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Disclaimer: This technical standard is designed primarily as an educational resource for clinical laboratory geneticists to help them provide quality clinical
laboratory genetic services. Adherence to this standard is voluntary and does not necessarily assure a successful medical outcome. This standard should not be
considered inclusive of all proper procedures and tests or exclusive of other procedures and tests that are reasonably directed to obtaining the same results. In
determining the propriety of any specific procedure or test, the clinical laboratory geneticist should apply his or her own professional judgment to the specific
circumstances presented by the individual patient or specimen. Clinical laboratory geneticists are encouraged to document in the patient’s record the rationale
for the use of a particular procedure or test, whether or not it is in conformance with this standard. They also are advised to take notice of the date any particular

standard was adopted, and to consider other relevant medical and scientific information that becomes available after that date. It also would be prudent to

consider whether intellectual property interests may restrict the performance of certain tests and other procedures.

Purpose: Copy-number analysis to detect disease-causing losses
and gains across the genome is recommended for the evaluation of
individuals with neurodevelopmental disorders and/or multiple
congenital anomalies, as well as for fetuses with ultrasound
abnormalities. In the decade that this analysis has been in

Results: This update introduces a quantitative, evidence-based
scoring framework; encourages the implementation of the five-
tier classification system widely used in sequence variant
classification; and recommends “uncoupling” the evidence-
based classification of a variant from its potential implications

widespread clinical use, tremendous strides have been made in
understanding the effects of copy-number variants (CNVs) in both
affected individuals and the general population. However, con-
tinued broad implementation of array and next-generation
sequencing-based technologies will expand the types of CNVs
encountered in the clinical setting, as well as our understanding of
their impact on human health.

Methods: To assist clinical laboratories in the classification and
reporting of CNVs, irrespective of the technology used to identify
them, the American College of Medical Genetics and Genomics has
developed the following professional standards in collaboration
with the National Institutes of Health (NIH)-funded Clinical
Genome Resource (ClinGen) project.

INTRODUCTION

Genome-wide assessment of copy-number variants (CNVs),
including losses (deletions) and gains (duplications and

for a particular individual.

Conclusion: These professional standards will guide the
evaluation of constitutional CNVs and encourage consistency
and transparency across clinical laboratories.
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triplications), is recommended as a first-tier approach for the
postnatal evaluation of individuals with intellectual disability,
developmental delay, autism spectrum disorder, and/or multiple
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congenital anomalies, as well as for prenatal evaluation of
fetuses with structural anomalies observed by ultrasound.'~ For
over a decade, CNV analysis by chromosomal microarray
(CMA) has been broadly implemented in the clinical setting for
detection of genomic imbalances at a much higher resolution
than conventional cytogenetic methods (e.g., G-banded kar-
yotype). In some cases, exon-focused array designs have also
been used for detecting CNVs involving individual genes
associated with monogenic disorders. More recently, next-
generation sequencing (NGS)-based CNV analysis is increas-
ingly used in clinical testing through genome, exome, or gene
panel sequencing. Together, these methods have enabled
genome-wide detection of CNVs, ranging in size from single
exons to whole chromosomes in clinically affected individuals,
as well as in the general population.

Though many recurrent CNVs (such as those flanked by
segmental duplications) have been well characterized, most
CNVs are unique, requiring further investigation to determine
their potential clinical significance. This can be challenging
for several reasons, including absent, limited, or conflicting
associations with clinical phenotypes described in published
literature and genomics databases. Accurate clinical inter-
pretation of CNVs requires consistent methods of evaluating
the genomic content of a CNV region and correlating clinical
findings with those reported in the medical literature, with the
ultimate goal of producing consistent, evidence-based clinical
classification across laboratories.* Inconsistency among
laboratories can create confusion for clinicians and their
patients, leaving them unable to confidently use genetic
information to manage health-care decisions.” Standards that
are widely available, up-to-date, and flexible enough to
incorporate lessons learned from the ever-evolving genomics
knowledge base should help to reduce discordance in clinical
classifications.

METHODS
To assist in the evaluation of CNVs and promote consistency
and transparency in classification and reporting across clinical
laboratories, the American College of Medical Genetics and
Genomics (ACMG) and the National Institutes of Health
(NIH)-funded Clinical Genome Resource (ClinGen) project6
formed a collaborative working group with the goal of
updating the existing ACMG professional clinical laboratory
practice standards for evaluating CN'Vs.” The working group
held an in-person meeting in the fall of 2015 to review the
existing version of the interpretation standards’ and discuss
how laboratories had incorporated them (and any modifica-
tions) into their clinical practice, as well as new resources,
tools, and technologies that became available in the interven-
ing years. Through group consensus, evidence categories most
relevant to CNV classification were determined (including
genomic content, dosage sensitivity predictions and curations,
predicted functional effect, clinical overlap with patients in
the medical literature, evidence from case and control
databases, and inheritance patterns for individual CNVs),
and a relative weight was assigned to each. In this manner, a
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semiquantitative point-based scoring system was developed
(described in detail in Supplemental Material 1).

Development of the new framework was an iterative
process; working group members tested the analysis metrics
using cases observed in their clinical laboratories and
provided feedback for refinement that ensured objective and
rigorous assessment of the available evidence. In 2017, after
the framework had been developed and assessed by the
working group, we identified a group of 11 additional board-
certified clinical cytogeneticists to further evaluate both the
performance of the analysis metrics and their usability in the
clinical setting. Using both the outside reviewers and the
committee members, we evaluated a total of 114 CNVs (58
deletions, 56 duplications); most CNVs (n=111) were each
evaluated by two independent reviewers. A full description of
the validation process is provided in Supplemental Material 2.
Feedback from this process led to the current version of the
scoring metrics.

Proposed criteria for the evaluation of constitutional copy-
number variants

These standards build upon the previous version” by
introducing a semiquantitative point-based scoring metric
for CNV classification. Owing to the distinct properties and
inherent differences between copy-number losses and copy-
number gains, separate scoring metrics were developed for
each (Tables 1 and 2, respectively); each scored evidence
category is labeled (1A, 1B, etc.) for easy referencing. Full
descriptions of each evidence category, including caveats to
consider while scoring and illustrative examples, are provided
in Supplemental Material 1. We strongly recommend the user
to carefully review the explanatory material provided in the
Supplement before utilizing these scoring metrics in clinical
practice. Example cases scored using the metrics are provided
in Supplemental Material 3.

As clinical laboratories incorporate more NGS-based
techniques for CNV detection and integrate results from
multiple technologies (some capable of identifying both copy-
number and sequence variants), consistency across inter-
pretation processes and reporting is critical. Thus, where
possible, evidence categories and concepts presented in this
CNV scoring system were developed to align with terminol-
ogy and processes currently utilized for clinical sequence
variant classification and interpretation.®

The point values assigned to each piece of evidence roughly
correspond to the categorical strengths of evidence present in
the sequence variant interpretation guidelines® as well as
recommendations put forth by the ClinGen Sequence Variant
Interpretation (SVI) Working Group to model the ACMG/
Association for Molecular Pathology (AMP) sequence variant
interpretation guidelines into a more quantitative Bayesian
framework;” however, it is important to note that these numbers
have not been statistically derived. In general, evidence receiving
0.90 points or higher is considered “very strong"; 0.45 points is
considered “strong"; 0.30 points is considered “moderate"; and
0.15 points or lower is considered “supporting” evidence. Scores
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for each observed piece of evidence, both in support of
(positive values) and refuting (negative values) pathogenicity,
are summed to arrive at a CNV classification. CNVs with a final
point value >0.99 are considered pathogenic, while point values
between 0.90 and 0.98 are considered likely pathogenic; this
approach aligns with the sequence variant interpretation
guidelines® (i.e., variants interpreted as pathogenic should have
a 99% level of confidence and variants interpreted as likely
pathogenic should have a 90% level of confidence). The variant
of uncertain significance (VUS) category is the broadest,
corresponding to points between —0.89 and 0.89, while refuting
evidence arriving at scores between —0.90 and —0.98, or
<—0.99 are considered likely benign and benign, respectively.

To facilitate use of this semiquantitative system, a web-
based CNV classification calculator based on these scoring
metrics is publicly available (http://cnvcalc.clinicalgenome.
org/cnvcalc/). This tool allows users to apply points for
individual evidence categories for a given CNV and will
automatically calculate the final point value and correspond-
ing CNV classification. This tool will be continually supported
and updated, allowing timely integration of new information
as it emerges.

These standards were developed for evaluating evidence in
the context of constitutional CNVs, including those detected
during postnatal or prenatal testing. Laboratories may choose
to use specific reporting practices based on factors such as
CNV classification and clinical context, and these may vary
across different test types and clinical settings (e.g., choosing
to only report likely pathogenic or pathogenic variants
associated with dominantly inherited conditions in a prenatal
setting). These specific reporting practices should be docu-
mented in the laboratory’s interpretation and reporting
protocol.

These standards do not apply to acquired CNVs in
neoplasia. In addition, this document does not address
analytical validation of CNV detection methods, which have
been addressed elsewhere, and assumes that any laboratory
using the provided standards is confident that a reported
CNV represents a true biological event.'” These standards
serve as a reference for clinicians to enable them to
understand the complexity of CNV interpretation and to
appropriately communicate test results to patients and
families. Although these standards attempt to comprehen-
sively incorporate commonly available resources and pro-
cesses used in CNV classification and interpretation, it is
important to recognize that no singular algorithm will be
applicable in all potential scenarios. The semiquantitative
scoring framework is meant to serve as a guide. Professional
judgment should always be used when evaluating the evidence
surrounding a particular genomic variant and assigning a
classification.

Recommended variant classification categories

Using the scoring metrics described in Supplemental Material
1, a laboratory geneticist should assign any CNV reported in a
patient to one of five main classification categories. It is
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strongly recommended that consistent terminology for these
categories be used in clinical reporting to facilitate unambig-
uous communication of clinical significance throughout the
medical community.

The classification categories represent a significant update
from the previous version of these guidelines.” To align
closely with recommendations in the ACMG/AMP sequence
variant interpretation guidelines® and with the manner in
which these terms are now commonly used, we have updated
the existing three-tiered system of clinical significance
(in which the term “variant of uncertain significance” had
the optional qualifiers of “likely pathogenic” or “likely
benign”) to the five-tiered system described below.

Pathogenic

Pathogenic (P) CNVs are those that score 0.99 points or
higher using the evidence scoring metric (Supplemental
Material 1). Although the full clinical effect of a CNV on a
patient’s phenotype may not be known (due to zygosity or
other reasons), the pathogenic nature of the CNV should not
be in question.

Examples of P CNVs may include (1) CNVs reported in
association with consistent clinical phenotypes across multiple
peer-reviewed publications, with well-documented penetrance
and expressivity, even if reduced and/or variable; (2) unique
CNVs that overlap completely with an established dosage-
sensitive region; and (3) multigenic CNVs in which at least
one gene is known to be dosage sensitive,'" even if the other
genes are of uncertain significance.

Except for well-established cytogenetic heteromorphisms,
this category will include most cytogenetically visible altera-
tions (generally >5Mb). In the absence of loci clearly
associated with defined genetic syndromes within the interval,
cytogenetically visible alterations should still be cautiously
evaluated, taking the gene content into consideration.

Likely pathogenic

Likely pathogenic (LP) CNVs are those that score between
0.90 and 0.98 points using the evidence scoring metric. In
general, these variants have strong evidence to suggest that
they will ultimately be determined to be disease-causing, but
not enough yet to definitively assert pathogenicity. Several
evidence types outlined within the scoring metrics could be
combined to reach the LP point threshold. However, some
particularly strong pieces of evidence may result in the CNV
being classified as LP without the need for additional evidence
(although additional information could be added to bring the
classification to P). Examples of this type of evidence may
include (1) deletions involving the 5 end (plus additional
coding sequence) of established haploinsufficient (HI) genes
(in scenarios where there are no known alternative start sites)
(category 2C-1, deletion metric); (2) deletions involving
multiple exons (through the 3’ end of the gene) in an
established HI gene (category 2D-4); and (3) deletions or
duplications involving genes with multiple case reports
reported in consistent, highly specific phenotypes.
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Uncertain significance

Variants of uncertain significance (VUS) are those that score
between —0.89 and 0.89 points using the evidence scoring
metric. This represents a broad category and may include
findings that are later demonstrated with additional evidence
to be either pathogenic or benign. Some CNVs in this
category may have more evidence than others to indicate
involvement in disease and the likelihood of additional
evidence surfacing through published literature may be
higher. However, at the time of reporting, if insufficient
evidence is available for confident determination of definitive
clinical significance and the CNV meets the reporting criteria
established by the laboratory, the CNV should be described as
a variant of uncertain significance.

Examples of VUS may include (1) a CNV that exceeds a
laboratory’s size threshold for reporting but has no genes in
the affected genomic interval (category 1B); (2) a CNV
described in a small number of cases in the general
population, but not at a high enough frequency to be
considered a polymorphism (>1%) (category 40O, with a
downgraded score due to frequency); (3) a CNV that
contains a small number of genes, but it is not known
whether the genes in the interval are dosage sensitive
(category 3A); (4) a CNV described in multiple contra-
dictory publications and/or databases, without firm conclu-
sions regarding clinical significance (multiple categories); (5)
a CNV within an individual gene (category 2E, deletion
metric, and 2I, duplication metric) with an unclear effect on
the transcript reading frame.

Likely benign

Likely benign (LB) CNVs are those that score between —0.90
and —0.98 points using the evidence scoring metric. In
general, these variants have strong evidence to suggest that
they are likely not involved in Mendelian disease, but do not
yet have enough evidence to state this definitively.

Examples of LB CNVs may include (1) variants with no
statistically significant difference between observations in
cases and controls (category 4N), and (2) variants observed
frequently in the general population (although at a lower
frequency than 1%, a conventionally accepted threshold for a
common polymorphism [category 40]).

Benign

Benign CNVs are those that score —0.99 or fewer points
using the evidence scoring metric. These CNVs have
typically been reported in multiple peer-reviewed publica-
tions or annotated in curated databases as benign variants,
particularly if the nature of the copy-number variation has
been well characterized (e.g., copy-number variation of the
salivary amylase gene'’) and/or the CNV represents a
common polymorphism. To qualify as a benign polymorph-
ism, the CNV should be documented in >1% of the
population. It is important to carefully consider dosage of
the CNV documented as a benign variant, given, for
example, that duplications of some regions may be benign,
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whereas deletions of the same interval may have clinical
relevance.

Reporting guidelines for copy-number variants in the
constitutional setting

In recent years, innovations in microarray and NGS
technologies have expanded the diagnostic application of
clinical CNV analysis and interpretation from chromosomal
microarrays to single- and multigene sequencing panels, and
exome or genome sequencing. Each of these tests may have
distinct clinical reporting specifications. The following
recommendations describe elements of a clinical laboratory
report that are necessary to precisely describe the nature of a
CNV and clearly communicate the evidence related to its
classification and clinical significance. Other required ele-
ments of a clinical report (e.g., methodology and relevant
disclaimers) are outlined in detail in the ACMG Technical
Standards and Guidelines.

Reporting criteria

The laboratory report should include a description of the
criteria used for both inclusion of a CNV in the report (e.g.,
classification type, CNV size) and classification of the CNV
(e.g., the scoring metrics included in this document).
Laboratories may or may not choose to disclose benign or
likely benign CNVs, and this should be indicated in the report
and their laboratory reporting protocol.

Description of each CNV detected

Each CNV should be described with the elements below.
Appropriate nomenclature from the International System for
Human Cytogenomic Nomenclature (ISCN) or the Human
Genome Variation Society (HGVS) should be included in the
report, but should not serve as a substitute for a clear
description of the genomic imbalance for clinical profes-
sionals unfamiliar with these conventions.

® Cytogenetic location (chromosome number and cytoge-
netic band designation).

® CNV size and linear coordinates with the genome build
specified. Genomic coordinates for the minimum pre-
dicted interval should be specified. When applicable,
particularly when gene content of the CNV is unclear, the
maximal genomic coordinates may also be provided.

e Copy-number state (e.g., single-copy gain or loss) with
CNV mechanism specified when understood (e.g., tandem
duplication). Assessment of mechanism may require
additional testing methods.

e For intragenic CNVs: Appropriate naming conventions in
this scenario may be dependent on the platform used to
detect these variants. If the variant is identified using
NGS-based technologies, HGVS nomenclature may be
preferable, including gene name (using valid Human
Genome Organisation Gene Nomenclature Committee
[HGNC] nomenclature), transcript, and exons involved. If
the variant is identified using CMA, ISCN nomenclature
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is generally recommended. The naming convention
selected should recognize a location, genomic content,
and certainty or uncertainty of precise breakpoints.

Designation of genes in CNV interval

To the extent feasible, genes involved in a CNV should be
specified in the laboratory report. For large imbalances,
particularly those with well-established clinical significance, it
is acceptable to provide only the name of the corresponding
syndrome and/or the most clinically relevant genes in the
interval. For CNVs of uncertain significance, it is suggested
that all validated/curated (i.e., not predicted or hypothetical)
genes in the interval be included, when possible, to facilitate
periodic reviews of relevant medical literature. The incorpora-
tion of links to websites that list the genes in an interval is not
recommended because the links may not faithfully direct the
clinician to the appropriate gene content in the future. If all
genes in the interval are not listed on the report, it is suggested
that at least the total number of genes in the CNV interval be
provided to highlight the extent of genomic imbalance; other
potentially clinically relevant elements may also be noted.

Clear statement of variant classification and clinical
significance

Regardless of the type of variant being assessed (CNV,
sequence variant, etc.), determining a variant’s classification
should be performed independently from determining how it
contributes to the diagnosis of the individual in whom it is
discovered. Uncoupling variant classification (P, LP, etc.)
from clinical significance in the context of an individual
patient’s diagnosis is key to objective and consistent
interpretation of genomic variants. While the phenotype of
the proband should be taken into account when assessing
evidence supporting the pathogenicity of a CNV, classification
should not be solely driven by the presentation of the patient
under investigation (without consideration of other available
evidence). For example, there is compelling evidence in the
literature that deletion of a particular gene results in disease X;
a laboratory evaluating a deletion of this gene is able to reach
0.99 points using the scoring metric, suggesting a classifica-
tion of pathogenic. The laboratory should not then disregard
all previously collected evidence and classify the variant as
“uncertain significance” solely because their patient did not
display features of disease X.

The classification of a particular variant should be
based upon the evidence available to support or refute its
pathogenicity at a given point in time; that body of evidence is
ostensibly the same for every patient found to have that
variant at that same point in time. As such, the variant should
receive the same variant classification (P, LP, VUS, etc.),
regardless of the clinical significance it has for each patient
(which may differ). For example, there is substantial evidence
demonstrating that a particular gene on the X chromosome
causes disease via a loss-of-function mechanism. Given the
body of evidence, deletions involving this gene should receive
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the classification of pathogenic each time they are observed,
regardless of whether they are observed in hemizygous males
or heterozygous females. Within the report, the laboratory
should explain the potential consequences of such a deletion
for the patient under study—in a male this variant could
represent a diagnostic finding; in a female this variant could
represent carrier status. Therefore, each description of a CNV
should include a clear statement of its classification and the
evidence supporting it, as outlined in these recommendations,
as well as the clinical significance of that variant for the
patient being tested. See Supplemental Material 4 for
examples of how these concepts may be conveyed during
reporting.

Special considerations regarding reporting: clinically
significant findings unrelated to the reason for referral
Occasionally, a CNV may be identified that, although
unrelated to the patient’s reason for referral, may indicate
presymptomatic status for a late-onset disorder or may
reveal an ongoing clinically unrecognized condition (i.e.,
an incidental finding'’). Some examples of these include
deletions involving known tumor suppressor genes,'* male
infertility due to deletions involving the AZF region on the
Y chromosome,'” a deletion disrupting a gene for hereditary
spastic paraplegia in a child referred for autism,'® etc. It is
often not possible to specifically avoid interrogation of the
types of loci mentioned in the aforementioned cases,
because such findings may occur as part of a large CNV
involving multiple genes. It is impractical to provide a
predefined list of all possible diagnoses to allow a patient to
consent specifically to the interrogation of and reporting
for each disorder. Therefore, referring clinicians must
have a clear understanding of the potential for these
discoveries, and patients/families should be duly informed
before test ordering. An informed consent process is
strongly recommended.

It is recommended that P or LP CNVs indicative of
presymptomatic status be reported to facilitate appropriate
and timely access to medical care. Individual laboratories may
adopt nondisclosure policies for specific conditions and state
them as such in their clinical reports.

The ACMG Secondary Findings Working Group has been
established to identify genes “associated with highly penetrant
genetic disorders and established interventions aimed at
preventing or significantly reducing morbidity and mortal-
ity.”'> When evaluating CNVs involving these genes, it is
important to remember the mechanism of disease associated
with each. If haploinsufficiency or triplosensitivity is not an
established mutational mechanism for a specific gene, a
deletion or duplication is not likely to be clinically relevant. If
the mechanism of disease is consistent with haploinsufficiency
or triplosensitivity, these CNVs should be reported. Dosage
sensitivity evaluations of the genes currently on the ACMG
secondary findings list are available at the following link:
https://www.ncbi.nlm.nih.gov/projects/dbvar/clingen/acmg.
shtml.
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Clinically significant findings seemingly unrelated to the
reason for referral represent another situation where it is
important to separate the variant classification from clinical
correlation. Historically, the reason for referral has influ-
enced the CNV interpretation process; anecdotally, variants
with clear evidence for pathogenicity have been classified as
VUS because they did not “explain” the patient’s stated
reason for referral. The reasons for referral provided to
laboratories may not always represent a complete picture of
the patient’s phenotypic features, and assumptions that a
patient does or does not have a particular feature are not
prudent without appropriate consultation with the referring
clinician. Open channels of communication between the
laboratory and the ordering physician are critical to guide
clinical correlation.'”

It is certainly appropriate to consider available phenotype
information about a given patient as evidence in variant
evaluation; if the patient undergoing testing has a phenotype
that is consistent with the described phenotype for an
observed CNV, this may be considered evidence supporting
pathogenicity. It is not appropriate, however, to provide a
different classification for the same CNV simply because it
was identified in an individual with a different reason for
referral. For example, there is substantial evidence demon-
strating that loss-of-function variants in gene X result in
hearing loss. If a laboratory observes a deletion of this gene in
an individual referred for hearing loss, and the exact same
deletion in another individual referred for speech delay, they
should not interpret that variant as P in the former case and
VUS in the latter. The variant should be classified as P in both
instances. The variant is directly relevant to the reason for
referral in the individual with hearing loss, but may represent
an incidental finding or an explanation for an unobserved/
unreported phenotype in the second. The pathogenicity of the
variant, however, should not be in question given the depth of
the supporting evidence. The reason for referral alone should
not be used to justify varying classifications for the same CNV
in different individuals.

Special considerations regarding reporting: carrier status

Detection of some CNVs, particularly deletions, will indicate
carrier status for autosomal recessive or X-linked disorders
mapping within the CNV interval. Although exhaustive
reporting of carrier status may be considered difficult to
standardize and beyond the intended scope of genome-wide
microarrays (particularly for very large multigenic events),
improvements in informatics could support reporting of such
information in the future. Individual laboratories may choose
to adopt specific disclosure policies for recessive conditions. If
a laboratory chooses to include a list of carrier alleles, its
reports should clearly separate the primary CNV results
related to the reason for referral from a secondary list of
carrier status alleles. If carrier status is not routinely assessed,
reports should clearly state that carrier status may not be
disclosed, and that any clinical concern for recessive disorders
should be communicated to the reporting laboratory for
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appropriate consideration. There are some situations when
disclosure of carrier status is recommended:

1. Well-characterized disorders where loss of function is the
established disease mechanism. In such cases, there may
be justification for reporting carrier status to provide
opportunity for reproductive counseling and additional
testing in the proband or relevant family members,
particularly when the carrier frequency is reasonably
high, and/or screening is commonly available (e.g., cystic
fibrosis). It should be recognized that these disclosures
will represent serendipitous findings, and no claim should
be made to the ordering clinician or patient that this test
will routinely detect carrier status for any condition.

2. Disorders with clinical features consistent with the
patient’s reason for referral. In such cases, a laboratory
may have identified a CNV that represents one allele of
an expected pair consistent with the referral diagnosis.
The laboratory may then recommend ancillary molecular
testing for this disorder in an effort to identify the other
disease-causing allele. This should be restricted to well-
described disorders with clear clinical consequence. The
report should clearly state the recessive nature of the
condition, and that the CNV is not diagnostic of affected
status without confirmation of a second pathogenic
variant.

3. CNVs involving dosage-sensitive genes on the X
chromosome in females. Given the significant reproduc-
tive risk to female carriers of X-linked conditions, we
recommend reporting these variants because it provides
the opportunity for the patient and relevant family
members to pursue additional testing/counseling as
needed. Additionally, females may manifest symptoms
in many X-linked disorders; these variants may ultimately
have an impact on their medical management.

To make these nuances clearer to users of the laboratory
report, we recommend dividing the report into sections
describing primary variants considered relevant to the stated
reason for referral separately from any variants that represent
secondary or incidental findings or carrier status. Laboratories
may decide at their discretion if additional subcategories are
necessary.

Recommendation for appropriate clinical follow-up

The laboratory report should include recommendations for
any necessary further cytogenetic characterization of the
CNV, genetic counseling, and evaluation of relevant family
members as appropriate. In addition, when a CNV is of
uncertain significance, the report may include a recommen-
dation for continued surveillance of the medical literature for
new information that may alter the classification of the CNV
and provide clarification on its clinical significance. The
responsibility for monitoring the medical literature for a
specific patient lies primarily with the physician with an
ongoing patient relationship,'® but laboratories may choose to
offer amended reports when reclassifications occur.
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CONCLUDING REMARKS
Understanding the clinical relevance of CNVs is a complex,
continually evolving process that constitutes the practice of
medicine. As evident from the numerous considerations
outlined in this document, no one formula or algorithm for
CNV interpretation will substitute for adequate training in
genetics and sound clinical judgment. We recommend that
clinical reporting of constitutional CNVs be performed by
individuals with appropriate professional training and
certification (those individuals certified by the American
Board of Medical Genetics and Genomics [ABMGG] in
clinical cytogenetics, molecular genetics, and/or laboratory
genetics and genomics). In addition, given the complexity of
CNV interpretation, the different laboratory methodologies
utilized for CNV characterization, and the evaluation of
additional family members, an ideal laboratory setting for
CNV analysis should include both cytogenetic and molecular
genetic expertise.

This document for the first time lays out explicit guidance
for interpreting CNVs that occur within individual genes. As
detecting CNVs from sequencing-based platforms becomes
more commonplace, it is important that CNV and single-
nucleotide variant (SNV) analyses are appropriately aligned in
their approaches to variant classification. Ideally, a CNV
should receive the same classification whether it was detected
on a CMA or an NGS platform, and whether or not it was
interpreted by someone board-certified in cytogenetics or
molecular genetics. The recommendations presented here
(and in Supplemental Material 1) represent an initial effort to
move toward more consistent CNV interpretation between
laboratories and across technologies.

Systematic approaches to variant interpretation (such as
this one) will evolve over time, particularly as knowledge
regarding the relationships between genomic variation and
human health improve. Groups are encouraged to use this
framework as a guide, always using professional judgment
when opting to incorporate emerging knowledge, methods,
and resources, and documenting the process by which this
evidence is used to arrive at a variant classification.

To summarize, major updates from the previous document’
include:

e CNV classification categories will change to the five-tier
classification system recommended in the ACMG/AMP
sequence variant interpretation guidelines.8

® Variants should be classified consistently between
patients; while patient presentation and/or reason for
referral may be used as evidence to support a particular
classification, this information should not be used to
justify disparate classifications of the same variant.
Variant classifications should be based on evidence; at a
given point in time, evidence supporting/refuting a given
variant’s pathogenicity should be the same. Therefore, the
classification of that variant should be the same regardless
of patient-specific factors such as reason for referral, sex,
age, etc.
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® Laboratories should consider utilizing headers or subsec-
tions in the clinical report to clearly communicate primary
versus incidental or secondary findings, such as carrier
status for autosomal recessive conditions, pathogenic
variants unrelated to the stated reason for referral, etc.
(examples may be found in Supplemental Material 4).

e Explicit new guidance for interpreting CNVs occurring
within individual genes (intragenic deletions and duplica-
tions) (described in detail in Supplemental Material 1).

® DPoints-based scoring rubrics (Tables 1 and 2) to guide
laboratories toward more consistent CNV interpretations.
We anticipate that updates to these metrics will be
required as laboratories gain experience using them, and
as evidence and technologies change.

SUPPLEMENTARY INFORMATION

The online version of this article (https:/doi.org/10.1038/541436-
019-0686-8) contains supplementary material, which is available
to authorized users.
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