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Abstract

Carrier screening began 50 years ago with screening for conditions that have a high prevalence

in defined racial/ethnic groups (e.g., Tay—Sachs disease in the Ashkenazi Jewish population;
sickle cell disease in Black individuals). Cystic fibrosis was the first medical condition for which
panethnic screening was recommended, followed by spinal muscular atrophy. Next-generation
sequencing allows low cost and high throughput identification of sequence variants across many
genes simultaneously. Since the phrase “expanded carrier screening” is nonspecific, there is a need
to define carrier screening processes in a way that will allow equitable opportunity for patients

to learn their reproductive risks using next-generation sequencing technology. An improved
understanding of this risk allows patients to make informed reproductive decisions. Reproductive
decision making is the established metric for clinical utility of population-based carrier screening.
Furthermore, standardization of the screening approach will facilitate testing consistency. This
practice resource reviews the current status of carrier screening, provides answers to some of

the emerging questions, and recommends a consistent and equitable approach for offering carrier
screening to all individuals during pregnancy or preconception.

INTRODUCTION

Carrier screening is used to identify individuals or couples that are at risk to have a child
with an autosomal recessive or X-linked genetic disorder. Throughout this document, the
term “carrier” specifically refers to individuals who are heterozygous for a pathogenic or
likely pathogenic variant in an autosomal recessive or X-linked condition. Once identified,
carriers of these disorders can become educated about their risks and consider a range of
reproductive options. Historically, criteria for screening have included: phenotype severity
that may impact decision making,12 high prevalence of carriers in the screened population,?
established analytic validity of screening methods,?3 predictable genotype—phenotype
correlation,? available prenatal diagnosis and reproductive options.2# Although general
principles remain similar today these do not speak to the genes that should be included

as part of routine carrier screening.
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In 2013, the American College of Medical Genetics and Genomics (ACMG) linked the
utility of carrier screening to reproductive decision making.! Decision making is inherently
tied to the severity of any condition being screened. This consensus group recognized that
there will be disagreement when defining the severity of various conditions. However, we
used published definitions which include (1) profound: shortened lifespan during infancy or
childhood, intellectual disability; (2) severe: death in early adulthood, impaired mobility

or a [disabling] malformation involving an internal organ; (3) moderate: neurosensory
impairment, immune deficiency or cancer, mental illness, dysmorphic features; and (4) mild:
not meeting one of those described.?

Carrier screening for heritable autosomal recessive conditions, which began 50 years ago,®
targeted at-risk populations who have been traditionally defined as an ethnic group that is
geographically isolated or one with cultural norms and customs that limit random mating
(Ashkenazi Jewish [AJ], Amish, Hutterites). The successful implementation of biochemical
screening for Tay-Sachs disease (TSD) among the AJ population in the 1970s” paved

the way to consider carrier screening for other disorders. TSD, a condition meeting the
definition for profound severity, has a carrier frequency of approximately 1/30 among AJ
and 1/300 among the general population.8 Similarly, sickle cell disease has a long history of
screening.? It has a carrier frequency of approximately 1/13 among “African-American[s]”
and 1/20 in “Hispanic[s]” resulting in a carrier frequency of about 1/66 in the general
population.1® A wide range in the carrier frequencies of genetic conditions between at-risk
groups and the general population raises questions of equity when implementing carrier
screening. It raises concerns over how screening policies impact information that leads

to reproductive decision making. Restricting carrier screening by using socially defined
ethnic constructs or by self-identified ancestry is both inequitable and scientifically flawed.
Importantly, those who self-identify with a specific race/ethnicity may be at odds with
ancestry defined genetically, which is of relevance to carrier screening.1112 A recent report
demonstrated that relying on self-identification of AJ ancestry as a criteria to screen for
conditions common in the AJ population is imperfect.13 It is important that carrier screening
goes beyond commonly recognized at-risk groups and includes diverse populations.

The goals of carrier screening have not changed over time. However, the technology used
in carrier screening has changed dramatically allowing for high throughput with rapid
turnaround times.1* As the cost of sequencing the entire genome has fallen, %16 so too
have the costs of sequencing panels of genes. The American College of Medical Genetics
and Genomics (ACMG)’s last official documents regarding carrier screening for specific
conditions were published in 2004 and 2008.1718 ACMG adopted an ethnic and population
neutral approach to carrier screening for cystic fibrosis and spinal muscular atrophy.17.18
The American College of Obstetricians and Gynecologists (ACOG) also endorsed universal
screening for these two conditions and suggested that one additional screening criterion
might be a carrier frequency of =1/100.1° Recommendations by ACMG predate advances
in gene sequencing technology. Moreover, there is now a greater societal awareness over
equity in care that has evolved since ACOG and ACMG published statements on carrier
screening.20 Whereas in prior years, carrier screening was a scarce resource reserved only
for those with the highest risk; a more attainable price point now allows for the opportunity
to reach every patient.
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In 2015, the ACMG, along with other professional organizations, published a Points

to Consider joint statement focused on expanded carrier screening?! wherein general

genetic principles and a historical perspective were discussed. An emphasis was placed

on the consent process including elements of pre- and post-test counseling. The principles
emphasized in that document remain important today. This current document considers more
recent published information and closes gaps in the previously published Points to Consider
while acknowledging technological advances in sequencing and the need for equity and
distributive justice of genomic technologies. This document replaces the ACMG position
statement on prenatal/preconception expanded carrier screening.!

METHODS

This consensus group convened to develop and answer a series of questions that are
important for clinicians and reproductive age patients to consider as part of the carrier
screening process (Box 1).

RESULTS AND DISCUSSION

Consensus question 1: Are analytical and clinical validity established for carrier
screening?

Analytical validity refers to how well the test predicts the presence or absence of a particular
genetic change, which encompasses sensitivity, specificity, and accuracy among other
factors.?2 Carrier screening relies on laboratory methods such as next-generation sequencing
(NGS), polymerase chain reaction (PCR), Sanger sequencing, multiplex ligation-dependent
probe amplification (MLPA), microarray, and other methods to identify small-scale genetic
changes including single-nucleotide variants (SNVs), and large-scale structural variants
(SVs), including copy-number variants (CNVSs). It is important that laboratories put in

place effective quality metrics within the various testing platforms used, to ensure accuracy
of variants detected to prevent false negative and/or false positive calls. The ACMG has
established guidelines for the development of NGS assays.23 Each test method optimized
for clinical use, should undergo robust validation processes as required by the Clinical
Laboratory Improvement Amendments (CLIA) and the College of American Pathologists
(CAP) to define the analytical sensitivity, analytical specificity, and analytical accuracy of an
assay that establishes confidence in the detection, analysis, and reporting of genetic variants.
Analytical validity is in part a function of the number of variants and number of genes
interrogated. Interrogations of greater numbers of either variants or variants and genes has
the potential for greater error; however, the CLIA validation process mitigates this concern.

Clinical validity relates a test’s result to the condition for which the test is designed
addressing the issue of how well the genetic variant being analyzed is related to the
presence, absence, or risk of a specific disease.22 In other words, a test has robust clinical
validity when both the negative and positive predictive values are high.242> Genetic variants
are classified as either pathogenic, likely pathogenic, uncertain significance, likely benign,
or benign.28 Generally, in the setting of screening, laboratories report only those variants
that are classified as pathogenic (>99% certainty) or likely (>90% certainty) pathogenic.
However, there are exceptions leading to instances where a variant of uncertain significance
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(VUS) is reported.?” For example, when one member of a couple is known to carry a
pathogenic or likely pathogenic variant, reporting a VUS after screening the second member
of the couple may be considered.2” The preconception counseling session ideally addresses
return of results when a VUS is identified. It is important for patients to understand that
changes in the interpretation of clinical genomic test results are possible and recontact

may be important. Furthermore, when medical or family history changes this should be
communicated with the patient’s care provider.28

Carrier screening cannot completely eliminate the risk of being a carrier of a heritable
condition, because:

. All genes that cause a condition may not be known.

. All genes that cause a condition may not be examined.

. Causative variants may be in a region not included in the test.

. Causative variants may be undetectable by the technology/analysis employed.

. Analysis of gene sequence and its structural variants may be technically difficult.
. Variants may be misclassified with regard to pathogenicity (e.g., laboratory’s

algorithm for classification of variants).

An individual’s residual risk to be a carrier after having a negative screening test can be
calculated as follows: Population Carrier frequency x (1 — Detection Rate). However, when
carrier screening is implemented by simultaneously interrogating multiple variants within
multiple genes for rare conditions, the carrier frequency and detection rate may not be
known for each condition being screened. It is impractical to provide a precise residual risk
after carrier screening that includes simultaneous analysis of multiple uncommon or rare
variants within genes. Instead, patients should be aware that a negative screening test does
not eliminate the risk of being a carrier for any condition (i.e., gene variant), although this
risk is greatly reduced.

Carrier screening aims to identify pathogenic and likely pathogenic variants within genes
known to cause a condition or phenotype of interest as underscored by the relationship
between ClinVar and ClinGen. ClinVar?? is a national registry for the classification of
variants within genes. All laboratories that perform genetic testing are expected to report
variants identified within their testing cohort using specific submission guidelines to ensure
consistency. ClinGen39:31 hosts a gene-level database (https://www.clinicalgenome.org) that
displays results from its gene curation expert panels which score the association of a gene
with a condition or phenotype. One of seven classes are used to describe this association: no
evidence reported, refuted, disputed, limited, moderate, strong, definitive. Documenting case
observations to support these associations relies on clinical information obtained through
medical history, pedigree analysis, laboratory data, pathology studies, imaging, and physical
examination.2® It is easy to understand why conditions characterized by variable expressivity
or reduced penetrance may produce a lower gene—disease association score. Either of these
may make the clinical tools used to define a condition unreliable. For example, reduced
penetrance may limit the value of pedigree analysis. Variable expressivity may cause
difficulty in linking a physical exam finding to a genetic diagnosis. Sometimes a gene

Genet Med. Author manuscript; available in PMC 2022 October 01.
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is associated with more than one condition, so within ClinGen a gene may be classified
according to more than one clinical condition.

In summary:

. Analytical validity of carrier screening is to be established by a laboratory in
compliance with CLIA/CAP regulations and adhering to ACMG Laboratory
Standards and Guidelines.

. Establishing clinical validity is gene and condition specific. For example, CFTR
and many (but not all) of its variants are associated with cystic fibrosis.2’

. As evidence evolves, ClinVar and ClinGen continually update pathogenicity of
variants and the association between genes and conditions, respectively.

. A negative screening result does not eliminate the risk of being a carrier for the
conditions screened but does reduce that risk. The residual risk to be a carrier for
any condition is never zero.

. It is not practical to generate a precise residual risk estimate for the group of
conditions interrogated through multiplex screening after a negative screening
result. This requires a defined carrier frequency and detection rate for all
conditions screened.

Consensus question 2: Has clinical utility been established for carrier screening?

Clinical utility in its narrowest sense refers to the ability of a screening or diagnostic

test to prevent or ameliorate adverse health outcomes such as mortality, morbidity, or
disability through the adoption of efficacious treatments conditioned on test results.32 The
considerations that determine clinical utility are (1) whether the test and any subsequent
interventions lead to an improved health outcome among people with a positive test result;
and (2) what risks occur as a result of testing.2> Importantly, the specific metric used to
measure clinical utility is context specific. For carrier screening, clinical utility is measured
by the fact that individuals or couples are informed and may alter reproductive decision
making because of the carrier screening results.33-3°

The clinical utility of carrier screening is represented by its ability to provide individuals
an opportunity to discuss their risks and consider reproductive options that are available
prepregnancy, during pregnancy, or after birth. Availability of reproductive options may
depend on various socioeconomical, legal, and cultural factors in different regions.
Examples of reproductive options include:

. In vitro fertilization with preimplantation genetic testing for monogenic
conditions.

. Use of donor gamete/embryo.

. Adoption.

. Prenatal diagnosis using chorionic villus sampling or amniocentesis followed by

a decision to either prepare for an affected child including special care after birth
or terminate the pregnancy.

Genet Med. Author manuscript; available in PMC 2022 October 01.
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. A decision not to have children.

Studies have established that carrier screening of many conditions simultaneously does
have an impact on reproductive decision making. Although these studies are few and
represent survey data, they include more than 470,000 screened patients.2%34-37 |n the

two largest studies (April 2014 through August 2015 and September 2015 through 2017),
there were 110 and 176 genes analyzed, respectively. The response rates varied, but of
those responding, a majority (~60%) took some action in response to being identified as

an at-risk couple. In these studies, reproductive decision making was more common when
patients received results before an established pregnancy (62—77%). The most common
decisions in the largest study were to pursue in vitro fertilization with preimplantation
genetic diagnosis (59%), undergo a diagnostic test during pregnancy (20%), and use of a
donor gamete (7.7%). Adoption was being considered by 5.1% at the time survey data were
collected.35 In the two largest studies, an affected fetus was identified in 16% (3/19) to 36%
(20/56) of those having a diagnostic procedure and 67% (2/3) and 40% (8/20) respectively
discontinued their pregnancy.34:3% This workgroup acknowledges that studies listed above
may not reflect the clinical utility in an ethnically diverse population of individuals seeking
carrier testing. We encourage additional ethnically inclusive studies to address this issue in
the future.

In summary:

. Carrier screening enables those screened to consider their reproductive risks,
reproductive options, and to make informed decisions.

. Published evidence supports clinical utility for carrier screening of multiple
conditions simultaneously.33

Consensus question 3: Is “expanded carrier screening” a precise term?

Expanded carrier screening is not well or precisely defined by professional
organizations.1:2:19.21 The term “expanded” might imply an increased number of genes,

or a paradigm shift from screening populations with higher carrier frequencies to screening
those without regard to ancestry, or both. For some, “expanded” may represent screening
many more variants within a gene. It is important for patients and health-care professionals
to communicate more precisely when speaking about carrier screening by using a precise
and consistent language. Some molecular testing laboratories now offer obstetric care
professionals “expanded carrier screening” packages that can include more than a thousand
genes;38 however, other laboratories screen several hundred and the overlap in genes
between laboratories is limited. In practical terms, there is no industry standard when it
comes to the number of genes interrogated for carrier screening that is used to inform
reproductive decision making. Thus far, molecular testing laboratories have determined the
genes/conditions on “expanded” carrier screening panels. We propose adopting a tiered
definition of carrier screening model (Fig. 1), which will allow patients and health-care
professionals to communicate with greater precision.

ACMG recommends:

. The phrase “expanded carrier screening” be replaced by “carrier screening”.

Genet Med. Author manuscript; available in PMC 2022 October 01.
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. Adopting a more precise tiered system based on carrier frequency (Fig. 1).

When patients are asked to report their ancestry, they respond with their learned/self-
identified ancestry or report their ethnicity and race. The manner in which patients ascribe
their ancestry is impacted by ethnic admixture, awareness and preservation of knowledge
about ancestral origins, prevailing ideologies about race and racial divisions, and the
number of generations removed from the arrival of immigrant ancestors.3° Ethnic groups are
defined by characteristics that include cultural traditions and norms.#? There is increasing
evidence that self-described ethnicity has inherent and unpredictable inaccuracies,12:13.41-44
and genetically determined ancestry using single-nucleotide polymorphisms helps identify
population/geographic origin, which is of particular importance for carrier screening. A
risk-based strategy of carrier screening, which relied on self-described ethnicity, was first
adopted for Tay-Sachs disease screening’ and for the most part continues today.1%21 In
many cases reproductive partners are not chosen randomly.#® Instead partners are chosen
based on societal pressures, norms, and expectations. However, data show that population
intermixing in the United States has increased dramatically over the last several centuries.3°
This requires that carrier screening be useful for all of those living in the United States
regardless of their ancestry.

ACMG recommends:

. Carrier screening paradigms should be ethnic and population neutral and more
inclusive of diverse populations to promote equity and inclusion.

Consensus question 4: What screening approach should be offered to patients
considering carrier screening?

This consensus group recommends establishing a tier-based system of carrier screening,
which will enhance communication and precision while advancing equity in carrier
screening.

Tier 1 screening conveys the recommendations previously adopted by ACMG7.18 and
ACOG.1? Tier 1 screening adopts an ethnic and population neutral approach when screening
for cystic fibrosis and spinal muscular atrophy. Beyond these two conditions, additional
carrier screening is determined after risk assessment, which incorporates personal medical
and family history as well as laboratory and imaging information where appropriate.

Tier 2 carrier screening stems from an ACOG recommendation for conditions that have a
severe or moderate phenotype and a carrier frequency of at least 1/100.2 A carrier frequency
of at least 1/100 would encompass screening all patients for spinal muscular atrophy (SMA)
since SMA carrier frequency was thought to be 1/60 without regard to the population
screened.!® Studies have shown that the carrier frequency of SMA in the United States is not
uniform across populations. In “Caucasian[s]” (This term is no longer used by the journal
but is used in the original article to which these studies refer. We have therefore not changed
the term but recognize it does not accurately describe the ancestry of the populations
originally studied.6) this has been shown to be 1/46 and in “Hispanic[s]” 1/125.47 For
cystic fibrosis when 32 pathogenic variants were examined among a US population, carrier
frequency ranged from 1/28 (“Caucasian”) (This term is no longer used by the journal but is
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used in the original article to which these studies refer. We have therefore not changed the
term but recognize it does not accurately describe the ancestry of the populations originally
studied.*6) to 1/105 (“African American”) and 1/261 (“Asian”).*8 These data demonstrate
that carrier screening for two common conditions using a carrier frequency threshold of
1/100 may not be equitable across diverse populations. Others have shown that limiting

the carrier frequency to >1/100 creates missed opportunities to identify couples at risk for
serious conditions.*9:50

We define Tier 3 screening as carrier screening for conditions with a carrier frequency
>1/200. The reader is directed to the Supplemental material (“Rationale for Tier 3
Screening” and Figure S1) for a detailed description of the derivation of >1/200 as a
criterion for autosomal recessive genes. Tier 2 and Tier 3 screening prioritize carrier
frequency as a way to think about conditions most appropriate for screening in the general
population. However, when ACOG proposed this level, they did not specify whether it was
thinking about carrier frequency in terms of the global population or subpopulations. We use
“carrier frequency” to mean in any ethnic group with reasonable representation in the United
States.

Tier 4 includes genes less common than those in Tier 3 and can identify additional at-risk
couples.#9:50 Tier 4 has no lower limit carrier screening frequency and can greatly extend
the number of conditions screened. Although there are many serious conditions at a carrier
frequency below 1/200,%° there may be less information about the natural history of many
of these conditions. Additionally, pleiotropy, locus heterogeneity, variant interpretation and
poor genotype—phenotype correlation may disproportionately impact the ability to provide
accurate prognostic information for these rarer conditions. For these reasons, the clinical
validity at this level of carrier screening may be less compelling, therefore we suggest
reserving this level of screening for consanguineous pregnancies (second cousins or closer)
and in couples where family or medical history suggests Tier 4 screening might be
beneficial. Some patients want maximum information and will ultimately choose to have
Tier 4 screening either due to convenience (a diagnostic laboratory might make their test

the most accessible and hassle-free) or simply because it tests for the most conditions.
Importantly, patients should understand that their chance of being a carrier for one or more
conditions increases as the number of conditions screened is increased. Also, laboratories
may not offer screening for the same genes within the Tier 4 option. Independent of whether
laboratories offer conditions that satisfy the carrier frequencies of Tier 2, Tier 3, or Tier 4, all
conditions screened should adhere to the same criteria (e.g., at least moderate severity).

ACMG recommends:

. All pregnant patients and those planning a pregnancy should be offered Tier 3
carrier screening.

. Tier 4 screening should be considered:

- When a pregnancy stems from a known or possible consanguineous
relationship (second cousins or closer);

- When a family or personal medical history warrants.

Genet Med. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gregg et al.

Page 10

ACMG does not recommend:

. Offering Tier 1 and/or Tier 2 screening, because these do not provide equitable
evaluation of all racial/ethnic groups.

. Routine offering of Tier 4 panels.

Consensus question 5: Which autosomal recessive conditions are appropriate for carrier

screening?

Professional organizations have an obligation to define the conditions appropriate for carrier
screening. Until now, molecular testing laboratories have assumed this responsibility with
the consequence that conditions screened for are not uniform across laboratories.38 We
applied several criteria (Fig. 2) to determine the autosomal recessive genes listed in Tables
1-5.

There were 86 genes that satisfied the aforementioned criteria (Tables 1-4). After reviewing
this list of genes, we evaluated genes that previously have been recommended for carrier
screening by ACOG or ACMG.#451 We identified three genes (SMNZ: spinal muscular
atrophy, £LPI: familial dysautonomia, and BLM: Bloom syndrome) and included these in
Table 5. All three of these genes are associated with conditions that have a carrier frequency
that is highly represented in one or more patient populations and have the potential to be
underrepresented in gnomAD. Detection of SMNI copy number by NGS is impeded by
the presence of a highly homologous pseudogene (SMNZ2), and could artifactually lower
allele frequencies in gnomAD. Like SMN, the HBA locus is technically complex to assess
and most cases of a-thalassemia result from deletions of one or more of the alpha globin
genes (HBA1 and HBAZ) and thus, could create an artifactually lower allele frequency in
gnomAD. The allele frequencies of sequence variants in gnomAD v2.0.2 for £LP1 and

BL Mwere less common than 1/200, but these genes are known to have an allele frequency
of at least 1/200 in AJ. Friedreich ataxia is a recessive trinucleotide repeat disorder that

is associated with a GAA expansion located in intron 1 of the XN gene. The condition

has its highest carrier frequency in White populations from Northwestern Europe (Spain to
Ireland).52 The remaining genes listed in Table 5 have a carrier frequency =1/200 in a US
subpopulation. Subpopulations included were the AJ and Puerto Rican, each having at least
1% representation in the United States and US territories combined.

In total, we recommend 97 autosomal recessive genes for carrier screening in Tier 3.

We cross-referenced Tier 3 autosomal recessive genes to ClinGen3? for gene—disease
association. One gene was excluded (BCSIL) because the curation in ClinGen concluded
there was “limited” evidence to support a gene—disease association. A commitment to
ongoing curation of the autosomal recessive genes will ensure that new information is
reflected in the genes recommended for screening in Tier 3 in future iterations. Curation
should include technologies available that will ensure high throughput and accurate
screening.

Cross-referencing to ClinGen and the ACMG secondary findings list v3.0%2 allowed for
additional observations. Gene—disease association was confirmed as “definitive” in ClinGen
for 39 of 97 (40%) (Table S1). Many genes we recommend have not been curated
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in ClinGen (e.g., CFTR, SMN1, HBB, ARSA). Two genes (MMUT and USH3) we
recommend for screening could not be found in ClinGen, likely due to limited curation

to date. We also cross-referenced Tier 3 genes to those recommended for universal newborn
screening (Table S1). Two genes associated with hearing loss (GJBZ2and SLC26A4) are
included for screening. We recommend 16 autosomal recessive genes that are screened using
metabolic analytes at the time of newborn screening. The potential impact that screening for
autosomal recessive conditions will have on families is discussed in the Supplement.

ACMG recommends:

. All pregnant women and those planning a pregnancy should be offered Tier 3
carrier screening for autosomal recessive (Tables 1-5) and X-linked (Table 6)
conditions.

. Male partners of pregnant women and those planning a pregnancy may be

offered Tier 3 carrier screening for autosomal recessive conditions (Tables 1-5)
when carrier screening is performed simultaneously with their female partner.

. Ongoing curation of Tier 3 autosomal recessive genes with input from:
- ACMG Committees and Work Groups;

- Additional professional organizations and the lay public as appropriate.

Consensus question 6: Which X-linked conditions are appropriate for carrier screening?

Some laboratories offer screening for X-linked conditions as part of their carrier screening
package. Like autosomal recessive conditions, the X-linked conditions screened do not
overlap across the molecular testing laboratories. In fact, some carrier panels on the market
contain genes associated with conditions that have a prevalence of 1 in 3,500 while others
a condition with a prevalence less than 1 in 1,000,000. It is important that any designated
panel include a transparent description of the process used for including/excluding those
genes.

The reader is directed to the Supplemental material (“Rationale for Tier 3 screening” and
Figure S1) for a detailed description of the derivation of 1/40,000 disease prevalence as a
criterion for X-linked gene inclusion. We applied several criteria (Fig. 2) to determine the
X-linked conditions listed in Table 6. Based on the aforementioned criteria, we identified
16 genes that are appropriate for carrier screening (Table 6). Cross-referencing these genes
to ClinGen revealed that gene—disease association was definitive for 13/16 (81%). The
remaining three have not been curated by ClinGen, including DMD, NROB1, and RPGR.
Among X-linked genes, three are on the ACMG secondary findings list v3.0 (ABCD1
[adrenoleukodystrophy], GLA [Fabry disease], and OTC [ornithine transcarbamylase
deficiency]).33 The potential impact that screening for X-linked conditions will have on
families is discussed in the Supplement. A commitment to ongoing curation of the X-linked
genes will ensure that new information is reflected in the genes recommended for screening
in Tier 3 in future iterations. Curation should include technologies available that will ensure
high throughput and accurate screening.
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ACMG recommends:

. All patients should be offered screening for only those
. X-linked genes listed in Table 6 as part of Tier 3 screening.
. Ongoing curation of Tier 3 X-linked genes with input from:

- ACMG Committees and Work Groups;

- Additional professional organizations and the lay public as appropriate.

Consensus question 7: What should the clinician expect with regard to laboratory
reporting of carrier screening results?

The clinical laboratory report represents the final postanalytical step of laboratory testing
and is a documented communication to the referring clinician. It should be a structured
document with clinically significant findings easily identified and understood by the
ordering health-care professional. Information should be provided in a clear, concise, and
accurate manner that is adherent to regulatory standards (42 CFR § 493.1291). Several
ACMG documents address norms and elements of a clinical laboratory report, including
report sections, transparency of methods and limitations, standardized five-category variant
classifications, and uniform Human Genome Variation Society (HGVS)-based variant
annotations.23:26 |t is important that the report clearly conveys:

. ACMG carrier screening tier number and genetic content of the panel with all
tested genes and transcripts listed, or, if the number is large, referenced to an
accessible website.

. Whether a targeted (assessment of predefined variants) or comprehensive
(assessment of full coding region with splice junctions) approach is carried out
with details of the methodology and limitations.

. Detectable types of DNA variation (e.g., SNVs, CNVs, structural
rearrangements).

. Variant classification range that is used for reporting.

Reporting and interpreting results depends on the clinical context and indication for testing.
When results are negative, it is often impractical to provide residual risk estimates because
(1) for many of the X-linked genes screened, carrier frequencies are imprecise; (2) data sets
and populations used to establish carrier frequency can vary; and (3) calculations depend on
the patient’s self-identified ethnicity. However, whenever possible, the analytical sensitivity
of detecting different variant types and the detection rate should be provided. This will help
to emphasize that a negative test does not eliminate the possibility of being a carrier for any
condition screened, but it does reduce this risk.

All pathogenic and likely pathogenic variants should be reported back to the ordering
health-care professional. However, a gene-specific comprehensive sequencing approach with
the option of reporting of a VUS should be considered for partners of identified carriers2’
and discussed during pretest counseling. Reports of positive results should include brief
clinical information about the disorder, penetrance if known, and variability in expression
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if understood. Information about genotype—phenotype correlations may be provided with
relevant limitations since correlations that are meaningful in a population may not be
applicable to an individual. A statement about reproductive risk should be included when a
carrier is identified.

The interpretation should consider genes and variants with multiple disease associations, as
well as a possibility of mixed modes of inheritance. For example, whereas some pathogenic
variants in ABCC8 gene result in a reduced insulin secretion and hyperglycemia causing
permanent neonatal diabetes mellitus, others can cause congenital hyperinsulinism and
hypoglycemia. Also, although a number of pathogenic variants in ALPL hypophosphatasia
are associated with an autosomal recessive disease, some variants when present in the
heterozygous state are associated with an autosomal dominant disease. The possibility of
manifesting heterozygotes and their associated clinical features, if such are known, as in
cases of female carriers of X-linked conditions (for example, cardiomyopathy in DMD
carrier females; primary ovarian failure in FMR1 premutation carriers) should be discussed
as part of pretest counseling. Reports must be specific in designating well-known alleles that
are associated with mild symptoms, for example: Asp444His variant in B7D, the Duarte
allele in GALT, HBA1/HBAZ (—+/++), and the many CYPZ21 nonclassic mild variants.
Currently, the ACMG list of secondary findings®? is not validated for reporting in the setting
of general population screening.>* The transition by molecular testing laboratories to the
tier-based rubric described is expected to be gradual to accommodate the changes needed to
properly implement screening.

ACMG recommends:

. The content of carrier screening panels and the corresponding ACMG tier must
be described in the laboratory reports.

. The testing approach and detectable variant types should be clearly stated.

. Not reporting residual risk estimates because carrier frequency and the detection
rate of all genes is not established.

. Only pathogenic and likely pathogenic variants should be routinely reported.

. Interpretation should consider genes and variants with multiple disease
associations.

. The reporting of a VUS only in the partners of identified carriers and only with
consent of the patient.

Consensus question 8: What should be emphasized during pretest and post-test
counseling when performing carrier screening?

Education and counseling are critical in carrier screening. Informed decision making with
carrier screening is complex and ideally should be a part of preconception care to allow
any of the reproductive decision-making options. Health-care professionals should inform
patients of the risks, benefits, and consequences of carrier screening. After appropriate
counseling that considers the patient’s needs and values, patients should be supported to
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make informed and autonomous decisions including the decision to not undergo carrier

screening.

Carrier screening counseling should be provided by knowledgeable and appropriately
trained health-care professionals and should be performed pre- and post-test. It should be
noted that traditional models of genetic counseling can be both time and labor intensive.
Thus, new models need to be developed and instituted for both training nongenetics
providers and counseling patients. These models might include videos, chatbots, computer-
based learning, or other methods of providing information to patients and assessing

their understanding. Carrier screening for autosomal recessive conditions is unique when
compared to other medical testing in that test results impact the likelihood of offspring of the
patient having a genetic condition, while for the most part, the patient screened is healthy.
However, women that screen positive for X-linked conditions may manifest symptoms of
the condition (e.g., OTC deficiency and hemophilia) because of skewed X inactivation.

This also explains why some women who are carriers of Duchenne muscular dystrophy
(DMD) or Fabry disease (GLA) experience cardiomyopathy. A subset of women who have a
FMR1 premutation allele are at risk to develop premature ovarian insufficiency, a condition
unrelated to that seen in their male offspring (i.e., fragile X syndrome).

Pretest counseling information that all providers should be comfortable
discussing:

Carrier screening is optional and can be performed at any time.

Preconception screening is recommended over prenatal screening!”:19 since it
may be less stressful on patients with positive screening results and it allows
for the full complement of reproductive decision making. If done in pregnancy,
concurrent partner testing should be offered.

When a reproductive partner has changed, carrier screening should be
readdressed.

Carrier screening is not a test for all genetic conditions; in fact, considering all
genetic conditions, only a minority are screened.

Genetic variants have likely been in one’s family for many generations.
Carrier screening will not identify de novo variants in the offspring.
Carrier screening does not replace newborn screening.

When Tier 1 or Tier 2 carrier screening was performed in a prior pregnancy, Tier
3 screening should be offered.

A carrier of an autosomal recessive condition will rarely manifest any clinical
signs or symptoms of that condition.

Consanguineous couples have an increased risk to be carriers for the same
conditions.

All genes and variants that cause a condition may not be known and may not
be examined as part of Tier 3 or Tier 4 screening. If family history warrants,
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additional genes may be considered for evaluation and referral to a genetics
professional should be considered. A negative test reduces the chance to have an
affected child but does not eliminate the risk.

. Laboratories should not report changes in a gene that has no or unclear
association with a medical condition.

. A VUS is a change within a gene that may or may not be associated with
disease. These are not reported unless one partner is found to be a carrier of a
pathogenic or likely pathogenic variant in the same gene. When this occurs the
second partner should be asked to decide on whether they want this information.
Ideally, this consent to return a VUS result will take place during preconception

counseling.

. In some situations, X-linked heterozygous patients will manifest signs and
symptoms that are different than the condition seen in offspring (e.g., DMD,
FMRI).

Counseling in specific circumstances

When screening test results are positive after sequential screening.—
Availability of the partner should not dictate when or if carrier screening is offered;
however, the impact on interpretation of the result should be discussed as it may influence
the patient’s decision making. When carrier screening is performed during an ongoing
pregnancy, it is ideal to perform carrier screening on both partners simultaneously, so

that screening results can be obtained in a timely manner. Carrier screening can be
approached sequentially, meaning that a patient can undergo screening first, obtain results,
and then a current or future reproductive partner can be screened later. When sequential
screening is performed and one partner is discovered to be a carrier of an autosomal
recessive or X-linked condition, that partner should undergo counseling by a knowledgeable
and appropriately trained health-care professional. In specific circumstances, it may be
especially appropriate to seek the assistance of a genetics professional, for example (1)
when the gene or variant is known to be associated with variable expressivity, (2) when an
X-linked carrier female is identified, (3) when autosomal recessive carriers of gene variants
that have possible phenotypic implications are identified, and (4) when a VUS is disclosed.

ACMG recommends that counseling patients include:

. Education about the condition for which the patient tested positive.

. Offering follow-up screening of the partner with analysis of the same gene that
has the pathogenic or likely pathogenic variant as that identified in the partner.

. Laboratory testing of the partner should include sequencing of the full gene
identified in the carrier patient and not testing for a limited panel of variants.

. In cases where there is an ongoing pregnancy and the partner declines testing or
is unavailable for testing a diagnostic procedure can be offered.2’

. A plan should be made for results delivery, including whether variants of
uncertain significance will be reported.
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A negative test result in the partner does not eliminate the risk of an affected
child. The remaining risk cannot be accurately quantified for most conditions,
but it is reduced.

“False positive” results may be due to:

- Reduced penetrance of known pathogenic and likely pathogenic
variants;

- Conflicting variant interpretation among laboratories;
- Underreporting of outcomes in patients with same variants;
- Imperfect in silico modeling of variant expression.

Patients should be counseled that variability of manifestations of a genetic
condition is typical, even in affected individuals within the same family.

When couple is identified as being at risk.: When an at-risk couple is identified,

counseling by an appropriately trained health-care professional is recommended. In specific
circumstances, it may be especially appropriate to seek the assistance of a genetics
professional, for example (1) when the gene or variant is known to be associated with
variable expressivity, and (2) when a VUS is disclosed. The counseling performed depends
on when the carrier couple is identified (i.e., preconceptionally versus prenatally).

ACMG recommends that counseling patients include: In cases of preconception
identification

A discussion of the risks and benefits of reproductive options.

A discussion of in vitro fertilization with gamete donation, preimplantation
genetic testing, embryo donation, adoption, and prenatal diagnosis (chorionic
villi sampling or amniocentesis) followed by a decision to continue or not
continue a pregnancy. This discussion includes preparation for medical care after
the birth of an affected child.

Offering educational materials and resources that can facilitate patients in
making an informed decision about their reproductive options.

A plan for disclosure of results.

In cases of identification during an ongoing pregnancy

Offering a diagnostic procedure (i.e., chorionic villi sampling or amniocentesis)
as appropriate to determine whether a fetus is predicted to be affected with the
condition(s) identified through carrier screening.

A discussion of reproductive decisions to carry a pregnancy, including
preparation for possible medical care after the birth of an affected child.

Offering educational materials and resources that can facilitate patients in
making an informed decision about their reproductive options.

A plan should be made for disclosure of results.
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When the father cannot be screened and the patient screens positive and there is an ongoing
pregnancy

It is acceptable to offer the patient a prenatal diagnostic procedure (CVS or amniocentesis)
when the patient screens positive for an autosomal recessive gene and the father cannot

be screened for one of the following reasons: (1) partner is unavailable for screening, (2)
screening the partner would be cost prohibitive, (3) the results from the partner would not be
available in time to allow for reproductive decision making, and (4) a diagnostic procedure
is being performed for another reason. This option and these indications have already been
established by ACMG for cystic fibrosis,2” and should be considered an option when a
carrier for any other recessive gene(s) is identified. When this situation arises, counseling

by an appropriately trained health-care professional is recommended. A laboratory willing to
perform the testing must be identified before performing the diagnostic procedure.

ACMG recommends that counseling patients should include the following:

. Education about the condition for which the patient tested positive.

. A plan should be made for results delivery, including whether variants of
uncertain significance will be reported.

. Laboratory testing of the partner should include sequencing of the full gene(s)
identified in the carrier patient and not testing for a limited panel of variants.

. A diagnostic procedure should be offered when:
- The partner is unavailable for testing;
- The partner declines testing;
- Testing is cost prohibitive;
- A partner’s results would not be available in time for reproductive
decision making;
- A diagnostic procedure is already planned for another indication.

. The patient should be counseled about the limitations of gene analysis in the
fetus under these circumstances. The laboratory may be unable to provide
definitive diagnosis if one parent’s carrier status is unknown.

CONCLUSION

This document establishes a tiered approach to carrier screening and aims to improve

the implementation of carrier screening allowing diverse populations to benefit from new
and emerging genomic technologies. We have listed the genes that should be offered to

all patients who desire carrier screening. We realize that the genes we recommend may
not adequately address those seen more frequently in some populations; therefore, family
and personal history, including the pedigree and, where appropriate, physical examination,
should be used to guide the need to screen selected additional genes. We expect that

over time clinicians will become comfortable with the concepts, specific genes, and their
associated conditions that are proposed in this document. Importantly, molecular testing
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laboratories are called on to adapt and innovate to keep carrier screening costs low and
throughput high. It will be important that ACMG reevaluate the genes listed for screening
and consider the need to modify criteria used to include and exclude genes.

The authors of this practice resource recognize that there are barriers to the implementation
of Tier 3 carrier screening in clinical practice. These include the challenges imposed on
health-care providers by rapidly changing genetic technologies and information, as well as
insurance coverage for carrier screening of patients and partners. Another challenge is for
the molecular testing laboratories to adapt new testing strategies since some of the ACMG
Tier 3 genes may harbor variants that are not routinely detected by NGS only. We also
recognize that the pretest counseling and delivering accurate and timely results to patients

is time consuming. The information contained in this document along with that provided

by ACMG, ACOG, and other professional organizations?17-19.21 provides much of what
needs to be known to feel comfortable offering carrier screening. This workgroup recognizes
that offering a comprehensive Tier 3 panel to all is only the first step toward equity in

carrier screening and clinical follow up. Working collaboratively genetics professionals are
encouraged to innovate by utilizing telemedicine and online tools to overcome challenges

to the workforce. Combining these with other ideas will ensure patients receive the highest
level of care as genetics and genomics increases its reach into communities that, until now,
were unfamiliar with their benefits. We strongly recommend that all payers provide coverage
for Tier 3 carrier screening, as well as Tier 4 carrier screening in appropriate clinical
circumstances such as personal/medical history or consanguinity, to ensure equitable care to
all individuals including those disadvantaged by race and financial hardship.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Box 1.

s w0 N

@x

Consensus questions
Are analytical and clinical validity established for carrier screening?
Has clinical utility been established for carrier screening?
Is “expanded carrier screening” a precise term?

What screening approach should be offered to patients considering carrier
screening?

Which autosomal recessive conditions are appropriate for carrier screening?
Which X-linked conditions are appropriate for carrier screening?

What should the clinician expect with regard to laboratory reporting of carrier
screening results?

What should be emphasized during pretest and post-test counseling when
performing carrier screening?
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<1/200 carrier frequency (includes Tier 3)
genes/condition will vary by lab

Tier 3

2> 1/200 carrier frequency (includes Tier 2)
includes X-linked conditions

Fig. 1. The Euler diagram shows an overlapping tiered approach to carrier screening.
*Recommended by the American College of Medical Genetics and Genomics (ACMG)17:18

and American College of Obstetricians and Gynecologists (ACOG).1% *Recommended by
ACOG.2 8supported by literature.4950 ¥Offered by molecular testing laboratories; the list
of genes/conditions may vary by the laboratory. CF cystic fibrosis, SMA spinal muscular

atrophy.

Genet Med. Author manuscript; available in PMC 2022 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Gregg et al.

Public Database gnomAD
v 2.0.2%%; 415 autosomal
recessive

Carrier frequency known to be at
least 1/200 however not captured in
gnomAD v 2.0.2

X-linked phenotypes (N=355) were
identified in the OMIM database
(November 30, 2020)% (Table S2)

Table 5*

or

Table 6*

Page 24

Tables 1-4*

Carrier frequency in gnomAD at least 1/200
for six ancestral populations where Pathogenic
and Likely Pathogenic variants were
considered™®

Genes with at least a 1/200 carrier frequency of
pathogenic or likely pathogenic variants in a
subpopulation that has at least 1%
representation in the US including US
territories.

Prevalence of the OMIM phenotypes (Table S2)
were determined using OMIM®®,

Orphanet®®, MedlinePlus®¥; prevalence
required was at least 1/40,000

*All conditions included with at least moderate severity>®

Fig. 2. The criterion used to generate the list of genes recommended for screening in Tables 1-6

are shown.

Criterion for genes listed in Tables 1-4 were identical and derive from gnomAD. Those
genes listed in Table 5 do not derive from gnomAD data. The X-linked conditions derive
from the OMIM database.>® The prevalence data for X-linked conditions derives from either
OMIM, 5> Orphanet,%3 or MedlinePlus.54 All conditions were at least moderately severe.>65
OMIM Online Mendelian Inheritance in Man.%®
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