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Abstract

Objective: Clinical genetic sequencing is frequently utilized to diagnose individu-
als with neurodevelopmental disorders (NDDs). Here we perform a meta-analysis
and systematic review of the success rate (diagnostic yield) of clinical sequencing
through next-generation sequencing (NGS) across NDDs. We compare the genetic
testing yield across NDD subtypes and sequencing technology.

Methods: We performed a systematic review of the PubMed literature until May
2020. We included clinical sequencing studies that utilized NGS in individuals with
epilepsy, autism spectrum disorder (ASD), or intellectual disability (ID). Data were
extracted, reviewed, and categorized according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Two investiga-
tors performed clinical evaluation and grouping following the International League
Against Epilepsy (ILAE) guidelines. Pooled rates of the diagnostic yield and 95%
confidence intervals were estimated with a random-effects model.

Results: We identified 103 studies (epilepsy, N = 72; ASD, N = 14; ID, N = 21)
across 32,331 individuals. Targeted gene panel sequencing was used in 73, and exome
sequencing in 36 cohorts. Given highly selected patient cohorts, the diagnostic yield
was 17.1% for ASD, 24% for epilepsy, and 28.2% for ID (23.7% overall). The highest
diagnostic yield for epilepsy subtypes was observed in individuals with ID (27.9%)
and early onset seizures (36.8%). The diagnostic yield for exome sequencing was
higher than for panel sequencing, even though not statistically significant (27.2%
vs 22.6%, P = .071). We observed that clinical sequencing studies are performed
predominantly in countries with a high Inequality-adjusted Human Development
Index (IHDI) (countries with sequencing studies: IHDI median = 0.84, interquartile
range [IQR] = 0.09 vs countries without sequencing studies: IHDI median = 0.56,
IQR = 0.3). No studies from Africa, India, or Latin America were identified, indicat-
ing potential barriers to genetic testing.

Significance: This meta-analysis and systematic review provides a comprehensive
overview of clinical sequencing studies of NDDs and will help guide policymaking

and steer decision-making in patient management.
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1 | INTRODUCTION

Neurodevelopmental disorders (NDDs)—including epilepsy,
autism spectrum disorder (ASD), and intellectual disability
(ID)—represent genetically and clinically heterogeneous
groups of disorders that affect about 3% of children world-
wide.! Advances in sequencing technologies have facilitated
the identification of an exponentially growing number of
NDD-associated genes.2 The identification of disease-asso-
ciated genes can improve the understanding of disease patho-
genesis and trajectories. It may also guide the identification
of more genetically homogeneous subgroups within the spec-
trum of NDDs.* A recent study showed that 33% of children
with a molecularly confirmed genetic epilepsy would benefit
from precision medicine.* However, the proportion of indi-
viduals with NDDs who carry a genetic abnormality that can
be identified using next-generation sequencing (NGS) has
yet to be well established.

Sequencing studies that report the diagnostic yield (ie,
percentage of pathogenic variant carriers identified in a co-
hort) in NDDs are few but are becoming increasingly com-
mon. Estimates of diagnostic yield vary considerably across
individual studies (8%°-61%°). This likely reflects differ-
ences in measurement, reporting, and clinical characteristics
such as etiology and disorder type/subtype. Although many
literature reviews have been published in the past, only two
systematic meta-analyses of genetic testing in NDDs have
been reported to date to the best of our knowledge. A litera-
ture review is a descriptive summary of the existing material
relating to some topic or area of study. A systematic review
is a review of the literature that is conducted methodically
based on a pre-specified protocol. It aims to synthesize the re-
trieved information often through a meta-analysis. A system-
atic review sometimes produces results that, inconveniently,
contradict common beliefs.’

A recent systematic meta-analysis of 30 NDD genetic
testing studies showed that screening all genes with exome
sequencing (ES) has a clinical diagnostic yield of 36% for
individuals with NDD, 16% for a subset of individuals with
autism spectrum disorder (ASD), and 39% for individuals
with intellectual disability (ID).® Epilepsy was considered in
only one systematic meta-analysis of genetic testing, which
focused on assessing different technologies' diagnostic yield.
The authors analyzed 23 epilepsy clinical genetic studies
and found that ES had the highest diagnostic yield (45%; 6
studies), followed by targeted gene panel sequencing (panel)
(23%; 9 studies), and chromosomal microarray testing (8%; 8

Key Points

o This systematic review evaluated the diagnostic
yield of next-generation sequencing (NGS) in
neurodevelopmental disorders and their subtypes

e In 103 studies that include 32331 individuals, the
overall diagnostic yield was 23.7%-17.1% for au-
tism spectrum disorder (ASD), 24% for epilepsy,
and 28.2% for intellectual disability (ID)

e Around one in five neurodevelopmental disorder
(NDD) patients will receive a diagnosis using
NGS, especially when investigating the whole
exome

e The highest diagnostic yield for epilepsies was
observed in individuals with ID (27.9%) and early
onset seizures (36.8%)

studies).” Because NGS has only been established as a clin-
ical diagnostic tool within the last decade, previous studies
evaluating sequencing strategies have included only 30 stud-
ies or less. Furthermore, the diagnostic yield across subtypes
of NDDs—including milder and more severe forms of epi-
lepsy—or sequencing technologies has yet to be consistently
established.

Here we present the most substantial and up-to-date sys-
tematic review and meta-analysis for clinical diagnostic se-
quencing in NDDs. In our study, we quantify the yield of
diagnostic sequencing in different types of NDDs. We also
explore heterogeneity sources among studies and perform
additional analyses considering the country of origin, type of
sequencing test, and adherence to current variant interpreta-
tion guidelines.'”

2 | METHODS

2.1 | Search strategy

The systematic review was conducted following the
Preferred Reporting Items for Systematic Review and Meta-
Analysis (PRISMA) protocol, considering all studies con-
tained in PubMed until May 20, 2020."" As keywords for the
PubMed search, we used disease-specific terms (“epilepsy”,

CLINNTS

“epileptic encephalopathy”, “neurodevelopmental disorder”,
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“seizures”, “autism”, “ASD”, “autism spectrum disorder”,
“intellectual disability”, “ID”, and “mental retardation”),
each combined with sequencing technology terms (“exome”,
“next generation sequencing”, “NGS”, “panel”, “targeted se-
quencing”, and “whole genome sequencing’) and other con-
tent related terms (“cohort”, “diagnostic yield”, “diagnostic
test”, and “clinical practice”).

We performed an automated PubMed search using the
R package RISmed."? Moreover, 40 additional records were
identified through other sources (eg, listed as references in
studies identified through PubMed screen). We only consid-
ered studies written in English. Duplicated studies, including
response letters and studies without a title or abstract, were
removed. Furthermore, studies that investigated somatic vari-
ants from resected brain tissue were also removed. The re-
maining studies were reviewed in two steps: (a) manual title
and abstract screening to remove reviews, other non-original
studies, and studies which did not perform clinical genetic
testing using NGS technologies; (b) manual full-text review
to select only sequencing studies, which used NGS technol-
ogies, studies focused on germline variants, and studies that
screened more than five genes in at least 20 individuals with
epilepsy, ASD, or ID. We excluded studies that specifically
ascertained individuals for congenital malformations of the
brain or any other disorder where epilepsy, ASD, or ID were
considered a secondary phenotype. Moreover, we excluded
studies that investigated somatic variants from resected brain
tissue. The overall screening design is detailed in Figure 1.

2.2 | Data synthesis and analysis

The 103 qualifying studies (Table S1 in the Supplement) were
divided into cohorts based on three criteria: (a) disorder, (b)
disorder subtype, and (c) sequencing method. If a study in-
vestigated multiple disorders, disorder subtypes, or sequenc-
ing methods, we split these studies into disorder-specific,
disorder subtype-specific, and method-specific cohort subsets
(Figure 2). Disorder cohorts included: epilepsy, ASD, and ID.

Epilepsia-|*
Disorder subtype cohorts included: focal epilepsy (FE), gener-
alized epilepsy (GE), combined generalized and focal epilepsy
(GE & FE), epilepsy without ID, epilepsy with ID, ASD with
ID or developmental delay (DD), west syndrome (WS), and
other developmental and epileptic encephalopathies (DEEs).
All of the phenotypes above were taken from the corresponding
study. Only ASD with ID or DD was manually classified based
on the cohort. The minimum requirement for the "ASD with ID
or DD" grouping is a moderate severity of ASD or DD. Age
at onset subgroups comprised: Neonatal/Infantile, Childhood,
Any Age. The group "Any Age" represents studies that report
on genetic testing in heterogenous patient groups with variable
age at seizure onset (~1-20 years). The age at onset grouping
was performed by inferring the age at onset from the reported
clinical syndrome of the patient. Subgrouping for the age at
onset and epilepsy with and without ID was only performed
if the majority of each cohort reported the phenotype. Method-
related cohorts included exome sequencing (ES) and targeted
gene panel sequencing (panel). Groups with at least three stud-
ies were considered. Epilepsy type and epilepsy syndrome
were classified for subjects in every study, according to 2017
ILAE (International League Against Epilepsy) epilepsy clas-
sification and www.epilepsydiagnosis.org, a website designed
by ILAE as a guide for epilepsy syndrome diagnosis..B’14 The
website provides a full list of epilepsy syndromes divided by
their typical age at seizure onset. All cohort groups are detailed
in Figure 2.

Small cohorts are more likely to be biased. Therefore, to
enrich for representative studies, we did not consider studies
that tested less than five genes or less than 20 individuals.
Because only coding variants were reported, studies that em-
ployed whole-genome sequencing were included in the ES
group. We only considered diagnostic yield from copy num-
ber variants (CNVs) if the variants were called from sequenc-
ing reads. Results from classical cytogenic or chromosomal
microarray testing were not considered.

In addition, the open database of the United Nations
Development Programme was used to obtain the Inequality-
adjusted Human Development Indices (IHDI) for each

Records identified until May 20, 2020 through
database (PubMed) searching (N=2,078)

Additional records identified
through other sources (N=40)

Y

Title and abstract review
(N=2,118)

A 4

Records excluded (N=1603)

1

Full-text articles assessed for
eligibility (N=515)

Records excluded (N=412):

» o Clinical criteria not met (e.g. epilepsy,
ASD, or ID not main disorder of study)

l

< 5 genes screened

FIGURE 1 Process of data search,

Studies included
(N=103) o

o <20 patients enrolled
Other

identification, and filtering
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Unique studies included (N=103)
[ | | ]
Cohorts by Cohorts by seizure Cohorts by disorder Cohorts lzfv Cohorts by seq
disorder (N=107) type (N=81) subtype (N=30) DEEs (N=41) technology (N=109)
| [
| | Epilepsy | FE | | Epilepsy without | WS Panel
(N=72) (N=15) ID (N=8) (N=16) (N=73)
|| ASD || GE | | Epilepsy with | | Other DEEs ES
(N=14) (N=7) ID (N=15) (N=25) (N=36)
|| ID | | GE&FE | | ASD with ID
(N=21) (N=59) or DD (N=7)
Cohorts by age of
onset (N=21)
[ I |
Neonatal/Infantile Childhood Any Age
(N=13) (N=3) (N=5)
FIGURE 2 Separation of 103 unique studies included. We collected 103 studies which included heterogeneous types of NDDs. We were able

to separate these into 107 distinct disorder cohorts, 81 cohorts by seizure type, 41 DEE cohorts, 21 cohorts by age at onset, and 109 sequencing

technology cohorts. Abbreviations: ASD, autism spectrum disorder; DD, developmental delay; DEE, developmental epileptic encephalopathy;

ES, exome sequencing; FE, focal epilepsy; GE &amp; FE, combined generalized and focal epilepsy; GE, generalized epilepsy; ID, intellectual

disability; panel, targeted gene panel sequencing; WS, West syndrome

country.15 The IHDI is based on the Human Development
Index (HDI), a composite index of social and economic
achievement that is adjusted by the inequality in the distribu-
tion of the HDI within each country. The HDI has four com-
ponents: A life expectancy index, a mean years of schooling
index, an expected years of schooling index, and an income
index.'® The THDI ranges from O to 1, with a higher value
indicating a higher socioeconomic level (low: <0.550, me-
dium: 0.550-0.699, high: 0.700-0.799, and very high:
>0.800). The IHDI was subsequently utilized to assess the
median IHDIs across countries with and without reported di-
agnostic sequencing studies. We also investigated the number
of disease-associated genes being reported by disorder per
year. Finally, we examined whether investigators applied the
American College of Human Genetics & Genomics (ACMG)
guidelines in NDD sequencing studies.

2.3 | Statistical analysis and
statistical software

We used R version 3.6 for all the analyses.'” We performed
systematic meta-analyses across all studies and cohorts
(Figures S1 to Figure S25 in the Supplement) using a ran-
dom-effects model (REM) with the R package meta.'® The
REM was used considering an expected high degree of het-
erogeneity between studies. Plots were created using the

meta and ggplot2 packages.l&lg The magnitude of between-
study heterogeneity was quantified using the I? statistic. A
priori, we decided to report the pooled, weighted estimate
generated by random-effects models, to account for a poten-
tially high degree of between-study heterogeneity. We used
funnel plots and the Egger method® to evaluate potential
publication bias. If bias was found, we performed a correc-
tion using the Duval and Tweedie trim and fill procedure.21
The Wilcoxon rank-sum test was used to determine signifi-
cant differences between the diagnostic yield of panels and
ES.

3 | RESULTS

3.1 | Study selection

In our staged study selection process, we initially identified
2078 unique studies through an automated PubMed search
after inclusion and exclusion criteria were applied (Figure 1).
Through other sources (eg, reference lists), we identified 40
more studies. In total, we found 2118 studies that met our
criteria. We eliminated 1603 studies after abstract review,
and another 412 after full-text review. A total of 103 stud-
ies, representing 32 331 individuals (mean: 314, median: 93,
IQR: [50; 169]), were included in the systematic review. We
conducted the analysis according to the Preferred Reporting
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Items for Systematic Reviews and Meta-Analyses (or
PRISMA) guidelines. The corresponding flowchart is shown
in Figure 1.

3.2 | Diagnostic yield overall, by
disorder and by disorder subtype

Random-effects meta-analysis of all 103 included studies
(Figure 3) revealed an overall diagnostic yield for neurode-
velopmental disorder sequencing studies of 23.7% (95% con-
fidence interval [CI] 22%-26%), weighted by the number of
cases in each study. Heterogeneity existed between estimates
(I =93%). In the disorder-specific analysis, the highest diag-
nostic yield was observed for ID (28.2%, 95% CI 22%-35%),
followed by epilepsy (24%, 95% CI 22%-27%) and ASD
(17.1%, 95% CI 11%-25%) (Table 1). Heterogeneity existed
between estimates for ID (I> = 92%), epilepsy (> = 93%),
and ASD (I° = 89%).

In the seizure type analysis, the diagnostic yield was
15.8% for FE (95% CI 10%-24%), 24.3% for GE (95% CI
18%—32%), and 24.7% for GE & FE (95% CI 22%—-28%).
Heterogeneity existed between estimates for FE (I2 = 92%),
GE (I’ = 87%), and GE & FE (I’ = 94%). In the disorder
subtype analysis, the diagnostic yield was 9.3% for epilepsy
without ID (95% CI 4%—-23%), 24.6% for ASD with ID or DD
(95% CI 18%-32%), and 27.9% for epilepsy with ID (95%
CI 24%-33%). The highest diagnostic yield was observed
in the DEE subgroup analysis. The yield for WS was 19.3%
(95% CI 14%-26%) and 36.8% for other DEEs. In the age
at onset subgroup analysis, the diagnostic yield for any age
was 6.6% (95% CI 2%—-22%), 14.7% for childhood (95% CI
4%—-42%), and 29.3% for neonatal/infantile (95% CI 23%—
36%) (Table 1) (Figures S6 to Figure S17 and Figure S22
to Figure S25 in the Supplement). Heterogeneity existed be-
tween estimates for epilepsy without ID (? = 94%), ASD
with ID or DD (I> = 73%), epilepsy with ID (I* = 68%), WS
(> = 68%), and other DEEs (I> = 76%). Among the age at
onset subgroups, the heterogeneity between estimates for
neonatal/infantile was I> = 76%, I> = 89% for childhood, and
I* = 95% for any age. Visual inspection of the funnel plots
showed that correction for publication bias was not required
(see Section 2).

3.3 | Diagnostic yield by
sequencing technology

Next, we stratified the study cohorts by sequencing tech-
nology (ES, N = 36; panels, N = 73). Random-effects
meta-analysis showed a diagnostic yield of 27.2% for ES

Epilepsia-1*

Al Studies (N=103) Cases Total Proportion  95%Cl

Shellhaas et al., 2017 17 26 0.65 [0.44;0.83]
Xiao et al., 2017 19 33 058 [0.39;0.75]
Stojanovic et al., 2020 49 88 0.56 [0.45; 0.66]
Palmer etal,, 2018 6 30 0.53 [0.34;0.72]
Tumiené etal., 2017 4 8 051 ;

Long et al., 2019 45 88 051

Lemke et al., 2012 16 33 0.48

Jang et al., 2019 53 112 0.47
Fernéndez-Marmiesse etal., 2019 104 246 0.42

Gilissen et al., 2014 21 50 0.42

Kim et al., 2019 45 108 0.42

Srivastava et al,, 2014 2 78 0.41

Routier et al., 2019 1 27 0.41

Gokben et al., 2016 12 30 0.40

Rochtus et al,, 2020 50 125 0.40

Jietal, 2019 42 106 0.40

Leeetal., 2018 2 57 039

Kwong et al., 2015 10 26 038 e

Jezela-Stanek et al., 2020 8 21 038
Rim etal., 2018 28 74 038 [0.27; 0.
Yokoi et al., 2020 75 200 038 [0.31;0.

Costain et al., 2019 71 197 0.36
Bietal, 2012 7 20 0.35
Naetal., 2020 52 150 0.35
Vrijenhoek et al., 2018 128 370 0.35
Zhouet al., 2018 24 70 0.34
Gieldon et al., 2018 36 106 0.34
Helbig et al., 2016 105 314 0.33
Thevenon et al., 2016 14 43 0.33

Yang et al., 2018 235 733 0.32
Papucetal., 2018 20 63 0.32
Zhangetal., 2017 55 174 0.32

[0.29; 0.
[0.21; 0.

Pengetal., 2019 86 273 0.32
Muona et al,, 2014 26 84 031
Benson et al., 2020 28 96 0.29
Fung etal., 2018 8 31 0.29
Wirrell et al., 2015 11 38 0.29
Krey et al., 2019 3 45 0.29
Berg etal,, 2017 42 147 0.29
Hanetal., 2019 10 35 0.29
Halvardson et al., 2016 11 ) 0.28
Tonduti et al., 2018 14 50 0.28
Stanék et al., 2018 42 151 0.28
Miao et al., 2018 39 141 0.28
Hamdan et al., 2017 53 197 0.27
Chérot et al., 2017 56 216 0.26
Rossi et al., 2017 42 163 0.26
Tran Mau-Them et al., 2020 18 70 0.26
Snoeijen-Schouwenaars et al., 2018 25 100 0.25
Liuetal., 2018 40 172 0.23
Johannesen et al., 2020 46 200 0.23
Mgller et al., 2016 49 216 0.23
Prasad et al., 2018 12 53 0.23
Yamamoto et al., 2019 30 133 0.23
Allen etal., 2015 1 50 0.22
Borlot et al., 2019 14 64 0.22
Balciuniene et al., 2019 33 151 0.22
Wang etal., 2014 6 28 0.21
Tan etal., 2015 b % 52 0.21
Berkovic et al., 2019 35 166 021
Hanetal, 2018 8 38 0.21
Pekeles et al., 2018 10 48 0.21
Kodera et al., 2013 11 53 0.21
Parrini et al., 2016 71 349 0.20
Oates et al., 2018 19 96 0.20
Ortega-Moreno et al., 2017 E 7 87 0.20
Codina-Sola et al., 2015 ¥ 36 0.19
Sanders et al.,, 2019 18 93 0.19
Aspromonte et al., 2019 29 150 0.19
Arafat etal., 2017 13 68 0.19
Wang et al., 2019 22 120 0.18
Butler etal., 2017 62 339 0.18
Zhang et al., 2015 46 253 0.18
Trump et al., 2016 71 400 0.18
Hoelz et al., 2019 16 91 0.18
de Ligt et al., 2012 16 100 0.16
Tran etal., 2020 16 100 0.16

Michaud et al., 2014 7 44 0.16 [0.07; 0.

\.._ TwwwwwW*W**”T***T%***H**W%%W

Symonds et al., 2019 48 333 0.14 [0.11; 0.
Lindy et al., 2018 1315 8565 0.15
Hesse et al., 2018 46 305 0.15
Mercimek-Mahmutoglu et al., 2015 14 93 0.15
Truty et al.,, 2019 1451 9769 0.15
Alvarez-Mora et al., 2016 6 41 0.15
Wu et al., 2020 14 96 0.15
Segal et al., 2016 7 49 0.14
Kang et al., 2019 32 243 0.13
Zhou et al., 2019 70 539 0.13
Perucca etal., 2017 5 40 0.12
Tsang et al., 2019 6 50 0.12
Krenn et al., 2020 3 13 0.12
Grozeva et al., 2015 107 986 0.11
Morgan et al., 2015 7 65 0.11
Angione et al., 2019 57 0.09
Duetal, 2018 80 0.09

95 0.08 [0.04;0.16] -#8—
92 0.08 [0.03;0.15] -&8—

Tammimies et al., 2015
Muir et al., 2019

Licchetta et al., 2019 0.07 [0.03;0.14] -8—
Ibarluzea et al., 2020 61 0.07 [0.02;0.16] -&—
Callaghan et al., 2019 119 0.04 0

oNRPURAN®NG
®
g

593 0.02
251 0.01
100 0.00 [0.00;0.04] =

Tsaietal., 2018
Hildebrand et al., 2016
Kalsner et al., 2017

Random effects model 32331
Heterogeneity: 12 = 93% [92%; 94%]

0.24 [0.22; 0.26] .

0 0.2 Dia(;‘:oslif;,?e;d 0.8 1
FIGURE 3 Forest plot of meta-analysis of the overall diagnostic
yield from 103 studies. Abbreviations: CI, confidence interval; 12,
estimated proportion of the variance in study estimates that is due
to heterogeneity; Proportion, fraction of individuals with a positive
genetic test (ie, pathogenic or likely pathogenic variant)
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No. of incl. No. of incl.
Grouping Subgroup cohorts individuals
Overall 103 32310
By disorder ASD 14 1530
Epilepsy 72 27923
ID 21 2863
By seizure type FE 15 1944
GE 7 1258
GE & FE 59 26 888
By disorder Epilepsy 8 1224
subtype without ID
ASD with ID 7 591
or DD
Epilepsy with 15 1290
ID
By other DEEs WS 16 768
Other DEEs 8 232
By age of onset Any Age 5 1080
Childhood 3 171
Neonatal/ 13 986
Infantile
By sequencing Panel 73 28 665
technology ES 36 3720

Note: For details of the grouping and subgrouping see Section 2.

TABLE 1
different categories

. .. Diagnostic yield across
Diagnostic yield

(95% CI)

23.7% (22%—26%)
17.1% (11%-25%)
24.0% (22%—27%)
28.2% (22%—35%)
15.8% (10%—24%)
24.3% (18%—32%)
24.8% (22%—28%)
9.3% (4%—23%)

24.6% (18%-32%)

27.9% (24%—33%)

19.3% (14%-26%)
38.8% (23%-57%)
6.6% (2%—22%)
14.7% (4—42%)
29.3% (23%-36%)

22.6% (20%—25%)
27.3% (24%—-31%)

Abbreviations: ASD, autism spectrum disorder; CI, confidence interval; DD, developmental delay; DEE,

developmental epileptic encephalopathy; ES, exome sequencing; FE, focal epilepsy; GE & FE, combined
generalized and focal epilepsy; GE, generalized epilepsy; ID, intellectual disability; panel, targeted gene panel

sequencing; WS, West syndrome.

75%
0071

50%

225%

Diagnostic yield

0%
Panel ES
FIGURE 4 Diagnostic yield by sequencing technology. The
mean yield in ES is higher compared to panel testing, even though the
difference is not statistically significant- 27.2% vs 22.6% (P = .071).
Abbreviations: ES, exome sequencing; panel, targeted gene panel
sequencing

(95% CI 24%-31%) and 22.6% for panels (95% CI 20%-—
25%) (Table 1 and Figure 4). The mean yield in ES was
higher, even though the difference was not statistically
significant (27.2% vs 22.6%, P = .071). Heterogeneity
existed between estimates for ES (I2 = 83%) and panels
(I* = 92%).

3.4 | Diagnostic sequencing utilization and
variant interpretation over time

Diagnostic sequencing in neurodevelopmental disorders has
only recently been introduced into clinical practice, and its
adaptation across global regions has not been assessed. We
grouped all countries with reported diagnostic sequencing
studies (N = 25), and all countries without reported diagnos-
tic sequencing studies (N = 125). The first authors' affilia-
tion was considered the studies origin. We then calculated
the median IHDI for each group. Countries with sequencing
studies had a significantly higher median IHDI, compared
to countries without sequencing studies (IHDI median 0.84,
IQR = 0.09 vs 0.56, IQR = 0.3, P = 5.8 x 10°'") (Figure 5).
Overall, 83% of all published studies originated from coun-
tries with an THDI of 0.71 and higher, corresponding to coun-
tries with a high to very high socioeconomic index. China
(IHDI = 0.636), as one of only three countries with a moder-
ate IHDI, has shown rapid growth in sequencing study output
and is responsible for over 15% of all published studies.

We determined the number of genes being reported by
disorder per year to demonstrate the continual discovery of



STEFANSKI ET AL.

new genes. We found an upward trend for the number of
genes with pathogenic variants being reported (Figure S26
in the Supplement). However, not all genetic variants iden-
tified in a diagnostic test are pathogenic.lo’22 Interpretation
guidelines have been developed by the community, leading
to the implementation of the ACMG guidelines in 2015. We
examined whether investigators applied the guidelines in
NDD sequencing studies. Most studies started to apply the
ACMG guidelines in 2016, a year after the original publi-
cation (Figure S27A in the Supplement). At the same time,
we observed an increase in studies that reported variants
of uncertain significance (VUS), starting at around 20%
of all reported variants in 2014 and reaching 70% in 2020
(Figure S27B in the Supplement). The number of studies re-
porting VUS has increased significantly after the introduc-
tion of the ACMG guidelines (OR = 38.6, P = 5.2 x 107%,
Fisher's exact test). Only two studies reported on VUS be-
fore 2016, whereas 45 studies reported on VUS after 2016
(Figure S27D in the Supplement).

4 | DISCUSSION

Here we present the largest systematic review and meta-
analysis of clinical diagnostic sequencing in individuals with
neurodevelopmental disorders. We identified 103 studies
representing 32,331 individuals with epilepsy, ASD, or ID,
and observed a cross-neurodevelopmental disorder diagnos-
tic yield of 23.7%. Our diagnostic yield of 17.1% for ASD,
identified from 14 studies, corresponds to the diagnostic
yield of 16% reported in a recent systematic meta-analysis of
five studies.® Our 24% combined diagnostic yield from panel
and ES for epilepsy (N = 72 studies) is similar to 23% yield
from panels (N = 9 studies) reported in a recent systematic
meta—analysis.9 However, our diagnostic yield for ES was
lower than the yield reported in the same study (27.2% vs
45%).° Although the observed diagnostic yield of 28.2% for
ID was the highest in our disorder analysis, the yield is lower
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significantly higher median Inequality-adjusted Human Development
Index (IHDI), compared to countries without sequencing studies 0.84
vs 0.56 (P =5.8 x 10-11)
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than reported previously (39%).® In addition, recent articles
report genetic testing diagnostic yields of up to 55%—70% for
individuals with ID.*

The study composition of this systematic review could
explain the lower diagnostic yield for ES and epilepsy.
Compared to the previous studies, the number of studies in-
cluded in our systematic review was three to four times larger.
Furthermore, we only included studies with at least 20 partic-
ipants to increase statistical accuracy, which was not done by
the previous systematic meta-analyses. This restriction could
explain why our reported diagnostic yield is lower compared
to other studies. Finally, we also included panel-based stud-
ies, whereas, the previous systematic meta-analysis on NDDs
focused solely on ES data.®

In our sequencing method comparison, ES generated
only suggestively higher yields than panel testing (27.2%
vs 22.6%, P = .071). The difference was less pronounced
compared with two previous systematic meta-analyses.g’9
The observed yield for ES in our meta-analysis (27.2% in
36 studies) was in line with the estimated yield in a recent
smaller systematic meta-analysis for NDDs without epilepsy
(31% in 21 studies).® However, the true diagnostic yield of
ES may be higher when excluding ES performed in patients
tested initially as negative with panel sequencing. In addi-
tion, ES enables reanalysis of existent sequencing data to
account for new gene discoveries, thus potentially increases
in yield over time without resequencing for some patients.
Our systematic meta-analysis showed in between-study het-
erogeneity with I° values ranging between 68% and 95%,
in line with previous systematic meta-analyses. Concerning
the high I’ values, our results have to be interpreted with
caution because diagnostic yields can vary widely across
studies screening patients with apparently similar pheno-
types. NDDs represent a clinically heterogeneous group of
disorders and differing patient ascertainment criteria could
affect the diagnostic yield. Two studies were labeling their
cohort as “autism” cohort, could ascertain patients with dif-
ferent subtypes (eg, Asperger syndrome vs Pervasive devel-
opmental disorder) without indicating this information in
the methods. The heterogeneity in the diagnostic yield of
panel testing is likely to reflect the different genes targeted
by different panels.2’24’25 In addition, it is important to note
that the reported yields depend on the patient population
and the center in which the data were acquired. The major-
ity of all included studies originated from tertiary care cen-
ters where the patient cohorts are frequently highly selected
and hence do not represent the general patient population.
Such patients are more likely drug-resistant and can present
with an elevated diagnostic yield compared to nonreferred
patients.26 In addition, the high yield for FE is driven by
studies that have been performed in pediatric cohorts (top
four studies with the highest yields in the FE category), for
which higher genetic yields are to be expected.
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In the meta-analysis of all studies by age at onset, only
one article represented adolescent-adult onset epilepsies,
Lee et al (2018)%, indicating a lack of publications in ado-
lescent-adult onset epilepsies, which might prevent changes
in therapy, prognosis, and better counseling for these patients
and their families.”®* Notably, the Lee et al (2018)% study
was performed in patients with generalized genetic epilepsy,
one of the epilepsy subtypes that is thought to be largely ge-
netic and will accordingly lead to high genetic yields.

Several studies have successfully shown that guidelines
are valuable in reanalyzing exome data.*>** Before variant
interpretation guidelines were developed 5 years ago, inter-
pretation was not standardized. We show that, since their im-
plementation, the field is progressively adapting the ACMG
guidelines (Figure 3A).

Finally, observe an overall increase in genetic testing, spe-
cifically in countries with high and very high socioeconomic
indices (IHDI > 0.7). We did not find any study from Latin
America, India, or Africa. Apart from the socioeconomic de-
velopment, a lack in genetic training may add to this disparity
in clinical sequencing.

This systematic meta-analysis should be interpreted in light
of several limitations. First, diagnostic yield may be under-
estimated in some studies that pre-screened individuals and
performed only NGS on patients for which a molecular diag-
nosis could not be established using standard genetic testing.
Second, not all studies used the ACMG variant classification
guidelines, which were first implemented in 2015."" We also
recognize that specific analysis approaches may differ in terms
of variant filtering and technical platform (eg, trio-based ES
vs proband-only ES). Furthermore, the studies included in this
comprehensive systematic review and meta-analysis represent
a heterogeneous collection of sampling and data collection
methodologies, with sparse descriptive information across
all studies. Finally, due to the absence of studies from Africa,
India, or Latin America, the generalizability to individuals on
a global level remains to be determined. In this study, we fo-
cused on the diagnostic yields of particular phenotypes from a
disorder perspective. Future studies are needed to compare the
phenotypic groups from a gene perspective.

This study represents the largest meta-analysis investigat-
ing diagnostic sequencing yield with three to four times more
studies than previous meta-analyses. In the absence of more
extensive studies—excluding non-systematic reviews—this
systematic review and meta-analysis can guide policymak-
ing and help steer decision-making in patient management.
Alongside policymakers and patients, healthcare providers can
also benefit from this comprehensive overview. However, addi-
tional randomized controlled studies are still needed. Notably,
studies that involve the evidence base for what type of genetic
test should be used to provide the best care for the patient.35
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