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BACKGROUND: By identifying pathogenic variants across
hundreds of genes, expanded carrier screening (ECS) en-
ables prospective parents to assess the risk of transmitting
an autosomal recessive or X-linked condition. Detection
of at-risk couples depends on the number of conditions
tested, the prevalence of the respective diseases, and the
screen’s analytical sensitivity for identifying disease-
causing variants. Disease-level analytical sensitivity is of-
ten �100% in ECS tests because copy number variants
(CNVs) are typically not interrogated because of their
technical complexity.

METHODS: We present an analytical validation and prelim-
inary clinical characterization of a 235-gene sequencing-
based ECS with full coverage across coding regions, tar-
geted assessment of pathogenic noncoding variants,
panel-wide CNV calling, and specialized assays for tech-
nically challenging genes. Next-generation sequencing,
customized bioinformatics, and expert manual call re-
view were used to identify single-nucleotide variants,
short insertions and deletions, and CNVs for all genes
except FMR1 and those whose low disease incidence or
high technical complexity precluded novel variant iden-
tification or interpretation.

RESULTS: Screening of 36 859 patients’ blood or saliva
samples revealed the substantial impact on fetal
disease-risk detection attributable to novel CNVs
(9.19% of risk) and technically challenging conditions
(20.2% of risk), such as congenital adrenal hyperpla-
sia. Of the 7498 couples screened, 335 were identified
as at risk for an affected pregnancy, underscoring the
clinical importance of the test. Validation of our ECS

demonstrated �99% analytical sensitivity and �99%
analytical specificity.

CONCLUSIONS: Validated high-fidelity identification of
different variant types—especially for diseases with com-
plicated molecular genetics—maximizes at-risk couple
detection.
© 2018 American Association for Clinical Chemistry

There are more than 1000 recessive single-gene condi-
tions that vary in severity and age of onset (1 ). Each is
uncommon in the general population, yet collectively
these Mendelian diseases account for approximately 20%
of infant mortality and 10% of infant hospitalizations
(2, 3 ). Screening for carriers of such conditions in the pre-
conception or prenatal period informs couples about the
risk of having a child with a serious disease and the available
family-planning options. Because of the increasing quality
and decreasing cost of genomic technologies, it is now pos-
sible to perform pan-ethnic carrier screening for many con-
ditions simultaneously [referred to as expanded carrier
screening (ECS)2]. Our previous study of carrier rates in
346 790 patients showed that an ECS panel was expected to
identify more pregnancies at risk for serious conditions than
ethnic-based panels spanning far fewer genes (4), and the
American College of Obstetricians and Gynecologists re-
cently recognized ECS as an acceptable strategy for precon-
ception and prenatal carrier screening (5). To the extent
that these guidelines increase ECS usage, they will
have a large clinical impact because it has recently been
shown in clinical-utility studies that approximately
80% of couples found to be at risk for severe condi-
tions pursue alternative reproductive options (6, 7 ).
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An ECS must have a high detection rate for each
disease on the panel both to identify at-risk couples (i.e.,
couples wherein both partners are carriers of an auto-
somal recessive condition or the female partner is a carrier
of an X-linked condition) and to minimize the residual
risk in couples when only 1 partner has tested positive.
The detection rate is particularly important for the reces-
sive diseases that predominate ECS panels because the
odds of detecting an at-risk couple scales as the square of
the rate for finding an individual carrier (e.g., an 80%
detection rate for each parent results in only a 64% de-
tection rate for an at-risk couple). To maximize detection
rates, copy number variants (CNVs) must be identified,
yet most ECS tests interrogate only a handful of common
CNVs with known breakpoints. However, CNVs can
vary in size and position, encompassing everything from
single exons, which account for 29% of CNVs for Men-
delian conditions (8 ), to the entire gene. A diversity of
pathogenic CNVs has been observed in cystic fibrosis carri-
ers, accounting for 1.6% of carriers (9), meaning that the
carrier detection rate without CNV detection is �98.4%,
which in turn makes the at-risk couple detection rate
�96.8%. The inverse is noteworthy: Including novel CNV
detection can boost at-risk couple detection for cystic fibro-
sis to nearly 100%. To our knowledge, the impact of CNVs
across all genes on an ECS has not yet been characterized.

Carrier status for a minority of the most prevalent
serious conditions is difficult to resolve with standard
next-generation sequencing (NGS) and bioinformatics
approaches because of the challenging sequence features
of the disease genes. Thus, these conditions require spe-
cial handling. Low complexity sequences (e.g., CGG re-
peat expansion in FMR13 for fragile X syndrome) and
highly homologous regions (e.g., SMN1 and SMN2
genes for spinal muscular atrophy) complicate variant
identification, yet these hard-to-sequence genes simulta-
neously contribute substantially to the disease risk. For
instance, fragile X syndrome, spinal muscular atrophy,
21-hydroxylase deficiency congenital adrenal hyper-
plasia (CAH), and �-thalassemia account for 54 af-
fected fetuses per 100 000 pregnancies (10 ).

Here, we characterized the performance of a 235-
gene ECS leveraging NGS to identify single-nucleotide
variants (SNVs), small insertions and deletions (indels),
CNVs [deletions within nearly all genes and both dele-
tions and duplications for CFTR (cystic fibrosis trans-

membrane conductance regulator) and DMD (muscular
dystrophy, Duchenne and Becker types)], and hard-to-
sequence targeted variants. Following medical societies’
recommendations (11, 12 ), we present an analytical val-
idation of the test. Using data from a cohort of 36 859
patients, we modeled the test’s clinical impact, focusing
on the role of panel-wide CNV calling in detection of
at-risk couples. The high analytical sensitivity across
genes and variant types that we observed is clinically im-
portant because it facilitated identification of 335 cou-
ples at high risk out of 7498 couples tested.

Materials and Methods

INSTITUTIONAL REVIEW BOARD APPROVAL

The study protocol was approved by Western Institu-
tional Review Board (number 1145639) and complied
with the Health Insurance Portability and Accountability
Act (HIPAA). Patient information was deidentified ac-
cording to the HIPAA Privacy Rule. An informed con-
sent waiver was approved by the Institutional Review
Board.

TEST DESCRIPTION

We compiled a panel (Counsyl Foresight Carrier Screen)
of 235 genes responsible for 234 clinically important au-
tosomal recessive and X-linked diseases (see Table 1 in
the Data Supplement that accompanies the online ver-
sion of this article at http://www.clinchem.org/content/
vol64/issue7). This panel consisted of a “Universal” sub-
panel (176 diseases) for routine ECS and an opt-in panel
(234 diseases) aimed at specific high-risk populations.
The design of the Universal panel was as described by
Beauchamp et al. (10 ) and prioritized prevalent diseases
with serious and highly penetrant phenotypes that could
affect clinical counseling and family planning. Some
diseases with moderate but lifelong impact were also
included [e.g., familial Mediterranean fever (MEFV)
and DFNB1 nonsyndromic hearing loss and deafness
(GJB2)]. Table 1 summarizes gene-specific methodol-
ogies and variant types.

PATIENT COHORT

Modeled fetal disease risk (MFDR) and at-risk couple
(ARC) calculations considered patients screened with the
176-disease Universal panel. MFDR was a modeled esti-
mate of the probability that a pregnancy was affected by a
condition on the panel (it could be summed across dis-
eases to yield an aggregate MFDR of the panel), whereas
an ARC, as used herein, was a couple identified empiri-
cally as being at high risk for an affected child. Reported
MFDR numbers were calculated as described previously
(4, 10 ) and were US census weighted (calculations out-
lined in the Methods section of the online Data Supple-
ment). The cohort used in MFDR calculations included

3 Human genes: FMR1, fragile X mental retardation 1; SMN1, survival of motor neuron 1;
SMN2, survival of motor neuron 2; CFTR, cystic fibrosis transmembrane conductance
regulator; DMD, dystrophin; MEFV, MEFV, pyrin innate immunity regulator; GJB2, gap
junction protein beta 2; GBA, glucosylceramidase beta; HBA1, hemoglobin subunit al-
pha 1; HBA2, hemoglobin subunit alpha 2; CYP21A2, cytochrome P450 family 21 sub-
family A member 2; GALC, galactosylceramidase; SLC12A2, solute carrier family 12
member 2; CYP21A1P, cytochrome P450 family 21 subfamily A member 1, pseudogene;
GBAP1, glucosylceramidase beta pseudogene 1.
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only patients receiving routine carrier screening and,
therefore, excluded those with known family history or
infertility. By contrast, the reported couple and ARC
counts are raw counts, not necessarily representative of the
general US population because of the over-representation of
high-risk ethnic groups, infertility patients, and patients
with family history of disease. Importantly, the only patients
considered to be “at risk” in MFDR and ARC calculations
were those with variants that were interpreted as being
pathogenic via American College of Medical Genetics and
Genomics criteria [described by Beauchamp et al. (10)].
Further, the risk-status calculations accounted for known
disease-specific variant combinations that influence patho-
genicity (e.g., a couple in which both partners were carriers
only for the D444H pathogenic variant were not at risk of a
child affected with biotinidase deficiency because homozy-
gosity of D444H—in the absence of other variants—is
benign).

NGS WORKFLOW

The molecular workflow of our NGS pipeline was as
previously described (13 ) and is briefly summarized in
the Methods section of the online Data Supplement. Se-
quencing reads were aligned to the human genome ver-

sion 19 using the BWA-MEM algorithm (14 ). Novel
SNVs and indels were identified and genotyped using
GATK 1.6 and FreeBayes (15, 16 ), and 9 known patho-
genic sites involving complex indels were detected with
simple custom genotyping software that (a) measured the
frequency of junction reads in the NGS data that mani-
fest the known mutations and (b) identified samples as
carriers if the frequencies exceeded a threshold. CNVs
were determined using custom software that leveraged
read-depth values, described extensively by Vysotskaia et
al. (13 ). A combination of targeted genotyping and read
depth-based copy number analysis identified variants in
the technically challenging genes SMN1, GBA, HBA1/2,
and CYP21A2, as described further in the Methods sec-
tion of the online Data Supplement. Quality control
(QC) metrics and the variant interpretation workflow are
also described in the Methods section and Table 2 of the
online Data Supplement.

FMR1 CGG REPEAT SIZING

CGG trinucleotide expansions of the FMR1 promoter
were measured by PCR amplification and capillary elec-
trophoresis as previously described (17 ).

Table 1. ForesightTM ECS panel.

Disease genes Methodology Variants reported

General ECS:

216 genes NGS Novel pathogenic SNVs, indels, large deletions

CFTR NGS Novel pathogenic SNVs, indels, large deletions, and duplications

DMD NGS Novel pathogenic SNVs, indels, large deletions, and duplications

11 genes NGS Targeted pathogenic mutationsa

Technically challenging genes:

SMN1 NGS Exon 7 copy number, g.27134T>G SNP

CYP21A2 NGS Classical: CYP21A2 30-kb deletion, CYP21A2 duplication, CYP21A2
triplication, c.293–13C>G, p.G111Vfs*21, p.I173N,
p.[I237N;V238E;M240K], p.L308Ffs*6, p.Q319*, p.Q319* +
CYP21A2dup, p.R357W

Nonclassical: p.P31L, p.V281L

HBA1/2 NGS Single deletions: -alpha3.7, -alpha4.2

Double deletions: -(alpha)20.5, - -BRIT, - -MEDI, - -MEDII, - -SEA, - -THAI,
or - -FIL

Frequent SNV: Hb constant spring

Regulatory deletion: ΔHS-40

(combinations of most variants above with other deleterious variants
or duplications can also be detected)

GBA NGS p.N370S, p.D409V, p.D448H, IVS2 + 1G>A, p.L444P, p.R463C, p.R463H,
p.R496H, p.V394L, p.L29Afs*18

FMR1 PCR/CEb Number of CGG repeats in the 5’-UTR

a See Table 1 in the online Data Supplement.
b CE, capillary electrophoresis; UTR, untranslated region.
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ANALYTICAL VALIDATION

Samples and reference data. Samples and reference data
were compiled from different sources (Table 2; see also
Tables 3 and 4 in the online Data Supplement): purified
DNA for 91 cell lines [1000 Genomes (1KG) Project
(18 )], 70 cell lines with known pathogenic variants in
specific genes (Coriell Repository; see Table 5 in the on-
line Data Supplement), and 115 mutation-positive pa-
tient blood and saliva samples tested with a previous ver-
sion of the Counsyl carrier test (a 94-disease panel).
Although Coriell and patient samples were selected for
inclusion in the validation study to represent a broad
range of relevant variants, the 1KG samples were not
selected based on any formal criteria. Relevant variants in
all mutation-positive patient samples were confirmed or-
thogonally by PCR/Sanger sequencing, quantitative
PCR, or multiplex ligation-dependent probe amplifica-
tion (MLPA), described in the Methods section and
Table 6 of the online Data Supplement. Note that

NA06896 was dropped from FMR1 accuracy analysis
because of inconsistent reference data (19, 20 ). Valida-
tion samples were tested using our standard operating
procedure, which included in-process and postprocess
QC at the batch, sample, and variant-call level (see Table
2 in the online Data Supplement). Furthermore, consis-
tent with our standard operating procedure for clinical
samples, licensed experts, who were blinded to the vali-
dation sample set, performed manual review of the se-
quencing data using our custom review interface. Sam-
ples that failed QC and manual review were excluded
from further analysis.

Simulation of synthetic CNVs. For every region reportable
for CNVs, we simulated a single-copy deletion and tested
calling sensitivity; we also simulated single-copy duplica-
tions for DMD and CFTR regions. To create a synthetic
CNV in silico, a validation sample that passed QC and
manual review was randomly selected, and the depth was
adjusted in a specified region such that the normalized

Table 2 Samples and variants included in analytical validation for sensitivity evaluation, assessed for different variant types
and technically challenging genes.a

Variant type Variant details
Sample source (no.
of unique samples)

Number of total
variants (no.

unique) Reference data

SNVs and small indels ≤5 bp Cell lines (92) 41 137 (3364) 1KG and GIABb

Large indels 6–10 bp Patients (52) 16 (14) Sanger

>10 bp 36 (35)

CNVs Panel-wide single-exon dels Patients (26) 5 (4) MLPA/TaqMan

Panel-wide multiexon dels 21 (19) MLPA/TaqMan

CFTR/DMD single-exon dels Patients (7) and
cell lines (11)

3 (2) MLPA/TaqMan or Coriell

CFTR/DMD multiexon dels 12 (9) MLPA/TaqMan or Coriell

CFTR/DMD dups 3 (3) MLPA/TaqMan or Coriell

Technically challenging
genes:

SMN1 0–3 copies Patients (120) and
cell lines (8)

234 (2) TaqMan and/or Coriell

g.27134T>G SNP Cell lines (106) 114 (1) 1KG and Sanger

GBA p.D448H, IVS2 + 1G>A,
p.L444P

Patients (6) and
cell lines (1)

7 (3) TaqMan or Coriell

CYP21A2 Classical, nonclassical, and
combination of variants

Patients (15) 15 (14) Sanger and/or MLPA

FMR1 CGG repeats: normal,
intermediate, premutation,
and full mutation

Cell lines (40) 40 (37) Coriell

HBA1/2 Single/double deletions,
regulatory deletions,
biallelic

Patients (10) 10 (10) MLPA

a Sums among number of samples and number of variants might not match because of replicates of individual samples. Samples involved in specificity and reproducibility calculations
are in found in Table 3 of the online Data Supplement.

b GIAB, Genome in a Bottle; dels, deletions; dups, duplications.
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depth ratio was reduced or increased by 50% for a dele-
tion or duplication, respectively. Therefore, the simula-
tions altered copy number but preserved experimental
noise. Only 1 deletion or duplication was introduced in a
given sample. Variants on chromosome X were only sim-
ulated in female samples. Simulated CNVs spanned 1, 2,
or 4 exons, and each was simulated independently 5
times. Data from synthetic positive samples and reference
samples were analyzed with the CNV calling algorithm
described in detail by Vysotskaia et al. (13 ). A true-
positive CNV call matched the intended simulated
CNV, ignoring slight differences in precise breakpoints.
A false-negative sample had a deletion not identified by
the algorithm. Aggregate analytical sensitivity was re-
ported as a weighted sum of the 1-, 2-, and 4-exon sen-
sitivities, for which the weights correspond to empirical
frequencies of such CNVs in the literature (8, 21, 22 ).

Statistical analysis. Validation metrics were defined as fol-
lows: Accuracy � (TP � TN)/(TP � FP � TN � FN);
Sensitivity � TP/(TP � FN); Specificity � TN/(TN �
FP); FDR � FP/(TP � FP), where FDR � false discov-
ery rate. The CIs were calculated by the method of Clop-
per and Pearson (23 ). Intraassay and interassay reproduc-
ibility was calculated as the ratio of concordant calls to
total calls.

Results

Based on published design criteria (10 ), we developed an
NGS-based ECS covering 220 autosomal recessive and
14 X-linked conditions, including technically challeng-
ing diseases (Fig. 1 and Table 1; see also Table 1 in the
online Data Supplement). For nearly all genes on the
176-disease Universal panel, SNVs and indels were de-
tected via NGS data acquired from regions that could
impact gene function (e.g., padded coding exons and
known or potentially pathogenic intronic variants).
Large CNVs were identified at single-exon resolution
panel-wide using relative sample-to-sample changes in
sequencing depth. The test was validated as described
below and used in a clinical production setting on 36 859
patient samples (tested between November 2016 and
February 2018). Of the 7498 couples who underwent
testing, 335 were found to be at risk for a condition on
the Universal panel. Carrier rates on this cohort enabled
calculation of the expected fraction of US pregnancies the
Universal panel would identify as affected on a per-
disease level (Fig. 1A; see also Table 7 in the online Data
Supplement): approximately 1 in 300 pregnancies would
be affected by at least 1 serious disease. For a handful of
prevalent diseases that comprised 8.1% of the total panel
disease risk, high carrier sensitivity required customized
CNV analysis because of the genes’ complicated techni-

cal features (Fig. 1B; see also the analysis described in the
Methods section of the online Data Supplement).

Relative to our previous version of the ECS charac-
terized in a study of 346 790 patients, this updated ECS
differed in 2 ways that collectively boosted the assessed
MFDR (4, 10 ). First, the updated Universal panel
probed SNVs and indels for 82 more diseases (Fig. 2A);
although they have diverse incidence rates, the added
diseases collectively accounted for nearly 23% of the up-
dated panel’s assessed MFDR (Fig. 2A). Second, the
screen additionally detected deletions ranging in size
from a single exon to the entire gene (Fig. 2). Panel-wide
CNVs contributed approximately 9.2% of the assessed
MFDR. CNVs in DMD alone represented approxi-
mately 6% of the risk, with the remaining genes accounting
for approximately 3%, largely consistent with our expecta-
tion of CNV-attributable MFDR estimated from the 94-
disease panel (10). We have observed hundreds of carriers
with exon-level deletions (Fig. 2B); although many spanned
multiple exons, 74 deletions encompassed a single exon,
demonstrating the need to optimize assay performance to
have high analytical sensitivity for short CNVs.

VALIDATION APPROACH

Following guideline recommendations (11, 12 ) to assess
analytical performance of the ECS panel before clinical
use, we measured the accuracy of identifying variants that
were small (e.g., SNVs and small indels), technically nu-
anced (e.g., large indels and CNVs), and in hard-to-
sequence genes (e.g., CYP21A2) (Table 2; see also Table
4 in the online Data Supplement).

ACCURACY AND REPRODUCIBILITY FOR CALLING SINGLE-

NUCLEOTIDE POLYMORPHISMS AND SMALL INDELS IN

229 GENES

We compared our ECS data for the reference sample
NA12878 with data from the Genome in a Bottle Con-
sortium (24 ), which includes high-confidence calls for
�97.5% of the regions covered by our test. We tested
NA12878 across 5 batches and in duplicate within 3
batches for a total of 8 tests, and the results showed an
accuracy of �99.99% (see Table 8 in the online Data
Supplement). NA12878 is one of our routine controls
within every production batch. Since the validation of
our test, we have further measured accuracy across 207
batches that spanned reagent lots and instruments, repro-
ducibly observing high calling accuracy across the panel
(see Fig. 1 in the online Data Supplement).

To measure SNV and indel calling accuracy across a
diverse set of samples, we performed our ECS on refer-
ence samples from 1KG. For 90 tested samples that
passed QC, we compared genotypes across all exonic re-
gions with sufficient coverage and quality in the 1KG
data (248 490 calls in all, 2% of which are indels); 52
discordant calls were adjudicated with Sanger sequencing

Expanded Carrier Screen with Panel-wide CNVs
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(see Table 9 in the online Data Supplement). Our ECS
identified 36 032 true-positive calls and 212 139 true-
negative calls, resulting in �99.99% accuracy, analytical
sensitivity, and analytical specificity (Fig. 3A).

In addition to establishing the analytical accuracy of the
ECS using reference DNA from cell lines, we measured
intraassay and interassay reproducibility using different
sample types by comparing the equivalence of genotyping

calls starting from separate aliquots of DNA. Overall, the
test achieved �99.9% intraassay and interassay reproduc-
ibility (see Table 10 in the online Data Supplement).

TECHNICALLY CHALLENGING VARIANTS

Larger indel detection performance. Although only 5% of
indels are �5 bp (25 ), sensitivity decreases as indel size

Fig. 1. Overview of modeled fetal disease risk assessed via 176-disease expanded carrier screen with support for technically
challenging conditions.
The relative modeled fetal disease risk (4 ) is shown for each disease gene, estimated from carrier rates of 36 859 patients (percent indicates
each disease’s share of the screen’s total assessable MFDR, and the number in parentheses is the expected number of affected pregnancies per
100 000). Five conditions require special-case treatment, with 4 leveraging customized CNV calling (see Materials and Methods) (B). For (i) 21-OH
deficiency CAH and (iii) �-thalassemia, copy number profiles are plotted from 5’ to 3’ across the gene. Dashed yellow lines in the CAH profile indicate
copy number levels, and dashed vertical blue lines show sites where pseudogene-derived bases are pathogenic. The indicated profile is from a carrier
because the baseline copy number of the gene is 2, but at 2 blue-dashed lines the gene-derived copy number falls, consistent with a pathogenic
pseudogene-derived base transferring into the gene and rendering it dysfunctional. For (ii) spinal muscular atrophy, each spot represents the copy
number of SMN1 and SMN2 for a single sample; carriers are shown in red. For �-thalassemia (bottom right), the copy number profile of a carrier is
shown relative to normal background samples (faint traces) that have a copy number of 2 across the HBA1/2 locus. The highlighted sample lacks 2
copies of the HBA1 gene (where copy number is 0) and 1 copy of the HBA2 gene (where copy number is 1).
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increases. Thus, to ensure high analytical sensitivity for
detecting indels, we built a cohort of 52 patient samples
with 49 unique technically challenging, larger (�5 bp)
deletions, insertions, or complex indels in 42 different
genes (see Table 11A in the online Data Supplement). All
the expected indel calls (52 of 52), including a 33-bp
deletion and 21-bp insertion, were observed (Fig. 3B).

CNV detection performance. To overcome the limitation
of scarce reference materials for CNV calling, we supple-
mented available reference material (11 Coriell cell lines;
see Table 5B in the online Data Supplement) with or-
thogonally confirmed positives identified retrospectively
(33 clinical samples confirmed by MLPA; see Table 11B
in the online Data Supplement). All 44 empirical CNVs—
across 13 different genes—were detected (Fig. 3B), dem-
onstrating high analytical sensitivity (100%; 95% CI,
92%–100%; see reproducibility data in Table 12 of the
online Data Supplement). Notably, 23 samples had a
1-exon or 2-exon CNV, which can be technically chal-
lenging for an NGS-based assay to detect (see Table 4 in
the online Data Supplement).

We additionally used �250 000 in silico simulated
CNVs to measure analytical sensitivity systematically
across the panel. In the in silico CNV simulations, we
introduced a synthetic deletion or duplication spanning
at least 1 coding exon in the background of an empirical
sample’s data (Fig. 3, C and D). To assess analytical sen-
sitivity of clinically relevant deletions and duplications in
CFTR and DMD, we scaled the analytical sensitivity for
each CNV size by its population frequency cataloged in
public databases (21, 22 ), yielding an aggregate 99.9%

analytical sensitivity for CNVs in each gene. Across the
rest of the panel, for which only deletions are reported,
our simulations revealed 81.8% analytical sensitivity for
single-exon deletions and 98.3% to 100% sensitivity for
multiexon deletions.

To assess the analytical specificity of CNV calling,
CNV calls in 1KG reference samples were checked against
the reference calls. After the standard manual call review of
all CNVs, 2 calls were deemed positive (NA12716: GALC
7-exon deletion; NA19700: SLC12A6 4-exon deletion) and
1 call was flagged as low quality. The NA12716 and
NA19700 deletions matched their reference genotypes. Fol-
lowing our production standard operating procedure for
low-quality CNV calls, we retested the sample with a flagged
call and found it to be a confident negative. Therefore, no
false-positive findings were observed in the 1KG reference
samples, resulting in an estimated CNV-calling specificity at
the sample level of 100% (91 of 91; 95% CI, 96%–100%)
and at the gene level of 100% (19 838 of 19 838; 95% CI,
99.98%–100%). Taken together, the empirical and simu-
lation analyses showed the ECS had high analytical sensitiv-
ity and specificity for exon-level CNVs.

VARIANT DETECTION PERFORMANCE USING NGS IN THE

TECHNICALLY CHALLENGING GENES CYP21A2, HBA1/2, GBA,

AND SMN1

Several diseases of clinical importance result from muta-
tions in genes that have a paralog or pseudogene that
complicates molecular analysis. Such diseases include spi-
nal muscular atrophy (SMN1 and SMN2 encode the
same protein, but SMN2 harbors a splicing variant that

Fig. 2. Gain in detected affected fetuses resulting from panel expansion and novel copy number variant calling.
Relative contributions to assessed MFDR of 82 additional diseases and novel CNV calling in the Universal panel (A). The size distribution,
expressed in exons, of observed deletions (B).

Expanded Carrier Screen with Panel-wide CNVs
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results in approximately 10% of functional SMN protein
relative to SMN1) (26 ), �-thalassemia (HBA1 and HBA2
have identical coding sequences and few distinguishing
noncoding bases), 21-OH-deficient CAH (the CYP21A2
coding sequence is �99% identical to its pseudogene
CYP21A1P), and Gaucher disease (GBA has a nearby
pseudogene GBAP1 with which it shares high sequence
identity in certain exons). Recombination and gene con-

version are frequent among these genes and their ho-
mologs, which can result in copy number changes (Fig. 1,
bottom). We implemented custom variant-calling algo-
rithms combining depth-based copy number and specific
mutation analyses for the disease genes and their ho-
mologs (see Methods sections here and in the online Data
Supplement). For each of these genes, we verified that the
ECS identified each of the challenging genotypes correctly

Fig. 3. Analytical performance for calling SNVs, indels, and CNVs.
Contingency table and results for SNV and small indel calling in 229 genes, assessed using 1KG reference material and adjudication by
follow-up Sanger (A). For true-negative calculations, all polymorphic positions (positions at which we observed nonreference bases in any
sample) across all samples were considered. No-calls were censored from analysis. The no-call rate was 0.13% (317 of 248 490). TP, true
positives; TN, true negatives; FP, false positives; FN, false negatives; FDR, false discovery rate. Concordance summary for larger indels and
CNVs (B). Sensitivity for CNV calling as measured by simulations, by gene, type, and size (in number of exons) (C). Aggregate sensitivity for CNV
calling as measured by simulations (D). Simulation results in (C) were weighted by size and frequency (see Materials and Methods). In (B–D),
data reported for “panel-wide” deletions exclude CFTR and DMD.
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by testing samples confirmed via orthogonal methods to be
carriers of the genotypes of interest. As indicated in Fig. 4A
here and Table 11C in the online Data Supplement, 15
variants in CYP21A2, 10 variants in the HBA locus, and 7
variants in GBA were correctly identified.

For spinal muscular atrophy, 128 unique (234 total
with replicates) samples with 0, 1, 2, or 3 copies of SMN1
were analyzed by NGS (see Tables 4 and 5D in the online
Data Supplement). Carrier (samples with 0 or 1 copy) vs
noncarrier (samples with �2 copies) identification accu-
racy by NGS was 100% (95% CI, 98.4%–100%). NGS
copy number accuracy was 233 of 234, or 99.6% (95%
CI, 97.6%–100%) (Fig. 4B), for which 1 noncarrier pa-
tient sample had 3 copies by NGS and 2 by quantitative
PCR. We also measured detection of the g.27134T�G

single-nucleotide polymorphism (SNP) associated with
2 � 0 spinal muscular atrophy carrier status (27 ) in 98
1KG samples and 16 Coriell samples (see Table 5D in the
online Data Supplement); all 114 ECS results were con-
cordant with reference data.

FMR1 CGG-REPEAT ANALYSIS

Fragile X syndrome arises from a trinucleotide CGG re-
peat expansion in the 5� untranslated region of FMR1
(28). FMR1 alleles are categorized as normal (5–44
CGG repeats), intermediate (45–54 CGG repeats), pre-
mutation (55–200 CGG repeats), and full mutation
(�200 CGG repeats) (29 ). Thirty-nine Coriell samples
(see Table 5C in the online Data Supplement) enriched
for expansions of various sizes were classified correctly by

Fig. 4. Analytical performance for variant calling in challenging genes.
Table summarizing concordance for CYP21A2, HBA1/2, and GBA. Unless otherwise stated, 1 unique sample was tested for each variant listed.
Concordance of SMN1 exon 7 copy number calling performance via targeted sequencing and for identification of g.27134T>G, which is
associated with silent carriers (B). Concordance for calling FMR1 CGG repeat size, binned into defined allele classes (29 ) (C). Comparison of
CGG repeat sizes in the validation study vs the literature consensus for reference cell lines (D). The largest allele for a sample is shown in
magenta, whereas the shorter allele(s) is gray. For male positive control samples, their single chrX allele is depicted as the “largest allele.”
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our assay (Fig. 4C). Further, the identified CGG repeat
allele sizes closely matched the literature consensus sizes
(Fig. 4D).

Discussion

ECS provides reliable and affordable risk assessment for
many serious recessive and X-linked diseases simultane-
ously. Genomic technologies like NGS have enabled
growth in ECS panel size without incurring a corre-
sponding increase in testing cost, but judicious panel
construction and validation are required. For these rea-
sons, we recently published a systematic process for ECS
panel design (10 ) and here present an analytical valida-
tion of our updated ECS and a modeling analysis of its
clinical impact. Our analytical validation study of vari-
ants in hundreds of genes across hundreds of samples
demonstrates high analytical sensitivity, analytical speci-
ficity, and accuracy of genotype calls. Further, the analy-
sis of clinical impact in a large patient cohort shows that
the ECS is expected to identify approximately 1 in 300
pregnancies as being at risk for serious disease in the
general US population. Notably, although the incidence
of each individual disease is low, the collective frequency
of the 176 screened diseases exceeds that of Down syn-
drome (1 in 800 live births) (30 ), for which routine
screening is offered.

Including panel-wide CNV calling in an NGS-
based ECS increases the chance of finding couples at risk
for having a child with a serious condition. CNVs can be
identified in a clinical workflow via orthogonal technol-
ogies (e.g., MLPA) rather than in a single NGS assay, but
MLPA testing does not affordably scale to hundreds of
genes and incurs additional laboratory handling steps
that can introduce operator error. Using known positive
samples from biorepositories, retrospectively identified
CNV-positive samples, and in silico simulations, we
demonstrated high sensitivity for novel CNV identifica-
tion. We expect that simulation analyses, as used here,
will become increasingly important during NGS-panel
validation, for which performance needs to be evaluated
even when clinical samples are rare or nonexistent.

As with other analytical validation studies of NGS-
based screens that discover novel variants, a limitation of
our study is that analytical sensitivity cannot be estab-
lished for every variant that the screen could report. The
test interrogates many hundreds of kilobases of genomic
sequence, and the frequency of variation at many sites is
too low to source samples representing all possibilities
(i.e., the study involves a finite set of ascertained samples
from public repositories and our historical patient co-
hort). As such, we sought to establish general proficiency
for finding different variant types (SNVs, indels, CNVs)
and to ensure proper identification of several variants
from each of our special-case genes. We have demon-

strated that the screen identifies reference sample geno-
types with almost-perfect accuracy. Further, our simula-
tions are a direct attempt to measure analytical sensitivity
for the range of possible CNVs the test is designed to
identify; aggregate CNV sensitivity was estimated to be
�94%. We strongly expect, but cannot formally demon-
strate at all sites, that the ECS has high analytical sensi-
tivity for the range of interrogated variant types across the
panel. Analytical sensitivity could be reduced at large
indels, and clinical sensitivity may be less than analytical
sensitivity because of as-yet-undiscovered pathogenic
variants in introns or pathogenic CNVs that the test is
not designed to identify and report.

The updated ECS contains approximately twice as
many genes as the previous version, yet the risk resolved is
not twice as great. This phenomenon is driven by the
disparate incidence of diseases and highlights the impor-
tance of high detection rates for the most common seri-
ous conditions, many of which pose challenges because of
complicated molecular genetics. For several special cases,
we have fine-tuned CNV calling to capture single-base
differences (spinal muscular atrophy), phased and over-
lapping rearrangements (�-thalassemia), and compli-
cated gene conversions (CAH and Gaucher disease). We
expect the collective risk of these 4 diseases to rival that of
the 100 least-common diseases on the panel.

Ultimately, the clinical value of ECS stems from its
ability to identify variants (analytical validity), interpret
the pathogenicity of those variants (clinical validity), and
impact behavior of couples found to be at risk (clinical
utility). The 2-fold aim of this article was to establish the
analytical validity of ECS and to quantify how many
pregnancies could be impacted by performing ECS in the
general US population. Although previous studies have
addressed the clinical validity (10 ) and clinical utility
(6, 7 ) of ECS, we expect future studies to provide further
evidence for these separate lines of inquiry.
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