chain reaction and
Sanger sequencing whereas after CMA, targeted CMA or
FISH is commonly performed. However, because more
VUS are observed with GS than with CMA/FMR1, the
overall number of variants warranting parental testing is
higher with GS ﬁrst. Hence, an overall higher cost for
parental follow-up testing is expected, and it is of importance to limit the number of VUS reported.
A higher yield as well as detection of more diverse variant
types was observed in cohort 1 than in cohort 2 although both
cohorts were subjected to GS. This was expected, because
DELs, DUPs, and FMR1 expansions had been excluded
before GS in cohort 2. The added clinical value of GS after
CMA/FMR1 analysis (cohort 2) was primarily because of
SNV/INDELs constituting 94% of pathogenic/likely pathogenic variants. Altogether, the combined yield of cohort 2 and
cohort 3 amount to roughly the same yield as in cohort 1 (37%
vs 35%, respectively). This study also shows that a GS-ﬁrst
approach shortens the diagnostic odyssey for individuals
with ID in our region. If ID individuals are ﬁrst investigated
using CMA, diagnosis is delayed approximately 6 to 12
months, including the TAT for genetic analysis as well as time
to obtain a new referral for GS (Supplemental Figure 1;
Supplemental Table 5). However, for most individuals (90%),
no more genetic tests were requested after the negative CMA,
and therefore, many individuals who could have received a
genetic diagnosis remain undiagnosed. Because the phenotypes of the individuals in cohort 1 and cohort 3 were similar
(Table 1), we ﬁnd it probable that GS ﬁrst would have led to a
genetic diagnosis in more individuals. Assuming a similar
yield as in cohort 1 (35%), 147 individuals could theoretically
have been diagnosed instead of 47.
Altogether, in the 521 individuals who underwent primary testing for chromosomal rearrangements either
through GS-ﬁrst analysis (cohort 1) or CMA analysis
(cohort 3), 2 CCRs were detected (0.4%). This further
supports that CCRs are important pathogenic alleles in rare
diseases that need to be considered in individuals with ID.
The complex DUP-NML-DEL-NML-DUP rearrangement
on chromosome 18q (C3-P152) was characterized by GS as
part of the clinical investigation, whereas the other CCR, a
translocated DUP (C3-P348) was followed up with FISH
and chromosome analysis (Figure 3). In the 18q CCR, the
GS characterization was able to fully resolve the derivative
chromosome 18 including 4 BPJs, 1 DEL, 1 tandem DUP,
and 1 inverted inserted DUP. Replication-based mechanisms (fork-stalling and template-switching)38 have previously been suggested in similar CCRs, often causing a
mixture of DUPs, DELs, and inversions. The presence of the
same 5 nt insertion in 2 of the 4 BPJs lends further support
to such an underlying mechanism.
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In conclusion, currently 3 different genetic investigation
strategies are applied for individuals with ID/NDD at the
Karolinska University Hospital; (1) GS ﬁrst, (2) CMA/
FMR1/GS, and (3) CMA/FMR1. Of those, GS-ﬁrst singleton
analysis resulted in the highest overall yield (37%). We
suggest that GS ﬁrst-line singleton analysis should be used as
the initial genetic investigation in individuals with ID and
suspected ID because it is high performing and allows for a
time- and cost-effective genetic diagnostic analysis.
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