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balanced chromosomal rearrangements (BCRs). Initially, the
regarding how to best incorporate this type of comprehensive
testing into the diagnostic workup of a patient. Should
Introduction

Clinical laboratories are increasingly using next-generation
sequencing (NGS) to detect germline structural variants
ege of Medical Genetics and Ge
ocuments@acmg.net
at the end of the paper.
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(SVs), including both copy number variants (CNVs) and

evaluation of intragenic deletions and duplications was per-
formed in conjunction with gene-panel testing; however, clin-
ical laboratories now also use exome sequencing (ES) and
genome sequencing (GS) for genome-wide assessment of SVs.

Although technically feasible, simultaneously testing for a
wide range of genomic alterations (including potentially single-
nucleotide variants [SNVs], indels, CNVs, BCRs, regions of
homozygosity [ROHs], mitochondrial variants, and repeat ex-
pansions [REs]) is a complex task, which may present clinical
laboratories with unanticipated technical and interpretive
challenges. In addition, the availability of a single test for a
variety of variant types introduces a new dilemma for clinicians

comprehensive genomic sequencing only be considered upon
the failure of more targeted testing to provide a definitive
answer, or should it be used as the first-line test to shorten the
diagnostic odyssey, increase cost-effectiveness, reduce use of
health care resources, and obtain a diagnosis through less
invasivemeans? Are there genetic conditions and variant types
nomics approved this statement on September 19, 2022.
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Abbreviations
AF – allele frequency
BCR – balanced chromosomal rearrangement
CMA – chromosomal microarray
CNV – copy number variant
ES – exome sequencing
GS – genome sequencing
ID/DD – intellectual disability/developmental delay
LRS – long read sequencing
MCA – multiple congenital anomalies
MLPA – multiplex ligation-dependent probe amplification
MV – mitochondrial variant
NGS – next-generation sequencing
NIPS – noninvasive prenatal screening
OM – optical mapping
POC – products of conception
QC – quality control
qPCR – quantitative polymerase chain reaction (PCR)
RE – repeat expansion
ROH – regions of homozygosity
SNV – single nucleotide variant
SOP – standard operating procedure
SRS – short read sequencing
ssDNA – single-stranded DNA
STR – short tandem repeat
SV – structural variant; includes both CNVs and balanced
rearrangements
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for which comprehensive sequencing used as the first-line test
might not reach the sensitivity and accuracy of the specific
targeted assays?

Here we address some of these questions as they relate to
NGS-based clinical evaluation for unbalanced germline
variants (copy number gains and losses ranging in size from
a single exon to a whole-chromosome), which is offered as a
routine test by an increasing number of diagnostic labora-
tories. We describe important considerations for both clin-
ical laboratories and clinical providers for comprehensive
germline CNV detection using short-read sequencing (SRS)
assays (including gene panels, ES, focused exomes/exome
slices/virtual panels, and low-pass and ≥30X GS) as well as
other sequencing technologies such as long-read sequencing
(LRS) and complementary nonsequencing methods such as
optical mapping (OM).

Evaluation for balanced germline variants (translocations,
inversions, and balanced insertions) using sequencing data and
other novel technologies is briefly discussed. Although it is still
not readily available as a clinically validated test, such analysis
is likely to become routine in the near future, thanks to
increasing use of GS and rapid advancement of computational
tools and novel methodologies like LRS and OM. This docu-
ment also mentions evaluation for ROH and disease-causing
REs, but does not include detailed discussion of these vari-
ants. Although clinically significant SVs inmitochondrialDNA
do exist, mitochondrial SV detection is outside of the scope of
this document. Somatic SVdetection is also outside of the scope
of this document and will be addressed through a separate joint
project between theAmerican College ofMedical Genetics and
Genomics (ACMG) and the Cancer Genomics Consortium
(CGC).

In the following sections, we first describe the types of var-
iants that are the focus of this document and list traditional and
emerging approaches for their detection in the clinical setting.
This is followed by a brief description of SRS-based and other
novel methodologies used for the detection of SVs, including a
discussion of their key advantages and limitations (Figure 1).
Next, we lay out the best practices and points to be considered
by clinical laboratories that already offer testing for SVs using
NGS or are considering introducing this type of analysis.
Finally, we elaborate on the important points to be considered
by providers when deciding whether to prioritize comprehen-
sive genome analysis over more targeted testing for SV
detection.
Relevant Variant Types

CNVs

In addition to established assays for copy number gains and
losses, including chromosomal microarrays (CMAs), karyo-
type analysis, fluorescence in situ hybridization (FISH),
multiplex ligation-dependent probe amplification (MLPA),
and quantitative polymerase chain reaction (qPCR), CNV
detection from NGS has also entered routine clinical practice.
Gene-panel testing often includes detection of intragenic de-
letions and duplications, andGS can be used for genome-wide
CNV assessment. The broad and relatively uniform
sequencing coverage gives≥30XGS a considerable potential
to reliably identify CNVs ranging in size from single exon to
whole-chromosome aneuploidy. Nevertheless, the accurate
detection of CNVs using methods that incorporate target
enrichment (such as panels and ES), as well as the detection of
small (exon-level) CNVs, remain challenging. Sensitivity,
specificity, and resolution for CNV detection are variable and
assay dependent.1,2 Resolution for CNV detection may be
difficult to define and may vary between genomic regions.1,3

Balanced SVs

Conventional cytogenetic analysis remains the gold standard
for the detection of balanced germline rearrangements in the
clinical setting; however, owing to its low resolution, it does
not enable the identification of potentially disrupted genes at
the breakpoints, and as a result, it does not allow labora-
tories to decipher the molecular mechanisms through which
a specific rearrangement may be causing a disease. SRS has
the potential to detect balanced SVs with base-level reso-
lution with the use of appropriate assays and analytical
tools.3 Special short-read library preparation methods (eg,
mate-pair/long-insert libraries) have been designed to detect
BCRs throughout the genome.4,5 However, most of these
approaches have only been used on a research basis, and
clinical testing for balanced SVs by SRS remains limited.
An increasing number of novel technologies, including GS



Figure 1 Comparison of common methods for detection of structural variants. Checkmarks indicate variants that can potentially be
detected by each assay. Assay limitations are highlighted by the absence of checkmarks. Details and conditions relevant for detection of
individual variant types are described in the text.
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(short and long read) and OM, appear promising for the
accurate and robust detection of balanced SVs.

ROH

Extended ROH (typically defined by clinical laboratories as
being >3-5 Mb) may be identified during a diagnostic evalu-
ation by CMA platforms that use SNV probes. Their presence
alone is not diagnostic of a genetic disorder, but, depending on
the genomic content involved, it may indicate an increased risk
for recessive disorders and/or imprinting disorders (caused by
uniparental disomy).6,7 Thus, there is clinical utility in detect-
ing ROH during a genome-wide assessment for sequence
variants and SVs. Furthermore, SNV analysis may be neces-
sary for the detection of polyploidy, which is important in the
diagnostic evaluation of products of conception (POCs).8 Us-
ing specialized analytical tools, ROH can be detected fromGS
and to a lesser extent from ES.9,10 Resolution for ROH detec-
tion from sequencing is variable and assay dependent; it will be
higher from GS but lower from ES and low-pass GS.11,12
REs

RE disorders represent a class of genetic conditions caused
by expansions of short tandem repeats (STRs). They are
traditionally diagnosed using assays based on PCR
amplification and fragment size analysis or Southern blot
analysis.13,14 Reliable detection of large STR expansions
by SRS has been difficult in the past, but it is becoming
more attainable through the development of advanced
analytical tools.15-18 RE disorders (with confirmation by a
gold-standard clinical assay) may soon become an integral
component of comprehensive genomic sequencing in
many clinical laboratories. Novel technologies such as
LRS and OM offer unique advantages for evaluation of
REs.19-21 Advancement of LRS methods, with their po-
tential to directly sequence and accurately assess the size
of REs and detect additional diagnostic or prognostic
markers such as repeat interruptions and DNA methylation
state, may in the near future completely transform clinical
diagnostics for RE disorders.21
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Relevant Testing Methodologies

Gene panels

Gene panels are developed and optimized for specific clinical
indications; target enrichment during library preparation and
subsequent sequencing only includes the set of genes asso-
ciated with the phenotype of interest (tens or hundreds of
genes as opposed to ~20,000 genes included in ES).22 Gene
panels typically provide complete, high depth coverage for
the coding regions of targeted genes, which tends to improve
the performance for detection of full or partial gene deletions
and duplications. In addition to screening for CNVs using
sequencing data, laboratories often complement gene panels
with custom or commercial exon-focused arrays or confir-
matory qPCR assays, allowing them to provide clinical
testing for not only sequence variants but also partial and full
deletions and duplications involving the genes of interest.

ES

Owing to the biases introduced by the target-enrichment
process and lack of coverage of noncoding regions, ES
may not provide optimal performance for the detection of all
CNVs. Larger CNVs (affecting an entire gene or multiple
contiguous genes) can be detected, but intragenic and
intergenic CNVs may not always be accurately identi-
fied.2,23 In the clinical setting, analysis of ES data can be a
useful screen for large CNVs if a case is negative for
disease-causing SNVs and indels.

Virtual panels

Virtual panels, also referred to as custom panels or exome
slices, represent the practice of sequencing the exome,
genome, or a large set of genes and computationally parsing
this single data set into multiple sets of genes (offered as
separate tests for different indications). While sequencing
information is analyzed for target genes, data outside the
regions of interest are masked during analysis. From the
perspective of CNV/SV analysis, virtual panels have all the
limitations of ES but are being used by providers in the
same manner as panels, namely for individuals with specific
phenotypes and a relatively high prior probability of an
abnormality in one of the analyzed genes. Laboratories
typically attempt to complement any SNV/indel analysis
with CNV assessment, especially if the analyzed genes have
deletions and duplications as a common mutational
mechanism.

Low-pass GS

Low-pass GS is performed at a reduced depth of coverage
(eg, <15×) that does not allow for the reliable detection of
sequence variants but supports affordable detection of
genome-wide CNVs. Low-pass GS shows similar diagnostic
yield and possible enhanced resolution for CNV detection
compared with CMA testing in postnatal and prenatal
clinical settings.12,24,25 Depending on the coverage depth,
testing for extended ROH may not be included or may have
lower resolution than CMA.25,26

GS (≥30×)
GS is the most comprehensive genetic test currently avail-
able that can detect different types of SVs in addition to
sequence variants. Relatively uniform coverage (as
compared with targeted assays) allows for a higher resolu-
tion and better sensitivity and specificity for the detection of
CNVs.27 By using specialized analytical tools, extended
ROH, REs, and balanced rearrangements can also be iden-
tified.28-30 However, variant identification is largely limited
to nonrepetitive regions of the genome where short reads
can be reliably aligned.
Additional Established and Emerging Methods
for the Detection of SVs

Mate-pair sequencing

Mate-pair/long-insert sequencing is a variation of standard
paired-end sequencing in which DNA is fragmented to 2 to 5
kilobase (kb) inserts, circularized, and refragmented to stan-
dard paired-end sequencing length. This protocol enables the
detection of balanced structural rearrangements5,31-33 and
CNVs (≥5 kb).34 Research has demonstrated that mate-pair
sequencing identifies >90% of cytogenetically visible
BCRs, revises the breakpoint location by at least 1 sub-band
in 93% of cases, and detects additional complexity below the
resolution of karyotyping in 26% of cases.35,36 Clinical
studies showed that mate-pair sequencing accurately identi-
fied SVs previously detected by karyotyping, FISH, and
CMA; in some patients, it allowed recognition of the causal
genes by identifying breakpoint junctions with greater reso-
lution.32,33,37 The vast majority of BCRs that are missed by
mate-pair sequencing are located in repetitive regions of the
genome that are not accessible by SRS.
LRS

Also known as third-generation sequencing, LRS has
several advantages over sequencing technologies that use
short reads. SRS creates products up to 600 base pairs (bp)
in size and has limited ability to evaluate repetitive regions
and SVs. LRS can generate products larger than 10 kb in
size and serves as a high throughput platform for charac-
terization of genomes through highly contiguous assem-
blies.38 Several studies showed technical feasibility of using
LRS for the analysis of trinucleotide RE and human disease-
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associated chromosomal SVs.39-42 However, clinical use is
limited by several factors including higher cost, lower
throughput, and for some platforms, higher error rate rela-
tive to SRS. SRS appears to be as sensitive as LRS to detect
SVs in gene dense regions of the genome with unique
sequence, whereas LRS may perform better in repetitive
regions.43

OM

Although OM does not entail NGS, it is briefly discussed
because of its broad research use for detection of SVs, as
well as a growing interest in its implementation in clinical
testing. OM uses long DNA molecules (up to megabases in
length) that are fluorescently stained and enzymatically
labeled with fluorophore tags of an alternate color, targeting
specific 6 bp recognition sites throughout the genome. The
DNA is linearized within nanochannels and then imaged,
with the color patterns producing digital barcodes that can
be assembled into contigs and compared with a reference
genome in which the locations of recognition sites are
known,44 allowing for detection of SVs in the test genome.
OM can detect both balanced and unbalanced SVs with high
sensitivity, specificity, and resolution44-46 and can also
characterize variants not accessible to SRS such as kb-long
tandem repeats.47 OM has revealed pathogenic SVs in
postnatal and prenatal samples of patients with genetic
disorders;19,47-49 it does not sequence DNA, but may be
used as a complementary assay to short-read NGS to
perform comprehensive evaluation for SVs. Typically, the
CNV resolution is limited by the amount of genomic space
between fluorescent labels (~0.5-1.5 kb).44
Algorithms for the Detection of SVs From SRS

A large number of analytical tools for SV detection from
sequencing data are currently available, ranging from open
source to commercial solutions and software packages.
They differ by the type of sequencing data (eg, targeted vs
genome) and have different strengths and limitations. Lab-
oratories should understand the performance characteristics
of the tools they employ. Technical considerations for
alignment of short reads can be different for the evaluation
of SVs compared with that of SNVs and indels. Because
aberrantly mapped reads are one of the main sources of
evidence for SV detection, laboratories should use aligners
and settings that allow retention, and support partial align-
ment, of reads that do not map completely to the reference
genome. Regarding the algorithms that perform analysis of
read alignments to detect SVs, they can be broken down into
3 categories according to the employed evidence type,
including those based on: (1) depth of coverage, (2)
discordant read pairs (read pairs from the same fragment
whose alignments to the reference genome are incorrectly
oriented or span a larger or smaller genomic distance than
the average insert size of the library), and (3) reads that span
a breakpoint junction (known also as split reads)
(Supplemental Figure 1 and Figure 2). Algorithms that
apply de novo assembly of human genomes for SV detec-
tion also exist;50 however, they are primarily used for
research purposes. Depth-based algorithms are essential for
detecting aneuploidies, large CNVs, terminal deletions,
microdeletions/duplications of recurrent genomic-disorder
regions mediated by low-copy repeats, and other repeat-
mediated CNVs; these abnormalities have important clin-
ical implications, but may be missed by algorithms that only
evaluate discordant read pairs and/or split reads. In contrast,
algorithms that evaluate discordant read pairs and/or split
reads are needed for the detection of BCRs and small CNVs
(<5 kb), which can be missed by read-depth only algo-
rithms. The combination of multiple algorithms (often
referred to as an ensemble method) typically improves
sensitivity to detect SVs3,51-54 but is more computationally
expensive than using a single algorithm, has its own
mechanisms of producing false positive or false negative
results, and also requires additional strategies for merging
SVs identified by different methods. A good understanding
of performance characteristics of individual analytical tools
is required for their incorporation into the ensemble
approach. The choice of the SV detection tool (or tools)
should match desired performance and application. CNV
detection at the resolution of CMA can be achieved with a
single tool based on depth of coverage, but higher resolution
as well as the detection of multiple types of SVs may require
combining multiple tools. The performance of different
combinations of open-source algorithms for SV detection
from GS data has previously been described.3,54,55 In
addition to performance (sensitivity and specificity) in the
detection of SVs, other considerations when choosing
analytical tools include cost (in particular, for commercial
software), time and computing power required to run the
analysis, and ease of use.
Points to Consider for Laboratories—Method
Selection

Introducing SV detection from genomic sequencing
as a new assay

• The frequencies and types of SVs to be detected
(CNVs, balanced SVs, ROH, REs) for a particular
patient population and/or condition should be consid-
ered when choosing a specific assay to implement. For
example, comprehensive SV assessment from SRS
may be desirable if the laboratory predominantly tests
pediatric and prenatal cases with complex phenotypes
and has a high ES and/or GS volume. Laboratories that
mostly test prenatal samples and POCs, in which the
focus is on the detection of large-scale chromosomal
abnormalities (aneuploidy and polyploidy), may
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instead opt for CNV detection from low-pass GS or
CMA testing.25

• The strengths and limitations of each assay for SV
detection should be well understood when choosing a
specific assay to implement. For example, low-pass
GS typically does not allow for the detection of trip-
loidy, which requires robust SNV data, and thus may
be inferior to CMA for a laboratory with a high vol-
ume of POC cases.

• If switching from a traditional technology within the
laboratory, the performance of the sequencing-based
assay for SV detection should be at least comparable
(although preferably superior) to the current method.
The laboratory should consider whether the new
method offers advantages in performance (sensitivity,
resolution), price, etc that would justify investing re-
sources into validation and implementation of the new
technology.

• Sequencing data from genomes and larger capture-
based libraries with backbone probes typically show
more stability and less batch-to-batch variation than
the libraries that target a smaller total percentage of the
genome.27 For sequencing assays developed to include
CNV detection, laboratories, which have adequate re-
sources, may consider GS with PCR-free library
preparation, which avoids introduction of PCR and
enrichment bias in the depth of coverage.3 Alterna-
tively, increasing the number of target areas and
including backbone coverage may be used to increase
the number of normal copy number anchors used to
calculate relative copy number changes across the
genome.56

• Laboratories may want to consider reimbursement in
their decision to replace traditional SV assays with
new technologies because SV assessment using
comprehensive GS may not be covered by all payers.

• When introducing genomic SV detection as a new
assay, the laboratory will need to decide whether the
established assay will be discontinued or offered in
parallel with the new assay. Although maintaining
both assays may increase the cost, the established
assay may have utility for confirmation of findings or
testing a subset of samples for which the performance
of the new assay is suboptimal.
Choosing a solution for data analysis

• The decision regarding whether to develop a custom
analytical pipeline or to use a commercial software
package will likely depend on the bioinformatics
expertise available in-house. Developing a custom
pipeline for data analysis and other necessary infra-
structure (a graphical interface for variant review and
visualization, local or cloud-based data storage,
network administration, etc) requires extensive bio-
informatic expertise and continued support and will
likely be a viable option only for laboratories that have
access to an in-house bioinformatics team.
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• Laboratories should choose algorithms (or a combi-
nation of algorithms) with the desired performance for
the SVs being tested. A familiarity with the limitations
and strengths of each algorithm is important, and a
combination of algorithms with complementary
strengths may be necessary for the detection of CNVs
with high resolution or for the detection of BCRs with
desired sensitivity and specificity.
Points to Consider for Laboratories—Validation
and Protocol Development

• A validation should be performed that encompasses
every type of SV targeted by the assay, and the size
range should be defined for each type. If the analysis
of a new type of SV is added at a later date, that variant
type should be validated as well.

• Although it is not feasible to verify every genomic re-
gion, to ensure adequate assessment of the test perfor-
mance, validation should include a sufficient number of
unique samples that provide representation of different
variant classes. Reference materials with robust
genome-wide characterization of SVs have been
developed and can be used for optimization, quality
control, and to assess analytical performance of the
assay.57 For clinical validation, using at least 30 unique
samples has been recommended for NGS assays and
new CMA platforms.58,59 It has also been suggested that
evaluation of ≥59 variants of each type allows deter-
mination of performance characteristics of an assay with
95% confidence and 95% reliability.60,61 For CNV
validation, specifically, a selection of at least 30 samples
with well-characterized CNVs of different sizes, copy
number states, and contexts (segmental-duplications-
mediated vs unique-breakpoint CNVs, high/low GC
content, complex regions, etc) should be tested.62 This
should include specific validation samples for any
recurrent microdeletion/duplication syndrome regions.
Using samples with multiple previously detected ab-
normalities (for example with CNVs of various sizes
and copy number states) may be an economical way to
reach the desired number of variants for validation. This
may be accomplished by running samples known from
previous CMA testing to harbor those recurrent CNVs.

• Detected CNVs, their sizes, and boundaries may differ
significantly between assays, depending on their resolu-
tion and other performance characteristics; establishing
concordance between CNVs detected during validation
and the ones identified by gold-standard methods may
therefore be challenging. Laboratories are advised to
define their concordancemetrics in the validation plan and
focus primarily on achieving high (>95%) concordance
in the detection of clinically significant CNVs. The
desired percentage of overlap (reciprocal overlap
threshold) between CNV boundaries reported by 2
different methods should also be defined and may vary
depending on how technically similar the methods are.
For example, a 75% overlap may be applied when
comparing CNVs between CMA andGS, and 90%when
comparing GS with GS. When comparing GS with ES,
the reciprocal overlap threshold may be defined based on
affected genes and exons rather than the genomic co-
ordinates of detected CNVs. If additional CNVs are
detected by the method under validation (owing for
example to its higher resolution), a subset of those
(including at least the ones classified as pathogenic or
likely pathogenic) should be confirmed by a third, inde-
pendent method.

• Detection of CNVs by depth of coverage analysis
using target enrichment–based assays (ES and gene
panels) typically involves a comparison of the test
sample to a reference.63 The required reference set
(also known as reference pool) should be defined as
part of the validation. Reference samples should be
processed in the same way as clinical samples and
should be from the same specimen types. Laboratories
may choose between using a dynamic reference
(samples derived from the same batch) vs a static
reference (same sample data are used as the reference
across batches)64,65 (see “Reference set quality for
CNV detection from ES and gene panels”). A pro-
cedure should also be developed for when and how the
reference set will be updated. For example, the labo-
ratory may want to update the reference set when there
are changes made in reagents, library preparation
process, sequencing processes, or bioinformatics
pipelines. CNV detection from GS data often uses
intrasample normalization and may not require estab-
lishing a reference pool,54 but data from normal
controls and validation samples can be used to identify
challenging genomic regions and technical artifacts.

• Appropriate quality control parameters should be
determined during the validation (see “Quality
assessment of CNVs”).

• Laboratories should establish an SV confirmation
policy that outlines which findings require confirma-
tion and which can be reported solely based on the
primary analysis. The confirmation policy may evolve
over time as the laboratory gains sufficient experience
with assay performance for the various types and sizes
of SVs. The confirmation strategy may depend on the
type of SVs being interrogated. Confirmation of CNVs
may require a separate cytogenetic or molecular
method such as karyotyping, CMA, FISH, or qPCR
(which should also be a validated method in the lab-
oratory). Some balanced abnormalities (like large in-
versions or translocations) may be confirmed by
karyotype or FISH analysis, whereas submicroscopic
changes may require amplification across the break-
point junctions followed by Sanger sequencing.
Increased confidence may be obtained through inde-
pendent analyses that support the same SV (eg, if a
deletion is detected by a depth of coverage algorithm
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and split reads containing nondeleted sequences from
both sides of the deletion are also observed). However,
a completely orthogonal method is generally recom-
mended, at least until the laboratory gains confidence
in the assay performance.

• The resolution for CNV detection should be defined
during validation.
o Important concepts for defining resolution are baits

or capture probes for target enrichment–based as-
says (ES and gene panels) and analytical bins or
windows for GS. Baits are physical DNA probes
used during library preparation to select targeted
regions. Bins are nonoverlapping regions of the
genome within which the read depth is calculated
and compared with the reference66,67 (Figure 3).
CNV detection strategies may define bin boundaries
either by specific size (eg, 1 kb, 10 kb) and chro-
mosomal coordinates (eg, an exon and/or a location
corresponding to a bait target) or by the expected/
desired number of reads within a region during
reference set creation (eg, 1 bin = the genomic area
containing a predefined number of reads in a set of
normal samples). CNV detection typically requires
that several consecutive bins show deviation from
the reference. Size of analytical bins will modify
resolution, sensitivity, and specificity of CNV
detection. Smaller bin sizes allow higher resolution
but increase probability of false positive calls
(Figure 4). For capture-based sequencing and sub-
sequent CNV analysis of both on- and off-target
regions, bin sizes will be variable. High coverage
regions will generate bins with shorter genomic
segments, which will typically be more reliable for
CNV detection than bins that span larger genomic
segments but have lower coverage.66,68

• Thresholds for calling individual gains and losses
should be set during validation to balance sensitivity
and specificity; they may be defined according to the
minimum size of detectable deletion or duplication or
minimum number of consecutive affected bins;
allowable level of variability between bins within a
suspected CNV may also be defined (Figure 5).

• Because the most popular CNV calling algorithms are
coverage dependent, considerations should be made
for coverage variability when establishing assay reso-
lution. This is particularly true for target-enrichment
methods such as ES in which bait density and bin
sizes may be uneven. Furthermore, variability of
sequence coverage will further depend on GC content
and degree of homology with other regions in the
genome.66 There is more variability in performance (or
complete inability to make CNV calls) in highly ho-
mologous and GC rich regions. Owing to these con-
siderations, it may not be feasible to give a single
precise definition of resolution for CNV detection
across an exome or genome. Consequently, a labora-
tory may quote higher resolution and sensitivity for
CNV detection in high coverage, nonhomologous re-
gions and lower sensitivity and resolution in low-
coverage regions.

• Laboratories should provide the resolution for CNV
detection in the test description; as mentioned earlier,
the resolution may be expressed by the minimal
number of affected exons, capture baits, or analytical
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B Exome Sequencing and Panels

NGS Reads

NGS Reads

Larger bins (e.g. 10kb)

Smaller bins (e.g. 1kb)

On- and off-target bins

On-target bins

Figure 4 Coverage uniformity and bin size affect copy number variant detection sensitivity and specificity. In the example
sequencing data for a gene with normal copy number dosage (black squares denote exons), genome sequencing (A) captures reads in both
exon and intronic sequences, allowing for more coverage uniformity and higher breakpoint resolution than exome or panel sequencing (B),
which do not routinely sequence noncoding regions. Bin size can be modified to balance sensitivity and specificity. Smaller bins (small gray
bars) will typically yield greater sensitivity and higher breakpoint resolution but are more prone to false positives. Larger bins (large gray
bars) give greater specificity, lower resolution, and may be at risk for higher rates of false negatives for smaller copy number variants (CNVs).
For capture-based sequencing (B), bin boundaries may be fixed and located around on-target areas that focus interrogation on coding regions.
Some CNV detection methods investigate both on- and off-target regions in which bin boundaries are defined by a user-specified number of
reads. This methodology produces bins that are smaller in size in high coverage regions and larger in low-coverage regions. NGS, next-
generation sequencing.
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bins (used typically for target-enrichment assays such
as targeted panels or ES) or based on size (typically
used for GS).

• It may be necessary to independently define resolution
for copy number gains and copy number losses,
because these may vary significantly. Lower sensi-
tivity and resolution may be determined for duplica-
tions, which are generally harder to detect than
deletions.69

• When offering virtual panels or when testing patients
whose phenotype suggests specific genetic conditions,
it may be beneficial for the laboratory to provide res-
olution estimates for genes or regions of particular
clinical interest with a disclaimer for the rest of the
genome.

• Some clinically relevant areas of the genome may
require combinatorial strategies to yield reliable CNV
data. Genes with pseudogenes (eg, CYP21A2, GBA),
high homology to other areas of the genome, or re-
petitive sequence may necessitate long-range PCR
before sequencing and copy number analysis to
specifically amplify the active gene and distinguish it
from the pseudogene.70

• Challenging genomic regions and recurrent technical
artifacts should be documented and cataloged during
the validation process for each SV type and each
workflow in the laboratory. For capture-based enrich-
ment sequencing assays, bait performance is expected
to be variable depending on hybridization efficiency
and subsequent PCR bias. Baits that show high
inconsistency in depth of coverage and poor perfor-
mance for CNV analysis may still have utility for
detecting sequence variants. Individual baits with
suboptimal performance are accounted for by CNV
callers looking at groups of neighboring bins (corre-
sponding to multiple enrichment baits) to find trends
that may indicate a copy number change (Figure 4).
Increasing the number of samples analyzed during the
validation increases the likelihood of detecting
possible recurrent technical artifacts.

• Laboratories should choose strategies to address re-
gions that are identified during the validation to have
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Figure 5 Examples of CNVs that may escape read depth–based detection methods. A detected deletion (A, red bar) results in
significantly decreased read depth in multiple consecutive bins within the patient sample compared with the reference set. However, a mosaic
deletion (B, striped bar) or deletion smaller than the target bin (C) may not result in significant enough changes in read depth to cross the
threshold for detection. Depending on the sensitivity of the calling algorithm and coverage in the target region, decreased read depth in a
single bin (D) may not be sufficient for CNV detection. The depth of coverage values used in this example are hypothetical. Actual sensitivity
and specificity is dependent on multiple factors including the NGS library, depth of coverage, window sizes, and algorithm(s) used for CNV
detection. CNVs that escape read depth–based detection methods may be identified through other CNV identification methods using NGS
data (split reads, long-read sequencing, etc). CNV, copy number variant.
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poor performance for CNV detection. The options
include masking known regions of unreliable CNV
detection (eg, high sequence homology and high
variability in the read depth) upstream of analysis or
identifying these recurrent regions as artifacts during
analysis. Laboratories are advised to disclose the re-
gions where copy number state cannot be calculated
accurately, especially if they contain known dosage
sensitive genes or loci.
Points to Consider for Laboratories—Quality
Control and Proficiency Testing

General quality control

• Quality metric values should be established throughout
all steps involved in specimen processing, including
DNA extraction, library preparation, sequencing,
reference set creation and implementation, bio-
informatic data pipeline analysis, and SV data assess-
ment.62 The quality control (QC) metrics and standard
cutoffs for SV detection should be established during
the validation and defined in the laboratory standard
operating procedures. Laboratory quality assurance
programs should include monitoring of QC metrics on
a regular basis to ensure clinical-grade SV detection
performance and reliability.

• Metrics and cutoff thresholds established for SV
analysis are separate from those applied to sequencing
variant detection. Laboratories should have protocols
in place for cases in which sequence variants meet QC
requirements but SV results do not or vice versa. As a
general principle, CNV detection is highly dependent
on the depth of sequence coverage. Read depths as low
as 15X to 30X are widely quoted in the literature as
sufficient to accurately identify SNVs and small indels
in reads from capture-based methods.71-74 Specific
read depth requirements for CNV detection will
depend on the sequencing platform, assay type,
enrichment method, and bioinformatics tools used. For
CNV detection using GS, particularly when using
PCR-free library preparation methods, most analytical
tools show good performance with the standard read
depths recommended for SNV detection (eg, 30X).3

Low-pass GS with low depth of coverage (approxi-
mately 5X) has been used to accurately identify CNVs
>25 kb in size but it is not reliable for the detection of
CNVs of 25 kb or smaller and SNVs.12 Assays based
on target enrichment (ES and gene panels) have shown
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inferior CNV detection at read depths of 20X when
compared with read depths of more than 50X.75,76

Higher coverage appears to allow for increased
sensitivity; average read depths of 1000X to 2000X,
achievable in gene-panel testing, have been shown to
increase performance when identifying single-exon
events.77,78 Although sequence coverage may be suf-
ficient for SNV detection, coverage that falls below the
thresholds for CNV calling, or sequence coverage
variability that is discordant with the reference set,
may not yield reliable CNV data.

• Inclusion of a control sample with defined SVs in each
sequencing batch/run may be considered to ensure that
sufficient coverage and sequence quality were ach-
ieved to detect variants at the validated sensitivity and
specificity of the assay. Inclusion of a positive control
sample may also be considered if clinically significant
recurrent CNVs are expected to be encountered based
on the genes being interrogated.

Factors that affect sample data quality

The quality of sample-level data affects the sensitivity and
resolution of CNV detection. Quality metrics for each
sample should be evaluated before reporting patient results.

• DNA quality and specimen type: these factors greatly
influence QC metrics particularly for CNV data
derived from capture-based libraries. Samples with
decreased DNA quality (eg, POCs, prenatal samples,
postmortem samples) or specimen types with increased
protein or chemical impurities (eg, saliva vs blood)
may yield lower quality SV results owing to DNA
degradation and/or contaminants that inhibit optimal
DNA extraction and/or subsequent DNA processing
and amplification. QC thresholds may vary across
specimen types, DNA extraction methods (manual vs
automated, different chemistries, etc), and NGS
libraries.

• Depth of coverage: in general, sensitivity and resolution
of copy number detection increases with deeper
coverage and greater uniformity across the target re-
gions. Laboratories should be aware of any library-
specific regions of low coverage owing to technical
difficulty capturing or mapping reads; these areas are
prone to technical artifacts, in particular in samples with
suboptimal quality and/or decreased coverage.62,79 If
the average sequence coverage of a sample is outside
the minimum thresholds defined for the reference set,
laboratories may design protocols to repeat sequencing
or request additional samples as needed.

• Dosage uniformity score: the metric that evaluates how
variable the coverage is within a sample is a useful QC
parameter to identify poor-quality samples. Dosage
uniformity outliers can have false positive and false
negative calls; a repeat library preparation may be
attempted if the dosage uniformity is outside of the
acceptable range determined during the validation.51 A
new sample may have to be requested if data quality
remains poor upon repeated sequencing attempts.

Reference set quality for CNV detection from ES and
gene panels

• Samples used to construct each reference set should be
of the same sample type and be processed in the same
manner as the clinical samples to which the set will be
applied. To avoid skewing of the expected number of
reads at the reference baseline, reference samples
should be devoid of aneuploidies and the number of
CNVs within clinically relevant areas should be
limited. The number of samples required to establish a
reliable reference set should be determined based on
the requirements of the selected analytical tools or by
testing how change in the number of reference samples
affects detection accuracy for known CNVs. In gen-
eral, increasing the reference set size will decrease
variability and improve CNV calling.

• Static reference sets (those that are established at one
time point and applied to subsequent sequencing runs)
are highly sensitive to changes that alter depth of
coverage, including extraction method, library prepa-
ration and processing, and/or bioinformatic pipeline
processing.64,65 To ensure optimal usability of a static
reference set, clinical samples should be processed as
consistently as possible with minimal or no changes in
the protocol. Changes in methodology may lead to
recurrent false calls, inability to analyze CNVs, and/or
need to construct new reference sets. There are
currently no specific recommendations regarding the
lifespan of static reference sets, and laboratories should
develop quality metrics to monitor static reference set
applicability over time and determine when a new
reference set should be established.

• Dynamic reference sets are created for each sample
batch after sequencing.63 QC assessment for dynamic
reference may include average and standard deviation
of the number of CNVs detected per batch, incidence
of CNV type and/or location, and quality metrics of
specific samples used to create the reference sets.
Known positive CNV controls may be included in
each batch to check the sensitivity and resolution of
dynamic reference sets.

Quality assessment of CNVs

Indicators and parameters to assess the quality of CNV
determination and distinguish between technical artifacts
and true copy number changes depend on the sequencing
platform and analytical tools. However, some parameters are
generally applicable and are similar to the strategies used to
assess quality of CNVs in microarray analysis:
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1. Ratio of sample to reference reads: the metric that
compares the relative ratio of patient sample reads to
the reference for each bin within the CNV should
correspond to the expected copy number (heterozy-
gous vs homozygous deletion, duplication vs tripli-
cation). Deviations from the expected values may
indicate low quality CNV calling or potential mosai-
cism (Figure 5).

2. Number of affected bins: an increase in the number of
consecutive affected bins correlates with the level of
confidence of a call. The test to reference ratio (copy
number) determined by individual bins within a sus-
pected CNV should be consistent, with little variability
(Figure 5).

3. Intersample bin variation: bin characteristics (sample
to reference ratios) can be compared between samples
of the same type that have been processed within the
same batch to determine consistency.

4. Evidence of a breakpoint: sudden drops/elevations in
depth of coverage (referred to as cliff-edges) along
with the presence of split reads may be indicative of a
CNV breakpoint (with discordant read pairs addi-
tionally supporting the presence of a CNV). Split reads
that contain sequence from both sides of an expected
deletion may be confirmatory. Split reads can also be
used to determine the location and orientation of du-
plications or to screen for transposable elements or
other insertions that disrupt a gene.

5. Variant allele fraction (VAF): VAF within the affected
area should correlate with the expected copy number.
Within heterozygous deletions, the majority of
sequence variants should have approximately 100%
fraction. For regions of suspected duplication, the
VAF should be approximately 33% or 66%; however,
it is important to be aware that even in the absence of
copy number changes, VAFs for heterozygous vari-
ants may deviate from the expected value. If included
in the user interface, SNV allele fraction tracks can
investigate ROH as well as help to confirm deletions,
duplications, and CNV mosaicism.

6. Manual review: laboratories should decide whether to
include visualization and manual review in the process
of quality assessment for SVs and whether manual
review will be implemented for all reportable SVs or a
subset that does not meet the predefined quality met-
rics. In addition to the Integrated Genome Viewer,
which now supports multilocus view for SVs (https://
pypi.org/project/igv-reports/), multiple open source
(Collins RL, Stone MR, Brand H, Glessner JT, Talk-
owski ME. CNView: a visualization and annotation
tool for copy number variation from whole-genome
sequencing. 2016. https://doi.org/10.1101/049536),80

and commercial solutions are available to support
visualization and review of SVs detected from NGS
data. Laboratories should be aware that manual review
of SV calls relying on split read evidence may require
specific settings to ensure that those reads are not
filtered out of the display and can be visualized.

Filtering strategies for detected SVs

Analysis of ES and GS data may detect a large number of
SVs in each sample,3,43 depending on the sequencing
technology (long-read vs short-read sequencing) and plat-
form, library preparation method (standard vs mate pair),
depth of coverage (low-pass vs 30X), number and type of
applied detection algorithms (with more algorithms typically
increasing the number of SV calls), stringency of QC met-
rics for SV calls, genetic ancestry, and other factors. To
efficiently identify variants that may be related to the pa-
tient’s phenotype, laboratories should employ clinically
appropriate filtering strategies. The following characteristics
may be used to filter out, annotate, or prioritize SVs:

1. Size and gene content: CNVs whose size is below the
target resolution of the assay and that do not overlap
known protein coding genes or regulatory elements
can potentially be eliminated from further
consideration.

2. QC metrics: SVs that do not meet predetermined QC
metrics may be artifacts and can potentially be elimi-
nated from further consideration.

3. Allele frequency in publicly available and internal data
sets: SVs observed with allele frequency of ≥1% in
internal and public data sets are generally benign and
can potentially be eliminated from further consider-
ation. For all other SVs, annotation with allele fre-
quency can be helpful in the interpretation of their
clinical significance. Ideally, allele frequency should
be determined using both internal laboratory data sets
as well as external, publicly available data sets
(including the Genome Aggregation Database-SV
derived from short-read GS,52 1000 Genomes Project
derived from short-read and long-read GS,81 Icelandic
data set derived from long-read GS,82 Database of
Genomic Variants derived from CMA data,83 and
others). The advantage of using internal data sets is
that the samples are typically uniformly processed and
analyzed, controlling for technical variables; in addi-
tion, some laboratories have access to unique pop-
ulations that are not publicly available. However,
many laboratories have too few samples to accurately
determine allele frequency of individual SVs. Deter-
mination of allele frequency necessitates defining the
required overlap between CNVs detected in different
samples (reciprocal overlap threshold) to consider
them the same, which can be challenging. Thresholds
ranging from 50% to 90% have been used in different
studies, with lower thresholds having to be used when
comparing across different technologies. To maximize
accuracy in CNV comparison, clinical laboratories are
encouraged to use higher reciprocal overlap thresholds

https://pypi.org/project/igv-reports/
https://pypi.org/project/igv-reports/
https://doi.org/10.1101/049536
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to be familiar with the thresholds used in the data sets
they apply for annotation and to annotate their samples
using a data set that identified SVs by a similar plat-
form and detection method (eg, a data set derived from
GS data should be used to annotate SVs detected by
GS).

4. Association with the patient’s phenotype: SVs that
involve genes associated with the patient’s reported
clinical phenotypes can be prioritized for evaluation.
Phenotype driven analysis is an established approach
in evaluation of SNVs and indels detected using ES
and GS and can also be applied to SVs.

Proficiency testing

Proficiency testing for detection of SVs can be performed
either in-house using de-identified and previously analyzed
samples or by exchanging samples with external labora-
tories. A platform-neutral proficiency testing challenge for
genome-wide detection of germline CNVs is also expected
to become available in the near future through the College of
American Pathologists. The gold-standard technology for
the confirmation of detected SVs is dependent on the target
SV type and size. Larger CNVs are commonly analyzed
using CMA, whereas intragenic CNVs may be best captured
using high density arrays, MLPA, or breakpoint amplifica-
tion followed by Sanger sequencing. Caution should be
exercised if sending isolated DNA to an outside facility for
capture-based CNV detection through NGS, because
different DNA extraction methodologies may affect per-
formance for CNV detection. Sending original specimens,
such as cell pellets if available, may be optimal. For all test
samples, the capabilities and limitations of the chosen
methodology for proficiency testing (eg, deletion vs dupli-
cation size resolution, bait coverage, or bait density in the
region of interest) should be well understood before the
application of the challenge. The College of American Pa-
thologists does not currently have any specific guidance
regarding proficiency testing for SV assessment from
genomic sequencing, and laboratories should follow the
general biannual proficiency testing requirement.
Points to Consider for
Laboratories—Interpretation and Reporting

• As with all assays in the clinical laboratory, the
interpretation of SVs should be performed by in-
dividuals with experience in evaluating SVs detected
by the specific assay used. The acquisition of relevant
experience, and the training and competency associ-
ated with it, will be laboratory dependent.

• Detected CNVs and balanced genomic rearrangements
should be reported using the International System for
Human Cytogenomic Nomenclature or Human
Genome Variation Society nomenclature. When exact
breakpoints are determined, sequence-based
nomenclature for description of chromosome rear-
rangements is available in the 2020 edition of the In-
ternational System for Human Cytogenomic
Nomenclature.84

• The interpretation and classification of CNVs should
follow established guidelines irrespective of the assay
used to detect them. Riggs et al85 described a quanti-
tative, evidence-based scoring system for large CNVs
designed to assist laboratories with the evaluation of
germline CNVs and to enable consistency of inter-
pretation and reporting across laboratories. In addition,
Abou Tayoun et al86 provided recommendations for
interpreting different types of intragenic deletions and
duplications, building on the 2015 ACMG/Association
for Molecular Pathology sequence variant interpreta-
tion guideline87 to also promote consistency of inter-
pretation across laboratories.

• As with all clinical assays, the laboratory should define
their reporting criteria and clearly state these in the
clinical report. The limitations of the assay, the
sensitivity, specificity, and resolution of the assay
should also be stated in the report.

• For laboratories with separate protocols for CNV vs
sequence variant interpretation, protocols should be
standardized so that classification of intragenic exon-
level deletions and duplications is consistent with
classification of sequence variants.

• The detection of certain rearrangements, such as tri-
somy 21, requires cytogenetic follow up to determine
whether the abnormality is due to a chromosomal
rearrangement not detectable from SRS, such as a
Robertsonian translocation. This information is essen-
tial because it may have reproductive consequences.
The requirement for follow up for certain findings will
be the same irrespective of the molecular methodology
used to detect the rearrangement. Similarly, certain
unbalanced rearrangements should be investigated to
determine their chromosomal mechanism (eg, to
establish if a duplication is in tandem or due to an
insertion or whether copy number changes are associ-
ated with a derivative or a recombinant chromosome
from a balanced rearrangement in a parent). In addition,
parental testing using an appropriate methodology
should be recommended to determine the inheritance
and recurrence risk of these rearrangements.

• If the specific boundaries of a rearrangement cannot be
determined by a targeted assay, then a genome CNV
test could be recommended when appropriate.
o Example report comment: The breakpoints of this

deletion/duplication are approximate. If more ac-
curate breakpoint resolution is clinically neces-
sary, copy number detection using GS/high
resolution microarray/alternate method is
recommended.

• Recommendations for further genetic testing and op-
portunities for SV reanalysis should be included when
appropriate.
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• Laboratories should have a policy regarding pretest
counseling, obtaining consent, and reporting of
established pathogenic and likely pathogenic
SVs that involve recommended ACMG-secondary
finding genes. It is advised to counsel patients that
it may not always be possible to avoid detection or
reporting of these SVs in the context of a multigenic
CNV.

• Reports should include descriptions of test perfor-
mance, listing limitations of detection capabilities for
each variant type tested, including SVs. If certain
genomic regions are not evaluated for SVs, then that
should also be mentioned in the report. For virtual
panels, it needs to be clear whether CNVs are evalu-
ated and with what performance/limitations.
o Example disclaimer for reportable CNVs detected

by capture-based methods: Copy number analysis
and variant interpretation is restricted to the
genomic location of the gene(s) in this panel. For
CNVs that include either the first or last exon of a
gene, actual breakpoints may extend beyond the
gene.
Points to Consider for Providers

In a recent evidence-based guideline, ACMG recommended
ES and GS as a first-tier or second-tier test for patients with
one or more congenital anomalies before the age 1 year or
for patients with intellectual disability/developmental delay
with onset before the age 18 years.88 This takes into
consideration that the most appropriate diagnostic testing
strategy may differ between patients and should be chosen
using clinical judgment and shared decision making. In
general, providers should consider the following when
selecting the optimal genetic test: patient presentation,
financial effect of testing on the patient, turnaround time,
likely diagnostic yield, and assay limitations,88 as described
in the following.
Patient presentation

• Test selection should be based on the clinical pheno-
type, medical and family history, results of ancillary
testing, and scope of the differential diagnosis.89 If the
clinician suspects a particular disorder or if a patient
presents with a phenotype known to be commonly
caused by a specific set of genes, a targeted test may be
more appropriate than a genome-wide assay.
Nonspecific or overlapping presentations may call for
broader testing strategies (CMA, ES/GS).

• Mutational spectrum and molecular mechanism for the
phenotype need to be considered; particular attention
should be placed on CNV burden or known structural
abnormalities associated with the suspected gene(s)/
disorder(s). In addition, if haploinsufficiency and/or
triplosensitivity are known causes of the disorder(s)
suspected, providers should ensure that CNVs can be
adequately evaluated by the methodology selected.
Clinicians are encouraged to consult with the labora-
tory regarding appropriate coverage when evaluating
for a specific genetic disorder or abnormality. Note
that conventional cytogenetics may be superior to
other testing methodologies in specific circumstances;
for instance, determining whether a trisomy was
caused by a Robertsonian translocation can presently
only be achieved by karyotype analysis.

• Regardless of whether or not a particular disorder is
suspected, providers should always provide laboratories
with as much detailed phenotypic and family history
information as possible; this information is critical in the
variant filtering, annotation, and classification process.90

Failure to provide complete information could result in
the true causative variant being removed by filtering.91

Providers should make every effort to provide this in-
formation at the time of test ordering or when additional
information is requested from the testing laboratory.
Standardized phenotype forms provided by the labora-
tory may assist the clinician in providing a thorough
appraisal of relevant features.

• Accurate inheritance/phasing information is also often
necessary to correctly classify variants. Parental sam-
ples should be pursued whenever feasible at the di-
rection of the clinical laboratory; note that some
laboratories/assays require parental samples to be sent
in conjunction with the proband samples and others
will make requests on a case-by-case basis at the time
of resulting. Diagnostic yield has been shown to be
higher when analyzing a trio as compared to proband-
only ES.92

Assay cost

• Assays may be covered at different levels (or not at all)
by different third-party payers.93 In addition, there
may be varying criteria for eligibility (eg, only specific
diagnosis codes are covered, coverage is restricted to
certain age groups, etc); this may also be the case
within publicly funded health care systems. The
reimbursement of GS is evolving, with inconsistent
coverage by payors. As the cost of GS decreases, it
may become comparable in price (or even more
affordable) than running multiple assays to assess
different variant types. However, if insurance covers
all or part of any of those other assays and not GS, it
may still be more financially prudent to order multiple
tests sequentially instead of a single GS test. Providers
should be aware of the potential costs associated with
their chosen testing approach, and, when possible,
select an approach that maximizes diagnostic yield
while attempting to minimize costs to the patient and/
or health care system. The genomics community
should continue to collect the data necessary to
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demonstrate clinical utility and cost-effectiveness
to encourage more robust payer coverage in the
future.94-96

Turnaround time

• The amount of time needed to obtain final results from an
assay should be considered when determining an appro-
priate testing strategy in time-sensitive contexts, such as
those of prenatal testing or evaluation of a critically ill
newborn. In these scenarios, waiting for the results of
multiple, sequential assays may not be feasible. Although
it is technically possible to achieve rapid turnaround for
GS testing,97 providers should consult with their labora-
tory regarding their specific capabilities if time is a
concern. Cost (as described earlier) and available sample
type may also influence provider ordering decisions in
these time-sensitive situations.
Assay limitations

• Genomic sequencing adoption into clinical practice
and accompanying technological evolution has
occurred very rapidly. In the setting of an assay whose
analysis is complex and computationally-dependent,
this has contributed to variability and inconsistency
between laboratories. Providers should be familiar
with assay limitations and aware that the limitations
may differ between laboratories because of different
platforms and/or bioinformatics pipelines.98,99 The
technical limitations of the specific test being ordered
should be discussed with patients and families as part
of pretest counseling (and/or consenting).100-102 The
provider should try to align patient expectations with
possible results of the testing. This should be done in
the context of contracting with the family in a
balanced, client-centered approach that balances the
values of autonomy, beneficence, and nonmaleficence.

• Inappropriate test selection can lead to misdiagnosis,
patient frustration, increased health care costs, and de-
lays in care.103,104 When in doubt, nongenetic providers
should seek guidance from genetics professionals
regarding the best testing approach. Where available,
institutions should take advantage of genetic test use
management services; preanalytical review by these
services has been recognized to result in order-error
correction and cost savings.105,106 There are many
considerations to take into account when selecting the
suitable genetic testing and laboratory, including gene-
panel size and content, method of variant detection,
experience with variant interpretation, and policies
regarding variant reclassification and recontact.107 In
addition to these considerations, providers should
become familiar with specific laboratory practices and
limitations when arranging institutional preferred test
status to certain send-out laboratories/tests. Many lab-
oratories provide information online regarding cost,
turnaround time, and approximate diagnostic yield;
however, this information may not be able to clarify a
provider’s specific question or address a specific clin-
ical scenario. When clarification is needed (pretest or
post-test), direct consultation with a laboratory director
or representative is recommended.58

Special considerations may affect testing decisions in the
prenatal setting:

• For a fetus with imaging abnormalities and/or abnormal
noninvasive prenatal screening, standard CMA and
karyotyping should be considered. If negative, fetal ES
or GS may be considered. At present, there are no data
supporting the clinical use of ES/GS for other repro-
ductive indications, such as the identification of sono-
graphic markers suggestive of aneuploidy or a history of
recurrent unexplained pregnancy loss.108

• Clinicians should be aware of reporting limitations
regarding ES/GS methodologies for fetal samples.
Laboratories may differ in genes interrogated (known
vs candidate genes) and type of variants reported
(SNVs vs CNVs) or may limit reporting to only known
pathogenic and likely pathogenic variants. Postnatal
reanalysis should be considered if the initial prenatal
test was nondiagnostic.
Conclusion

Comprehensive testing for germline CNVs from sequencing
is already being offered by clinical laboratories, and its use
is likely to grow over time. With increased use of GS, LRS,
and novel SV assays such as OM, high resolution testing for
BCRs is also likely to move into routine clinical practice. As
the number of variant types being assessed from sequencing
data increases, laboratories will need to continue to perform
appropriate validations and implement appropriate quality
control practices to ensure the accuracy of all reported re-
sults. Given the complexity of genomic testing, laboratories
should expect to continue to help guide the selection of
appropriate methodologies for specific clinical indications.
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Supplementary Figure 1. Identification of structural variants from
genome sequencing data.
Panel A. Evidence used by algorithms to identify structural variants
(SVs) from paired-end genome sequencing (GS) short read data. (a)
Reference genome alignment: Read 1 (R1) and Read 2 (R2) are in the
correct forward-reverse (FR) pattern. Discordant read pair alignment:
when a pair of reads from the same fragment have an (b) orientation or
(c) insert size that differs from the typical reference alignment. (d) Split
read: when a read overlaps the breakpoint of an SV. (e) Read depth:
when the number of reads overlapping a fixed or user-defined bin varies
across a region, as depicted in Figures 2-4. Assembly based methods
(not shown) have also been developed but are computationally
expensive.
Panel B. Signatures of balanced and unbalanced SVs based on
discordant read pairs. Split reads for one or more breakpoint(s) and read
depth evidence may also be available to support the presence of an SV.
Genomic sequence impacted by an SV is depicted in green. (f) Inversion
supported by discordant read pairs at both breakpoints based on altered
orientation. (g) Translocation and (h) insertion supported by one read in
read-pair mapping to alternative location in the genome. (i) Deletion
supported by increased insert size when reads are mapped back to the
reference genome. (j) Tandem duplication supported by decreased insert
size when mapped back to the reference genome and altered orientation
of reads flanking the duplication breakpoint. Complex SVs are comprised
of two or more distinct SV signatures.
Ref, reference; R1, read one of read-pair; R2, read two of read-pair; R,
reverse read orientation; F, forward read orientation; Inv, inversion; Tloc,
translocation; Ins, insertion; Del, deletion; Dup, duplication.
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