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Purpose: To present results from a large cohort of individuals
receiving expanded carrier screening (CS) in the United States.

Methods: Single-gene disorder carrier status for 381,014 indivi-
duals was determined using next-generation sequencing (NGS)
based CS for up to 274 genes. Detection rates were compared with
literature-reported values derived from disease prevalence and
carrier frequencies. Combined theoretical affected pregnancy rates
for the 274 screened disorders were calculated.

Results: For Ashkenazi Jewish (AJ) diseases, 81.6% (4434/5435) of
carriers identified did not report AJ ancestry. For cystic fibrosis,
44.0% (6260/14,229) of carriers identified had a variant not on the
standard genotyping panel. Individuals at risk of being a silent
spinal muscular atrophy carrier, not detectable by standard
screening, comprised 1/39 (8763/344,407) individuals. For fragile
X syndrome, compared with standard premutation screening, AGG

interruption analysis modified risk in 83.2% (1128/1356) premuta-
tion carriers. Assuming random pairing across the study popula-
tion, approximately 1/175 pregnancies would be affected by a
disorder in the 274-gene screening panel.

Conclusion: Compared with standard screening, NGS-based CS
provides additional information that may impact reproductive
choices. Pan-ethnic CS leads to substantially increased identifica-
tion of at-risk couples. These data support offering NGS-based CS
to all reproductive-aged women.
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020-0807-4
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INTRODUCTION
The landscape of prenatal and preconception carrier screen-
ing (CS) is rapidly changing. Compared with traditional
genotyping methods, modern genetic screening technology
using next-generation sequencing (NGS) has rapidly
expanded disease screening options.1 Traditional prenatal
and preconception CS targeted specific diseases with high
prevalence, particularly in defined subpopulations. At present,
CS for eight disorders (excluding cystic fibrosis [CF]) are
recommended by the American College of Medical Genetics
and Genomics (ACMG) and the American College of
Obstetricians and Gynecologists (ACOG) for individuals of
Ashkenazi Jewish (AJ) heritage.2,3 These professional guide-
lines also recommend pan-ethnic screening for CF and spinal
muscular atrophy (SMA) and ACOG recommends pan-ethnic
screening for hemoglobinopathies.4–6 Though these guidelines
target some of the most prevalent genetic disorders, they do

not identify carriers for many common conditions of
importance to the diverse subpopulations present in con-
temporary societies. Moreover, CS based on ethnicity and race
is often untenable due to complex population admixture,
multiethnic and multiracial populations, and missing or
incorrect ethnic/racial information.7

Modern genetic screening technology using NGS overcomes
these limitations by expanding the number of diseases covered
and applies the testing to whole populations.8 Exome and
genome sequencing may further expand the scope of variants
identified in the CS panels.9 Recognizing these benefits, ACOG
and ACMG have endorsed offering expanded CS to couples
who are considering pregnancy or are already pregnant,
regardless of ethnicity.10,11 Several studies have demonstrated
that CS identifies an increased number of fetuses at risk for
severe phenotypes compared with that based on traditional
professional screening guidelines.12–14 Currently available
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expanded CS panels are extremely heterogeneous in panel size,
with the number of diseases being screened ranging from 41 to
1556.15 A joint statement from the ACMG, ACOG, the
National Society for Genetic Counselors (NSGC), Perinatal
Quality Foundation (PQF), and the Society for Maternal–Fetal
Medicine (SMFM) acknowledged the utility of more compre-
hensive, pan-ethnic CS and provides guidelines for the
inclusion of disorders but does not give specifics regarding
individual genes.16

We present here NGS-based CS results for more than
380,000 individuals from a pan-ethnic population. The CS
panels contained up to 274 genetic disorders that met ACMG,
ACOG, NSGC, PQF, and SMFM guidelines16 and included a
number of screening enhancements. Carrier frequencies
obtained from the NGS-based CS were compared with the
literature-reported carrier frequencies. We predicted the rate
of at-risk couples and of affected pregnancies in randomly
paired or ethnically matched couples based on the observed
carrier frequencies.
Carrier frequencies of specific genetic disorders that are

guideline-recommended (AJ disorder panel) or commonly
screened (CF, hemoglobinopathies, SMA, fragile X) were
examined in greater detail. For CF, we compared detection by
NGS-based screening with that by the ACMG 23 variant
panel of the CFTR gene (CF23).17 For hemoglobinopathies,
we identified silent carriers of α-thalassemia (-α/αα) or
carriers of mild/silent (β+) HBB variants, which traditional
hematological tests do not always detect, but can be important
in certain scenarios for risk assessment and prenatal
diagnosis.4,18,19 Furthermore, traditional CS for SMA cannot
detect silent (2+ 0) carriers, i.e., individuals with two copies
of SMN1 on one chromosome (duplication allele) and zero
copies on the other (deletion allele).5 Here we report on
screening for SMN1 copy number and the single-nucleotide
polymorphism (SNP) associated with an SMN1 duplication
haplotype whose presence indicates a risk of silent (2+ 0) SMA
carrier status. For fragile X syndrome, premutation carriers at
risk of having affected children can have additional risk
refinement with AGG interruption testing.20 We refined risk
assessment for carriers by providing AGG interruption testing
for the subset of premutation carriers with following AGG
interruption testing.21 Finally, we also present the carrier
frequency for Duchenne muscular dystrophy (DMD) and
DMD-related dystrophinopathies, a group of related X-linked
disorders with limited carrier frequency data published.

MATERIALS AND METHODS
Study cohort
We performed a retrospective analysis of de-identified data
from 381,014 individuals with CS tests ordered by clinicians
in the United States from 1ST May 2015 through 31ST

December 2018. Referral sources included obstetricians,
perinatologists, reproductive endocrinologists, geneticists,
and genetic counselors. Cohort demographics, including
race/ethnicity, were collected from information provided by
the clinician or clinic on the requisition form. Retrospective

review of cases used in this study was exempt from
institutional review board review (E&I Review, exemption
protocol #19040–01). As this study was based on analysis of
de-identified data, informed consent was not requested. Data
from patients who, at the time of testing, had declined
research participation were excluded.

CS testing platforms
Sequence analysis including NGS and copy-number analysis
was performed for CS panel sizes ranging from 1 gene to 274
genes (Table S1). Sequencing included all exons and ±10
base pairs (bp) into the introns for the majority of the genes.
Testing was carried out at Natera, Inc. (San Carlos, CA),
Baylor Miraca Genetics Laboratories (Houston, TX), and/or
the Icahn School of Medicine at Mount Sinai (New York,
NY). There were six panels options (4, 14, 27, 106, 137, and
274 genes) and à la carte single-gene testing (DMD, CF, and
SMA). All included disorders involve a cognitive or
physical disability, the need for postnatal surgical or medical
intervention, or a detrimental effect on quality of life; and
are disorders where prenatal intervention could improve
perinatal outcomes and delivery management or where
prenatal education could prepare parents for special needs
after birth.10 All testing therefore met the screening criteria
recommended in the 2015 ACMG, ACOG, NSGC, PQF,
SMFM joint statement.14 Males were not screened for
X-linked genes.
A hybridization capture based methodology (SureSelectTM

QXT, Agilent, Santa Clara, CA) was used, followed by paired-
end sequencing using either the NextSeq or HiSeq2500 system
(Illumina, San Diego, CA) with alignment to GRCh37 (hg19)
to identify variants. All variants were classified using ACMG/
Association for Molecular Pathology (AMP) guidelines.22

Only pathogenic and likely pathogenic variants were reported;
classification was based on the understanding of gene variants
at the time of reporting. Confirmation of variants was
performed using Sanger sequencing (BigDye® Direct,
Thermo-Fisher Scientific, Waltham, MA). Copy-number
variants were identified by either quantitative polymerase
chain reaction (qPCR), an appropriate multiplex ligation
probe assay (MLPA, MRC-Holland, Amsterdam, Nether-
lands), or NGS.
The FMR1 gene (fragile X syndrome) was evaluated using

AmplideX® PCR reagents (Asuragen, Austin, TX) and capillary
electrophoresis on ABI3730xl instruments (Thermo-Fisher
Scientific, Waltham, MA). Triplet repeat expansions (CGG
trinucleotide repeats) were counted using either GeneMarker®
(Softgenetics, State College, PA) or an in-house developed tool.
Expansions within the premutation size range of 55–90 CGG
repeats were reflexively tested for AGG interruptions at
Asuragen (Austin, TX, CLIA #45D1069375) to refine the
risk of CGG repeat length expansion to pathogenic variant
(>200 CGGs). The SMN1 g.27134T>G variant was assessed in
conjunction with SMN1 copy number to provide a risk
estimate of SMA silent (2+ 0) carrier status.23 SMN2 copy
number was not assessed.
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Data and statistical analyses
For each gene, the observed carrier frequency was calculated
and compared with the published, expected carrier frequencies
established by various approaches (Appendix 1). A Chi-squared
goodness-of-fit test was used to test the null hypothesis that the
proportion of positive results for a specific gene in the patient
cohort was equal to the expected proportion as estimated from
literature reports of disease incidence and prevalence. We
employed the Benjamini–Yekutieli multiple testing correction
without assumptions on the joint distribution of the test
statistics and bounded the false discovery rate below 5%. For
ease of interpretation, we computed adjusted p values using the
Benjamini–Yekutieli multiple testing correction, which can then
individually be used to determine the result of each hypothesis
test by comparing the adjusted p value to the significance level
of 0.05. For genes in which the observed and expected carrier
frequencies were both ≤1/500 (n= 113), the differences between
observed and expected were not considered meaningful and
were excluded in the comparisons of rates.
To estimate the proportion of affected pregnancies expected

to occur in our screening population, we first calculated the
observed carrier frequency for each disorder (including those
with frequencies <1/500) by dividing the number of positive
carrier results (pathogenic or likely pathogenic variants) by the
total number tested. We assumed no prior knowledge of risk
status for any of the conditions. Only those with one copy of
SMN1 (carriers) were considered to calculate expected number
of SMA affected pregnancies; at-risk individuals for silent
carrier status with SMN1 (2+ 0) genotypes were not included
in this calculation. For α-thalassemia, individuals with the
genotype α-/αα (silent carriers) were excluded. Those with αα/–,
α-/α-, and α-/– genotypes were included in calculating the
carrier frequency. Inclusion of α-/α- genotype may have
overestimated the combined projected affected pregnancy rate.
This calculation was repeated for ethnicity-based subco-

horts, and the projected numbers of affected pregnancies were
calculated for couples within ethnicities and randomly
coupled across all ethnicities. For autosomal recessive
diseases, the projected affected pregnancy rate= at-risk
couple rate × 0.25, where at-risk couple rate= (observed
general or ethnic-specific population carrier rate)2. For X-
linked recessive diseases, the projected affected pregnancy
rate= the observed carrier rate × 0.25 (0.5 risk of passing on
the pathogenic variant by the mother × 0.5 risk of a male
fetus). For fragile X syndrome, the projected affected
pregnancy rate = the observed premutation sized FMR1
CGG repeat values × the risk for expansion to a pathogenic
variant × 0.5 (risk of passing on the pathogenic variant to the
offspring).24 The projected number of affected pregnancies for
each gene was summed to determine the total number of
affected pregnancies.

RESULTS
Population demographics
Reported race/ethnicity and demographics are summarized
for all 381,014 individuals screened in Table S2. Overall,

148,828 (39.06%) individuals in our cohort were documented
as Caucasian, 62,626 (16.44%) Hispanic, 52,454 (13.77%)
African American, and the remaining 117,106 (30.74%) were
either of other races/ethnicities or did not provide informa-
tion. As most clinicians only ordered screening on the male
partner if the female had a positive result for an autosomal
recessive disorder, our cohort was mostly women (339,739,
89.17%). Seventy-three percent of the cohort were between
the ages of 19 and 35 years.

CS analysis
The most commonly screened genes from the CS panel
(Table S3) were CFTR (374,911; 98.39% of all individuals
screened), SMN1 (344,407; 90.39%), FMR1 (290,745; 76.30%),
and DMD (288,268; 75.65%). The carrier frequency data of
CF, SMA, fragile X, and DMD obtained from our data set are
discussed in greater detail below, along with the ACMG/
ACOG recommended AJ disorder panel2,3 and hemoglobi-
nopathies. Among 60,052 individuals screened with the
largest 274 gene panel, 38,300/60,052 (63.78%) were positive
for one or more disorders. Of those positive cases, 22,116/
38,300 (57.74%) were positive for one disorder, 11,201/38,300
(29.25%) for two disorders, 3772/38,300 (9.85%) for three
disorders, 953/38,300 (2.49%) for four disorders, and 258/
38,300 (0.67%) for five or more disorders.
Of all the genes screened, 117/274 (42.70%) had observed

carrier rates that were significantly different from expected, as
estimated from literature reports of disease incidence or
carrier screening (Table S3, Appendix 1). The disorders with
the greatest proportional difference between the observed and
expected carrier frequencies were familial Mediterranean
fever, MEFV; PEX6-related Zellweger syndrome spectrum,
PEX6 (both with higher observed carrier frequencies than
expected); and spondylothoracic dysostosis, MESP2; galacto-
kinase deficiency, GALK1 (both with lower observed carrier
frequencies than expected, Fig. 1).
The observed carrier frequencies of the eight ACOG/

ACMG-recommended AJ disorders (Tay–Sachs disease,
Gaucher disease, familial dysautonomia, Canavan disease,
Bloom syndrome, mucolipidosis IV, Fanconi anemia group C,
and Niemann–Pick disease type A; excluding CF)2,3 were
analyzed based on ethnicity as reported on test requisition
forms. Among individuals that listed only AJ ancestry, carrier
frequencies for these disorders ranged from 1/18 (Gaucher
disease) to 1/125 (Niemann–Pick type A). The corresponding
carrier frequencies for the eight disorders for the full screened
population ranged from 1/123 (Gaucher disease) to 1/985
(mucolipidosis IV, Table S4). Only 1001/5435 (18.42%)
carriers of a variant in any one of these eight genes reported
AJ ancestry, while 4434/5435 (81.58%) of cases did not report
AJ ancestry. Most of the carriers (range: 65–98%) for these
disorders were of non-AJ ancestry (Fig. 2).

Cystic fibrosis
Of the 374,911 individuals screened for CFTR, 14,229
(3.80%, 1/26 carrier frequency) were observed to have a
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pathogenic or likely pathogenic CFTR variant, with 245
(1.72%, 1/1530) individuals having more than one variant
identified, in either the cis or trans configuration. Among
variant carrier positive individuals, 504 different CFTR

variants were detected (some seen in multiple individuals),
of which 481 (95.43%) were not included in the standard
targeted genotyping panel (CF23).17 In addition, 6260
individuals (43.99% of carriers) had CFTR variants that
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would not have been detected by the standard CF23 screen.17

We examined the common CFTR variants by racial/ethnic
groups (Table 1) and observed that among East Asians and
South East Asians, four of the five most common CFTR
variants detected by NGS would not be detected by the
CF23 screen. Among African Americans, three of the five
most common CFTR variants detected by NGS would not be
detected by the CF23 screen (Table 1).

Spinal muscular atrophy
Of 344,407 individuals screened for SMA, 14,606 (4.24%, 1/
24) were carriers or at-risk silent carriers; of these, 7
individuals had no copies of SMN1, 5836 (1.69%, 1/59) were
carriers with a single copy of SMN1, and another 8763 (2.54%,
1/39) were at risk for being silent (2+ 0) carriers with two
copies of SMN1 based on the presence of the g.27134T>G
SNP.23 Those at risk for being silent carriers varied by race/
ethnicity, ranging from 1/8 (11.82%) in African Americans to
1/1540 (0.06%) in East Asians (Table S5).

Fragile X syndrome
Of 290,745 women screened for FMR1 CGG repeat
length, 33 (0.011%, 1/8810) had >200 CGGs (pathogenic
variant carriers); 1356 (0.47%, 1/214) had 55–200
CGGs (premutation carriers). AGG interruption testing
was performed in premutation carriers with 55–90 CGG
repeats to further evaluate CGG expansion risk.20,24 Of the
1356 premutation carriers, 1259 were reflexed to AGG
interruption testing and 1128 (89.59%) had an adjusted risk
for expansion to a pathogenic variant (>200 CGGs):
1013 (80.46% of the total reflexed) had decreased risk,
115 (9.13%) had increased risk, and 131 (10.41%) had no
change in risk for CGG repeat expansion to a full
pathogenic variant. Change in risk assessment after AGG
testing by racial/ethnic group was not meaningful due to
insufficient data (Table S6). The number of AGGs detected
ranged from none to five: 163 (12.94% of the total reflexed)
individuals did not have any AGG interruptions; 500
(39.71%) had one, 566 (44.95%) had two, 25 (1.98%) had

Table 1 Most common CFTR variants (cystic fibrosis) by race/ethnicity detected by expanded carrier screening.

Racial or ethnic group Sum of variantsa Most common variantsb Number reported % of total Detectable by CF23

Caucasian 7311 c.1521_1523delCTT (p.F508del) 3865 52.87 Yes

c.350G>A (p.R117H) 557 7.62 Yes

c.3154T>G (p.F1052V) 226 3.09 No

c.3454G>C (p.D1152H) 151 2.07 No

c.1624G>T (p.G542*) 139 1.90 Yes

Hispanic 1880 c.1521_1523delCTT (p.F508del) 561 29.84 Yes

c.3454G>C (p.D1152H) 119 6.33 No

c.3154T>G (p.F1052V) 100 5.32 No

c.1624G>T (p.G542*) 68 3.62 Yes

c.350G>A (p.R117H) 64 3.40 Yes

African American 1271 c.1521_1523delCTT (p.F508del) 296 23.29 Yes

c.2988+1G>A 121 9.52 Yes

c.1865G>A (p.G622D) 86 6.77 No

c.1853T>C (p.I618T) 42 3.30 No

c.3297C>A (p.F1099L) 32 2.52 No

East Asian 134 c.1865G>A (p.G622D) 20 14.93 No

c.3209G>A (p.R1070Q) 18 13.43 No

c.3205G>A (p.G1069R) 15 11.19 No

c.1521_1523delCTT (p.F508del) 10 7.46 Yes

c.2909G>A (p.G970D) 7 5.22 No

South East Asian 187 c.1865G>A (p.G622D) 46 24.60 No

c.3209G>A (p.R1070Q) 33 17.65 No

c.1521_1523delCTT (p.F508del) 24 12.83 Yes

c.1558G>A (p.V520I) 15 8.02 No

c.1367T>C (p.V456A) 14 7.49 No

Ashkenazi Jewish 255 c.3846G>A (p.W1282*) 74 29.02 Yes

c.1521_1523delCTT (p.F508del) 56 22.96 Yes

c.3454G>C (p.D1152H) 34 13.33 No

c.3154T>G (p.F1052V) 18 7.06 No

c.1624G>T (p.G542*) 8 3.14 Yes
aSum of all variants that were detected in CFTR carriers.
bThe variants noted here reflect classification as likely pathogenic or pathogenic at the time of manuscript submission. Classifications may change over time.
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three, four (0.31%) had four, and one (0.07%) case had five
AGG interruptions.

DMD-related dystrophinopathies
A total of 288,268 women were screened for carrier status
for DMD-related dystrophinopathies (DMD, Becker mus-
cular dystrophy, and cardiomyopathy). Of these, 402 (0.14%,
1/717) were positive for a pathogenic (212/402, 52.74%) or
likely pathogenic variant (189/402, 47.01%, no reuslts were
obtained from 1 sample). Analysis of carrier frequencies of
DMD variants by race/ethnicity is presented in Table S7. Of
the 402 carriers, 78 (19.40%) reported a family history of
a male with muscular dystrophy or a female carrier of a
DMD variant, 123 (30.60%) reported no family history
of muscular dystrophy, and 201 (50.00%) cases did
not provide any family history information. Family history
data were not analyzed for negative samples. Variants
detected included large deletions (246, 61.19%) or duplica-
tions of at least one exon (62, 15.42%), and other variants
such as single-nucleotide variants (SNVs), indels (short
insertions and deletions <72 bp), and splice site variants
(94, 23.38%).

Hemoglobinopathies
Of the 182,465 individuals screened for HBA1/2 and HBB,
15,694 (8.60%) screened positive for α-thalassemia and 5972
(3.27%) screened positive for a β-hemoglobinopathy. Of those
individuals positive for HBA1/2, 14,064 (89.61%) were silent
carriers (-α/αα) and 1630 (10.39%) were classified as carriers or
affected with hemoglobin H disease (typically -α/-α, –/αα, –/-α).
Among β-hemoglobinopathy carriers, 358 (6.01%) had a mild/
silent (β+) variant, while the remainder (93.99%) had either a
major (β0) or structural HBB variant. The analysis of carriers by
race/ethnicity and type, including silent carriers status, is
presented in Fig. 3.

Projected at-risk couples and affected theoretical
pregnancies
We analyzed the observed carrier frequencies in the overall
testing population to calculate the projected at-risk carrier
couple frequencies and number of theoretical pregnancies
expected to be affected by one of the 274 diseases (Table 2).
Assuming random couple-pairing across all ethnicities in the
population, and no prior knowledge of risk status, 1 in 44
(2.3%) couples would be expected to be at risk and 1 in 175
(0.6%) theoretical pregnancies were projected to be affected
by one of the CS diseases. If couple-pairing within each racial/
ethnic group is assumed, then the at-risk couple rate would
range from 1 in 17 (AJ) to 1 in 59 (Hispanic) and the rate of
affected pregnancies would range from 1 in 55 (AJ) to 1 in 192
(Hispanic). Smaller panels would result in identification of
substantially fewer affected pregnancies. For example, based
on our data set, only 1 in 874 pregnancies from random
couple-pairings with a genetic disorder would be detectable by
the four-gene CS panel, and 1 in 620 pregnancies with a
genetic disorder be detectable by the 27-gene CS panel; less

than a quarter and a third as many, respectively, than if the
274-gene panel were used.

DISCUSSION
This study presents CS results from the pan-ethnic US
population. To the best of our knowledge, this cohort of more
than 380,000 tests is currently the largest such data set
available. Testing was based on panels of up to 274 genes
meeting clinical utility criteria outlined in the 2015 ACMG,
ACOG, NSGC, PQF, and SMFM joint statement.16 We
calculated that, based on random mating, the 274-gene panel
would identify a risk for a genetic disorder in the offspring of
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Fig. 3 Observed α-thalassemia and β-hemoglobinopathies carrier
frequencies by race/ethnicities. (a,b) Carrier frequencies observed for
(a) α-thalassemia with silent status and (b) β-hemoglobinopathy with mild/
silent status from next-generation sequencing (NGS)-based carrier screening
(CS) are presented. AJ Ashkenazi Jewish.
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1 in 44 (2.3%) couples. Rates were higher for most within-
race/ethnicity couples. These estimates excluded those with
risks associated with SMN1 (2+ 0) and HBA1/2 (-α/αα) silent
carrier status.
NGS-based CS for CF has the advantage of identifying

substantially more pathogenic or potentially pathogenic
variants compared with a CF23 panel. The CF23 panel was
designed to identify CFTR variants with >0.1% frequency in
a cohort of predominantly non-Hispanic Caucasian CF
patients.17 Our results show NGS-based CS is particularly
advantageous for CF screening in East and South East Asians
and African Americans because some of the most common
variants in these groups are not included in the CF23
panel.25,26 Likewise, our approach to SMA screening also
allows for the identification of considerably more at-risk
pregnancies, particularly among African Americans where
identification of the g.27134T>G variant (linked to two
copies of SMN1) facilitates identification of those at risk to
be silent (2+ 0) carriers. We screened for disorders typically
associated with AJ ancestry in non-AJ ethnicities, and for
variants in genes with frequent disease occurrence but
without standard panels, such as for DMD-related dystro-
phinopathies and hemoglobinopathies. The Supplementary
Discussion provides additional description for each of these
disease-specific screening enhancements.
This study is based on a cohort of mostly women choosing

CS from many referral centers in the United States.
Information on race/ethnicity was provided for 85% of the
individuals tested. Although the distribution appears to
approximate the demographics for the United States,27 some
racial/ethnic groups may be underreported due to ambiguous
classification definitions, complex heritage or reluctance to
divulge racial/ethnicity-based information. As test referral is
based on individual patient preference, we cannot exclude
ascertainment bias based on increased screening of women
with a family history of a disorder or modified a priori risk

due to carrier testing in a relative. Approximately 20% (78/
402) of women receiving DMD screening did report a positive
family history but generally this type of information was
unavailable for other conditions screened. As individual
disorders are rare, and carrier screening for many is relatively
recent, we believe these biases are unlikely to change the
overall implications of our observed carrier estimates.
A central question in CS is the optimal content of test

panels.10,11,16 The development of large panel, >200 gene tests,
selected per guidelines from the ACMG, ACOG, NSGC, PQF,
and SMFM joint statement,16 and offered to all individuals,
recognizes the diversity in contemporary populations and
circumvents the need for determinations based on complex,
and often inaccurate, ancestry information. Similar to a
previous study, we observed relatively high frequencies of
variants for the eight AJ genetic disorders among those
referred with no documented AJ ancestry.14 These observa-
tions illustrate the utility of applying current panels to all
individuals. A 1/100 carrier frequency has been suggested as a
cutoff guide when considering diseases to include on an
expanded CS panel.10 However, if such a cutoff were to be
selected for a total population, this could be a disadvantage to
subpopulations where a particular disorder is more common.
It is also important to consider X-linked diseases, such as
fragile X and DMD, using carrier frequency inclusion criteria
designed around the projected affected pregnancies rates of
the full CS panel.10,11,28 For likely pathogenic variants
(especially for combinations in autosomal recessive disor-
ders), there is some uncertainty regarding phenotype. Panel
design also must account for the different needs of various
populations considering screening and should respect patient
autonomy. Indeed, ACOG acknowledges that screening
approaches should consider the personal values of the patient
regarding appropriate counseling.10

Although not the purpose of CS, this testing can potentially
facilitate health benefits for carrier parents (e.g., early
identification of risk for primary ovarian insufficiency and
fragile X–associated tremor/ataxia syndrome in individuals
with expanded FMR1 repeats, cardiomyopathy, or other
DMD-related symptoms in carriers of dystrophin gene
variants). Current standards of care require disclosure of
such information; some individuals may not wish to receive
this type of information and they may decline testing to avoid
receiving this. These ethical challenges emphasize the
importance of defined policies endorsed by professional
organizations, carrier screening education, and individualized
counseling.
Our overall assessment of various panel designs indicates

clear benefits associated with larger panels; it is important to
note that the relative benefit varies by race/ethnicity (Table 2).
CS using more selective panels may be appropriate for some
individuals. However, routinely providing limited panels to
patients based on race/ethnicity raises problems with
equitable provision of services. Access to a selection of panel
sizes provides clinicians and patients with choices. Our
experience with offering different size panels showed that

Table 2 Combined at-risk couple rate and affected preg-
nancies expected across and within racial/ethnic groups by 1
of the 274 disorders.

At-risk couple

rate (%)

Affected pregnancies

rate (%)a

General population

random coupling

1/44 (2.28) 1/175 (0.58)

Racial/ethnic group

Caucasian 1/32 (3.16) 1/108 (0.93)

Hispanic 1/59 (1.70) 1/192 (0.52)

African American 1/23 (4.42) 1/84 (1.19)

East Asian 1/35 (2.88) 1/128 (0.78)

South East Asian 1/34 (2.96) 1/123 (0.81)

Ashkenazi Jewish 1/17 (5.96) 1/55 (1.81)
aFor α-thalassemia, individuals with the genotype α-/αα (silent carriers) were exclu-
ded. Those with αα/–, α-/α- and α-/– genotypes were included in calculating the
carrier frequency. Inclusion of the α-/α- genotype may have overestimated the
combined projected affected pregnancy rate.
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80.0% of test orders were for 27 or fewer genes (Table S1).
The ordering preference for larger CS panels (>100 genes) at
our laboratory was greatest among reproductive endocrinol-
ogists who offer CS to individuals considering fertility
treatment, in vitro fertilization (IVF), and/or gamete dona-
tion. This suggests that a one-size-fits-all approach to CS may
not be optimal.
Cost is a further consideration. In this study, the data was

compiled from different sized panels with variable costs,
and with different molecular genetic technologies used for
some disorders. Therefore, the cost per disorder screened
could not be calculated. Economic modeling for a population
representative of the United States indicated that, in contrast
to genotyping, NGS-based CS could improve clinical out-
comes and lower total health-care costs.29,30 A formal
cost–benefit analysis for individual disease components in
CS is complex, as it is based on decisions as to which
diseases need to be screened, which is dependent on
disease severity, frequency, and acceptability to the popula-
tion. The incremental cost of adding disorders to an NGS-
based CS panel can be small in terms laboratory expenses but
there are additional costs associated with counseling and
further testing and these need to be factored into the total cost
analysis.
There are components in current prenatal screening

guidelines that are not covered by the CS described in this
study.4 This includes the recommendation for measuring
serum hexosaminidase A levels or leukocytes for Tay–Sachs
carrier testing in general populations for the possibility of
identifying rare variants. It is unclear whether CS approaches
are satisfactorily identifying these cases. A recent study
demonstrated that for both AJ and non-AJ populations,
clinical performance of NGS-based CS was better than
enzymatic methods to screen for Tay–Sachs.31 Additional
studies are needed to clarify whether the enzyme studies are
still needed for rare variants. Similarly, screening for
hemoglobinopathies has traditionally involved a complete
blood count, red blood cell indices, reflex hemoglobin
electrophoresis, and other testing if there is a suspicion of a
hemoglobinopathy. It is assumed, but not yet demonstrated,
that molecular genetic approaches can replace these tradi-
tional screening methods. Future professional guidance
statements may need to consider whether the net overall
gains in detection using contemporary molecular methods
justify the transition from traditional screening technologies.

Conclusion
This study of 381,014 individuals screened for pathogenic
variants with up to 274 genes evaluated reaffirms the view that
the traditional CS approach based on ethnicity and family
history merits re-examination, considering an increasingly
diverse and multicultural population. NGS-based CS has the
potential to impact the lives of at-risk couples in a way that
current prenatal CS guidelines and traditional carrier screen-
ing have failed to achieve, i.e., by identifying large numbers of
at-risk pregnancies. This, in turn, increases reproductive

options, oppurtunities for early intervention, and therapeutic
management.32

SUPPLEMENTARY INFORMATION
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