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A relative haplotype dosage (RHDO)ebased method was developed and implemented into routine
clinical practice for noninvasive prenatal diagnosis (NIPD) of multiple single-gene disorders: spinal
muscular atrophy, Duchenne and Becker muscular dystrophies, and cystic fibrosis. This article describes
the experiences of the first 152 pregnancies to have NIPD by RHDO as part of a routine clinical service.
Provision of results within a clinically useful time frame (mean, 11 calendar days) was shown to be
possible, with a very low failure rate (4%), none being due to a technical failure. Where follow-up
confirmatory testing was performed for audit purposes, 100% concordance was seen with the NIPD
result, and no discrepancies have been reported. The robust performance of the assay, together with
high sensitivity and specificity, demonstrates that NIPD by RHDO is feasible for use in a clinical setting.
(J Mol Diagn 2020, 22: 1151e1161; https://doi.org/10.1016/j.jmoldx.2020.06.001)
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The presence of placentally derived fetal cell-free DNA
(cfDNA) in the maternal plasma during pregnancy was first
described in 1997.1 This discovery allowed significant
advances to be made in the field of prenatal diagnoses, and
methods, such as fetal sexing,2e4 RhD blood group gen-
otyping,5e7 and noninvasive prenatal testing (NIPT) for
aneuploidy screening,8e12 have become well established in
clinical practice.

However, the development of noninvasive prenatal
diagnosis (NIPD) for single-gene disorders (SGDs) has been
hampered because of the complexity of testing required and
lack of case studies due to small numbers of patients with
individual disorders. Current routine prenatal practice for
pregnancies at risk of many SGDs is to analyze fetal DNA
obtained by invasive procedures, such as chorionic villus
sampling or amniocentesis, to assess the mutational profile
of the relevant gene (male pregnancies only for X-linked
disorders). These procedures are associated with a risk of
miscarriage, with some literature quoting up to a 1% risk,13

although recent studies have shown that it may be as low as
0.2%.14 The introduction of NIPD for SGDs allows an
alternative method for prenatal diagnosis, which not only
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does not carry this associated risk, but also has the added
benefits of easier access to sampling, better patient experi-
ence, and testing being available from as early as 8 weeks of
gestation.15,16 There have been reports in the literature
showing case studies and proof-of-principle NIPD assays
for several SGDs17; however, these studies have included
relatively small numbers of patients, with limited follow-up
information. In addition, many of these assays that are
designed to directly test for familial variants are not avail-
able for maternally inherited variants and because of the
fragmented nature of cfDNA cannot be used to test for large
deletions or duplications. These assays also cannot test for
paternally inherited variants if both parents are carriers of
the same mutation, as is often the case for pregnancies at
risk of cystic fibrosis (CF) (Supplemental Table S1).

Through the noninvasive prenatal diagnosis for single-
gene disorders project, conducted at the Birmingham
Women’s NHS Foundation Trust, methods were developed
tive Pathology. Published by Elsevier Inc.
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to use capture-based targeted enrichment, followed by
massively parallel sequencing and analysis by relative
haplotype dosage (RHDO),18 to provide NIPD for preg-
nancies at risk of both X-linked15 and autosomal recessive
disorders.16 The analysis of the thousands of single-
nucleotide polymorphisms (SNPs) used in RHDO
provides the statistical significance required for a robust
prenatal test and, unlike other noninvasive assays in current
clinical use, allows both maternal and paternal inheritance to
be determined. Multiple SGDs can be analyzed in the same
sequencing run, thereby allowing maintenance of prenatal
turnaround times while keeping costs to an acceptable level
to allow implementation into routine clinical practice.
Furthermore, as an RHDO assay tracks the inheritance of
haplotypes rather than testing for a familial mutation
directly, the same assay can be used for all families at risk of
a particular disorder, irrespective of the familial variant, thus
removing the need for workup of an assay before preg-
nancy, which reduces both cost and testing time.

Clinical services for NIPD of Duchenne/Becker muscular
dystrophies (DMD/BMD) and spinal muscular atrophy
(SMA) commenced at the West Midlands Regional Ge-
netics Laboratory (WMRGL) in September 2016, with
testing accessible to both UK and international referrals.

This article reports the experiences of the first 152
pregnancies to have NIPD by RHDO as part of a routine
clinical service at WMRGL.

Materials and Methods

Patient Samples

This study is a retrospective analysis of patients referred by their
local Clinical Genetics Department to the WMRGL for NIPD
analysis byRHDO.To be eligible for testing, families needed to
have a known family history of the disorder in question, with a
confirmed molecular diagnosis and appropriate reference
samples available. Samples from consanguineous families
cannot currently be accepted, as the NIPD assay requires suf-
ficient informative SNPs to be able to generate a statistically
significant result, and it may be expected that in pregnancies of
consanguineous couples, the quantity of informative SNPs
available for RHDO analysis would be reduced.

Samples were accepted for analysis from pregnant pa-
tients with singleton pregnancies at >8 weeks of gestation,
confirmed by scan. In pregnancies at risk of DMD/BMD,
samples were only accepted from women, following
confirmation of male pregnancy on free fetal DNA testing.
For every patient, cfDNA was extracted from maternal
plasma, which had been isolated from blood samples
received in Streck BCT tubes (Streck, Omaha, NE). In
addition, maternal, paternal, and reference genomic DNA
extracted from leukocytes was required for each analysis.
For autosomal recessive disorders, the reference sample
required was a child of that couple: an affected child, an
unaffected noncarrier child, or, if the parents are carriers of
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different mutations, a carrier child. For X-linked disorders,
the reference sample could be a previous affected male
child, a previous unaffected male child, other affected male
relative, or unaffected maternal grandfather (if maternal
grandmother was known to be a carrier of the disorder).

Targeted Massively Parallel Sequencing

Massively parallel sequencing was performed as previously
described.15 In brief, DNA libraries for massively parallel
sequencing on the MiSeq sequencing platform (Illumina Inc.,
San Diego, CA) were prepared from 20 to 100 ng input
DNA. Capture enrichment was designed to target highly
heterozygous SNPs across the dystrophin (chromosome X:
31,037,731 to 33,457,670), SMN1/SMN2 (chromosome
5: 67,000,530 to 72,999,964), and CFTR (chromosome
7: 117,105,838 to 117,356,025) gene regions. A combined
DMD/BMD/SMA/CF probe library was designed for the
targeted capture of SNPs covering approximately 4.5 to 6 Mb
regions around each gene of interest. Genomic coordinates of
SNPs in the DMD, SMN1, and CFTR loci were downloaded
from the University of California, Santa Cruz, genome
browser (https://genome.ucsc.edu, last accessed July 28,
2020). The SNPs were then filtered to isolate those with a
high likelihood of heterozygosity (40% to 50%), increasing
suitability for RHDO analysis. The selected SNP coordinates
were then uploaded to Roche NimbleDesign software (Roche
Molecular Systems, Pleasanton, CA). NimbleDesign software
has recently been discontinued and replaced with the Roche
KAPA Target Enrichment Portfolio (Roche Molecular
Systems) using the highest stringency parameters to minimize
the possibility of non-specific capture.
Up to 12 samples, equivalent to three patients, were

multiplexed per sequencing run using 2 � 80 cycles paired-
end settings. Bioinformatic analysis included quality trim-
ming of reads, alignment to genome build hg19, removal of
duplicates, and variant calling to obtain SNP counts.

RHDO Analysis

RHDO measures the allelic imbalance between two haplo-
types in plasma cfDNA to determine which haplotype has
been inherited by the fetus, with haplotype phasing con-
ducted through sequencing of SNPs.18e20

For diagnostic referrals to the WMRGL, RHDO analysis
was performed, as described previously.15,16 In brief,
RHDO analysis for autosomal recessive disorders was
achieved by identifying both the maternal and paternal
haplotypes linked with the mutant alleles by DNA
sequencing of highly heterozygous bi-allelic SNPs within
the gene region of interest in the previous affected child.
The genotypes of the same SNPs were determined in
maternal and paternal DNA samples to conduct haplotype
phasing and identify the haplotypes linked with the normal
alleles. SNP counts obtained from cfDNA sequencing were
used to determine if the fetus had inherited the mutated or
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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normal maternal allele and the mutated or normal paternal
allele. The paternally inherited haplotype was identified
using SNPs that were homozygous in the mother and het-
erozygous in the father. The maternally inherited haplotype
was determined using SNPs that were heterozygous in the
mother and homozygous in the father. Informative SNPs
used to determine maternal and paternal inheritance were
separately grouped into haplotype blocks of �25 SNPs to
form maternal and paternal haplotype blocks, with each
block representing a statistically independent result.

RHDO analysis for X-linked disorders requires only
maternal haplotyping. Themale reference sample provides the
haplotype linked with either the mutated copy of the dystro-
phin gene (if affected male reference used) or the normal copy
of the dystrophin gene (if unaffectedmaternal grandfather used
as reference sample). The maternal DNA is sequenced to
identify heterozygous informative SNPs. As with analysis for
autosomal recessive disorders, SNP counts obtained from
cfDNA sequencing are used to determine if the fetus has
inherited the reference or alternative haplotype by grouping
informative SNPs into statistically significant haplotype
blocks of �25 SNPs. As there is up to a 12% chance of a
recombination event within the dystrophin gene,21 RHDO
analysis for pregnancies at risk of DMD/BMDwas performed
in both directions (ie, 50 to 30 and 30 to 50) to determine the
position of any recombination events with high accuracy.

Fetal fraction for each plasma sample was determined
using SNPs that are homozygous in both parents but for
different SNP alleles, as described previously.15,16
Follow-Up Studies

Analysis of any follow-up samples received was performed
using routine diagnostic procedures. Molecular testing for
the familial variant was performed on post-natal cord blood,
placenta, or products of conception (POC).

DMD/BMD follow-up studies were performed using
multiplex ligation-dependent probe amplification analysis of
the dystrophin gene (MRC-Holland kits P034-A2 and
P035-A2; MRC-Holland, Amsterdam, the Netherlands) to
detect exon deletions/duplications or Sanger sequencing to
detect pathogenic single-nucleotide variants.

SMA follow-up studies were performed using multiplex
ligation-dependent probe amplification analysis to detect
copy number of exons 7 and 8 in the SMN1 and SMN2
genes (MRC-Holland kit P021).

CF follow-up studies were performed using the Luminex
xTAG CF 39 assay (Luminex Corp., Austin, TX), the
Elucigene CF-EU2v1 assay (Promega, Madison, WI), or by
Sanger sequencing of appropriate exons.
Results

Between September 2016 and October 2019, samples from
152 pregnancies have had NIPD by RHDO performed at the
The Journal of Molecular Diagnostics - jmd.amjpathol.org
West Midlands Regional Genetics Laboratory for CF, SMA,
or DMD/BMD (Table 1). Referrals were received from UK
Clinical Genetics Departments and from international
centers.
Referrals

Autosomal Recessive RHDO
A total of 77% of the referrals received (117 pregnancies)
were for pregnancies at risk of an autosomal recessive
condition (SMA or CF), with most cases (81; 53% of total
referrals) being at risk of SMA (Table 1). For all referrals,
both parents were confirmed carriers of a pathogenic variant
(Supplemental Table S1 provides a full list of variants).

In 31 of the pregnancies (30% of reportable cases), NIPD
by RHDO showed that the fetus had inherited both the
maternal and paternal low-risk haplotypes. Therefore, the
fetus was reported as being predicted to be unaffected
(noncarrier) with the condition for which the fetus was at
risk (Table 1).

For 46 of the referred pregnancies (45% of reportable
cases), the fetus was shown to have inherited one low-risk
and one high-risk haplotype and so was reported as being
predicted to be a carrier of the condition for which the fetus
was at risk (Table 1).

A total of 26 fetuses (25% of reportable cases) were
shown to have inherited both the maternal and paternal
high-risk haplotypes and so were reported as being pre-
dicted to be affected (Table 1). For a further 10 cases, a
partial result was issued, whereby only the inheritance from
one parent could be reported (Table 1) (see below). For
three of these cases, it was conclusively demonstrated that
the fetus had inherited one low-risk haplotype and was
therefore predicted to be unaffected, although no comment
could be made regarding carrier status. For the remaining
seven pregnancies, NIPD showed that the fetus had inheri-
ted the high-risk paternal haplotype and so invasive testing
was recommended to determine maternal inheritance. For
one of the pregnancies, invasive testing confirmed that the
fetus was a carrier of the condition for which the fetus had
been referred. In the remaining six cases, invasive testing
confirmed that the fetus was affected.

X-Linked RHDO
Of the 35 cases referred for RHDO analysis of an X-
linked disorder, 5 (3% total referrals) were at risk of BMD
(Table 1) and all had multi-exon deletions within the
dystrophin gene (Supplemental Table S2). For four of
these pregnancies, it was shown that the fetus had
inherited the low-risk maternal haplotype and so was
predicted not to be affected with BMD. For the remaining
case, a recombination was detected in the dystrophin gene
in close proximity to the familial variant, and so a
conclusive report could not be issued (see Partial Results
and Unsuccessful Analysis).
1153
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Table 1 Summary of First 152 Pregnancies to Have NIPD by RHDO Performed at the West Midlands Regional Genetics Laboratory

Disorder Pregnancies Second sample requested Unaffected Carrier Affected Partial result Suboptimal result Failed analysis

SMA 81 6 23 34 15 7* 2y 0
CF 36 3 8 12 11 3z 0 2x,{

DMD 30 0 11 NA 13ǁ 0 2y,** 4{,yy

BMD 5 0 4 NA 0 0 1zz 0
Total 152 9 46 46 39 10 (6.5) 5 (3) 6 (4)

Data are given as number or number (percentage).
*Partial results are cases in which only the inheritance of the paternal allele could be determined. This was due to low fetal fraction, recombination on one

allele, or insufficient informative maternal single-nucleotide polymorphisms (three consecutive pregnancies from the same patient).
ySuboptimal results are cases in which a full diagnostic result could not be generated, but some information could be reported. This was due to low fetal fraction.
zPartial results are cases in which only the inheritance of the paternal allele could be determined. This was due to low fetal fraction.
xFailed analysis indicates that no result could be provided, and an invasive test was required. This was due to undisclosed consanguinity.
{Failed analysis indicates that no result could be provided, and an invasive test was required. This was due to persistent low fetal fraction.
ǁFor DMD cases, an affected result indicates that the fetus has inherited the high-risk haplotype. In five of these cases, the mother had not been shown to be

a carrier of DMD, but had a previous affected child. The current fetus was at risk of being affected with DMD because of possible germline mosaicism and
follow-up invasive testing was required to determine the presence or absence of the mutation.
**Suboptimal results are cases in which a full diagnostic result could not be generated, but some information could be reported. This was due to complex

consanguinity.
yyFailed analysis indicates that no result could be provided, and an invasive test was required. This was due to recombination.
zzSuboptimal results are cases in which a full diagnostic result could not be generated, but some information could be reported. This was due to recombination.
BMD, Becker muscular dystrophy; CF, cystic fibrosis; DMD, Duchenne muscular dystrophy; NA, not applicable; NIPD, noninvasive prenatal diagnosis; RHDO,

relative haplotype dosage; SMA, spinal muscular atrophy.
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Most cases referred for RHDO analysis of an X-linked
disorder were pregnancies at risk of DMD (30 cases; 20% of
total referrals). These referrals included families with point
mutations, deletions (single and multi-exon), and multi-exon
duplications within the dystrophin gene (Supplemental
Table S2). Of these, in 11 cases (46% of reportable DMD
cases), NIPD by RHDO showed that the fetus had inherited
the low-risk haplotype and so was predicted not to be
affected (Table 1). This group included one pregnancy for
which the mother had not been shown to be a carrier of
DMD, but had a previous affected child; therefore, the
current fetus was at risk of being affected with DMD
because of possible germline mosaicism. As it was possible
to show that the current fetus had inherited the opposite
haplotype to the affected child, the risk could be negated for
this pregnancy.

In 13 cases (54% of reportable DMD cases), the fetus was
shown to have inherited the high-risk haplotype (Table 1).
For eight of these pregnancies, the pregnant woman was
known to be a carrier of DMD and so it could be predicted
that the fetus would be affected. For the remaining five
pregnancies, the current fetus was at risk of being affected
with DMD because of possible germline mosaicism. In
these cases, it was reported that the fetus had inherited the
high-risk maternal haplotype and should be followed up by
invasive testing. Invasive testing was performed for two of
the pregnancies; one fetus was confirmed to be affected,
thus confirming the presence of germline mosaicism,
whereas the other fetus was shown not to have inherited the
familial variant. Two couples chose not to have invasive
testing, and the pregnancies are still ongoing, with diag-
nostic testing planned postnatally. One pregnancy sadly
miscarried shortly after NIPD analysis was performed.
1154
Reporting Times
The mean reporting time for clinical RHDO analyses was 11
calendar days from sample receipt (range, 7 to 17 days).

Partial Results and Unsuccessful Analysis

For this study, a partial result was classified as one for which it
was only possible to determine inheritance of the haplotype
from one of the parents. This was the case for 10 pregnancies at
risk of either SMAor CF (6%of total referrals) andwas due to a
persistent low fetal fraction, recombination on the opposite
allele (Figure 1A), or insufficient informative maternal SNPs
(three consecutive pregnancies from the samepatient) (Table 1).
For three of these pregnancies, it was demonstrated that the
fetuses had inherited at least one low-risk haplotype, and so it
was possible to conclusively report that the fetuses were pre-
dicted not to be affected and no further prenatal analysis was
required. In the remaining seven cases, it was demonstrated that
the fetuseshad inherited thehigh-risk paternal haplotype, and so
it was recommended that invasive testing be performed to
determine maternal inheritance. In six cases, the patients went
on to have invasive testing, which confirmed that the fetuses
was affected. In one case, follow-up analysis of a chorionic
villus sample showed the fetus to be a carrier of SMA.
Suboptimal results were classified as those that were not

diagnostic, but for which some information could be pro-
vided to guide any further testing required. In three samples,
the fetal fraction was persistently too low to conclusively
determine the inheritance of either the maternal or the
paternal haplotype. However, despite suboptimal data, some
information was provided for each of the pregnancies. Two
pregnancies were reported as being highly unlikely to be
affected with SMA; one patient declined invasive testing,
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 1 Recombination events detected by relative haplotype dosage (RHDO) analysis. A: Example of a recombination event in a pregnancy at risk of
spinal muscular atrophy. The recombination event on the maternal allele is too close to the site of the familial variant for a conclusive result to be issued. B:
Example of a recombination event in a pregnancy at risk of Duchenne muscular dystrophy (DMD). The recombination event is sufficiently distant from the site
of the familial variant for a conclusive result to be issued. Chr, chromosome; Del, deleted; KS, Kolmogorov-Smirnov test; M-ma, mutated maternal allele; M-pa,
mutated paternal allele; N-ma, normal maternal allele; N-pa, normal paternal allele; SMN, survival motor neuron; SNP, single-nucleotide polymorphism.

NIPD Clinical Service Delivery by RHDO
and an unaffected result was confirmed on cord blood after
delivery, and the second pregnancy miscarried at approxi-
mately 12 weeks of gestation and the unaffected result was
confirmed on POC. The third persistently low fetal fraction
sample was from a pregnancy at risk of DMD. The data
were consistent with the fetus being affected and invasive
prenatal testing later confirmed this result.

For one pregnancy at risk of DMD, a result of sufficient
quality to allow a diagnostic result could not be generated;
however, it was determined that the fetus was unlikely to be
The Journal of Molecular Diagnostics - jmd.amjpathol.org
affected. It was later disclosed that there was complex consan-
guinity within the family, and it is likely that this affected the
level of informative SNPs. The patientwent on to have chorionic
villus sampling, which confirmed that the fetus was unaffected.

For one pregnancy at risk of BMD, a recombination event
was detected upstream of the familial mutation (deletion of
exons 45 to 48 of the dystrophin gene); however, several
statistically significant haplotype blocks were generated
between the site of the recombination and the familial mu-
tation. The result was reported as the fetus being highly
1155
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Table 2 Follow-Up of Pregnancies Referred for NIPD by RHDO

Disorder

Follow-up

Confirmed by
molecular testing

Discordant by
molecular testing

Healthy baby following
neg NIPD (no testing)

TOP following positive
NIPD (no testing)

No follow-up
information available

SMA 44 0 5 6 26 (7 ongoing)
CF 14 0 NA 4 18 (7 ongoing)
DMD 9 0 NA 5 16 (7 ongoing)
BMD 3 0 1 1 0
Total 70/70 (100) 0/70 (0) 6 16 54 (21 ongoing)

Data are given as number or number/total (percentage).
BMD, Becker muscular dystrophy; CF, cystic fibrosis; DMD, Duchenne muscular dystrophy; NA, not applicable; NIPD, noninvasive prenatal diagnosis; RHDO,

relative haplotype dosage; SMA, spinal muscular atrophy; TOP, termination of pregnancy.
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likely to be affected, and the pregnancy was terminated
without any further confirmatory testing.

In 4% of all referrals (four pregnancies at risk of DMD;
two pregnancies at risk of CF), reportable results could not
be generated (Table 1). In two of the pregnancies at risk of
DMD, a recombination event was detected close to the fa-
milial variant, which meant that the haplotype in this region
of the gene could not be conclusively determined. For one
pregnancy at risk of CF, sufficient informative SNPs in
either parent could not be identified. It was later disclosed
that this family was consanguineous. For the remaining
three pregnancies (two pregnancies at risk of DMD; one
pregnancy at risk of CF), a persistently low fetal fraction
meant that no result could be issued.

Confirmation of Results

To allow ongoing validation of this method, when possible,
follow-up testing was performed on cord blood, placenta, or
POC.

Of the 146 pregnancies to date for which a diagnostic
result could be issued, follow-up genetic testing was per-
formed for 70. In all cases, the follow-up testing confirmed
the result generated by RHDO (Table 2), and no discrep-
ancies were reported. For a further six pregnancies for
which NIPD had predicted that the fetuses were not affected
with the condition for which they were at risk, it was re-
ported that a healthy baby had been born, but no follow-up
molecular testing had been performed (Table 2). For 16
pregnancies that were predicted by NIPD to be affected, the
pregnancy was terminated, with no further testing per-
formed (Table 2).

For 54 of the pregnancies in the cohort, no follow-up data
were available. At the time of writing, 21 pregnancies are
still ongoing and no further information was available. For
the remaining 33 pregnancies, no discordant results have
been reported postnatally.

Fetal Fraction

For 86 of the tested pregnancies, an accurate gestational age
of the fetus at the time of sampling was provided. For these
1156
pregnancies, fetal fraction could be plotted, calculated as
previously described,15,16 against gestational age (Figure 2A).
Linear regression analysis of data did not show a correlation
between gestational age and fetal fraction (R 2 Z 0.01).
In nine cases in which a low fetal fraction at initial

sampling complicated analysis, a second sample was
requested at a later gestation. Figure 2B shows the change in
fetal fraction over time for each of these pregnancies. For
one pregnancy, the fetal fraction more than tripled over the
space of 17 days (5.1% to 16.88%) (Figure 2B). For the
remaining eight pregnancies, little or no increase was seen
in fetal fraction between samples (Figure 2B).

Pregnancy Outcomes

In total, 45 at-risk pregnancies were demonstrated to either
be affected with the disorder for which they had been
referred for prenatal diagnosis or be at risk of being affected
with DMD due to possible germline mosaicism (Table 1).
Of the five pregnancies at risk of DMD due to germline
mosaicism, follow-up results were available for two; one
pregnancy was shown to be affected, and one pregnancy
was shown to be unaffected. Therefore, of the 152 preg-
nancies tested to date, 41 were predicted to be affected with
the disorder for which they had been referred.
Of these 41 affected pregnancies, 29 were terminated

following the result (Table 3), and follow-up testing on
material from 13 of these terminations confirmed that the
fetus was affected. No follow-up testing was performed on
the other 16 cases.
In six pregnancies predicted to be affected with the dis-

ease for which they had been referred, the family decided to
continue with the pregnancy. Postnatal testing for each of
these cases confirmed the child’s affected status. No
outcome information is available for the remaining six
pregnancies.
Following negative NIPD analysis, two local patients

were also offered NIPT for common trisomies due to an
increased nuchal translucency and/or a high screening risk
for trisomy 21. NIPT analysis showed both pregnancies to
be highly likely to be affected with Down syndrome. One
patient had an amniocentesis, which confirmed the
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 2 Fetal fraction variation with gestational age. A: Fetal fraction of 86 pregnancies at different gestational ages. B: Change in fetal fraction between
samples for nine pregnancies. Linear regression analysis was performed using Prism software version 8 (GraphPad Software Inc., San Diego, CA).

NIPD Clinical Service Delivery by RHDO
diagnosis, and the pregnancy was terminated. The second
patient terminated the pregnancy on the basis of the NIPT
result.

Discussion

Through the noninvasive prenatal diagnosis for single-gene
disorders project, assays suitable for NIPD for pregnancies
at risk of both X-linked15 and autosomal recessive disor-
ders16 as part of routine clinical practice were developed.
Table 3 Pregnancy Outcomes following a Positive NIPD Result

Disorder
TOP following
positive NIPD

Pregnancy continued
following positive NIPD

Unknown
outcome

SMA 16 2 1
CF 8 2 4
DMD 5 2 1
BMD NA NA NA

Data are given as number.
BMD, Becker muscular dystrophy; CF, cystic fibrosis; DMD, Duchenne

muscular dystrophy; NA, not applicable; NIPD, noninvasive prenatal diag-
nosis; SMA, spinal muscular atrophy; TOP, termination of pregnancy.

The Journal of Molecular Diagnostics - jmd.amjpathol.org
These assays were implemented into clinical service in
September 2016 and, since this date, referrals from
throughout the United Kingdom and further afield have
been received. These referrals include multiple referrals
from some women for subsequent pregnancies, and as far as
is known, no patients with a conclusive NIPD result had
further testing unless later screening indicated it was
required for a different condition. This suggests that patients
are confident in the results, and anecdotal patient feedback
has been positive. On average, results were issued 11 days
after sample receipt at a mean gestational age of 11 þ 4
weeks, which meant that the information was available to
the patients within a clinically useful time frame and in
general before the results of invasive testing would have
been available (Figure 3). The main drawback to this tech-
nique is that analysis is only available in families for which
an appropriate reference sample is available. However,
proof-of-principle studies have demonstrated that
microfluidics-based linked-read sequencing technology can
be used to deduce haplotypes directly without the need for a
reference sample.22,23 Although the cost of this analysis is
currently prohibitive for routine clinical use, it may in the
1157
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Young et al
future allow further development of this service to at-risk
couples identified through carrier screening programs.

Confirmation of Results

Although NIPD does not require confirmatory testing, to
allow ongoing validation of service, it was requested that
follow-up testing be performed on cord blood, placenta, or
POC where possible. This analysis was performed at either
WMRGL or the local referring laboratory. NIPD results
were confirmed in all 63 pregnancies in which follow-up
testing was performed, demonstrating 100% concordance
(Table 2). For a further 39 cases in the cohort, no postnatal
discrepancies have been reported. It can be inferred that
these cases were also true results. As this assay tracks the
inheritance of haplotypes, it does not account for the
acquisition of de novo pathogenic variants in the fetus, and
it is important that families accessing NIPD are counseled
regarding this. However, this is also the case for targeted
mutation analysis, whether using NIPD or invasive tech-
niques, which would only test for variants previously
identified in the family. Therefore, the utility of this method
as a diagnostic prenatal assay has been demonstrated.

NIPD for Germline Mosaicism

There is a high incidence of germline mosaicism for DMD,
with a recurrence risk of 9% associated with a high-risk
haplotype.24 Of referrals for pregnancy at risk of DMD, 6
(20%) were at risk because of possible germline mosaicism.
Although an invasive test was recommended if the fetus was
shown to have inherited the high-risk haplotype, demon-
stration that the fetus has inherited the low-risk haplotype
means that the risk of germline mosaicism is negated.
Therefore, NIPD is still able to significantly reduce the
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number of invasive tests required for pregnancies at risk of
DMD attributable to germline mosaicism. In addition, of the
five pregnancies that were shown to have inherited the high-
risk haplotype, only two went on to have invasive testing,
with another two opting to have postnatal testing. In one case,
the pregnancy miscarried shortly after NIPD was performed,
and it is not known whether this family was planning on
accessing invasive testing. It can be assumed that those
families opting for postnatal testing would not have pursued
prenatal diagnosis of any form were NIPD not available to
them. Therefore, NIPD by RHDO is increasing the available
options for the prenatal management of these families.
Furthermore, if an invasive test following NIPD demon-

strates the presence of the familial mutation on the high-risk
haplotype, mosaicism in the mother can be confirmed, and
this allows a more accurate recurrence risk to be calculated
for the family. Conversely, if the familial mutation is not
detected on the high-risk haplotype, the risk of germline
mosaicism and hence recurrence risk is reduced. This is an
advantage of NIPD over invasive testing methods, which do
not establish which haplotype the fetus has inherited.
Although such a scenario has not been encountered in the

cases to date, NIPD for SMA can be similarly informative
for families in which one parent is suspected to be a 2 þ 0
carrier. It is estimated that approximately 4% of the northern
European population have two copies of SMN1 on one
allele,25 and in such individuals, a deletion on the opposite
allele would not be detected by traditional carrier testing
methods, such as multiplex ligation-dependent probe
amplification, that rely on copy number analysis. If the fetus
of a suspected 2 þ 0 carrier was shown to have inherited the
associated high-risk haplotype, invasive testing would be
able to confirm or rule out carrier status.

Partial, Suboptimal, and Failed Analysis

Our failure rate for this service has been low, with only 4% of
referrals not receiving a result and 3% receiving a suboptimal
result, none being due to a technical failure. A common
reason for an inconclusive/suboptimal result was a recombi-
nation within the dystrophin gene (Table 2). Recombination
events within dystrophin are not unexpected as the recom-
bination rate across the whole gene can be as high as 12%.21

To reduce this risk, reference samples for X-linked RHDO
analyses are selected to ensure the fewest possible meiosis
between phasing sample and current pregnancy. RHDO
analysis for pregnancies at risk of DMD/BMD is also per-
formed in both directions (ie, 50 to 30 and 30 to 50) to allow the
recombination site to be positioned with high accuracy.15 If
the recombination event is sufficiently distant from the fa-
milial mutation, then an accurate diagnosis can still be ach-
ieved (Figure 1B). However, for four cases within the cohort,
a recombination event was detected too close to the familial
mutation to be reportable. As discussed below, recombination
events have also been detected in pregnancies at risk of an
autosomal recessive inherited disorder (Figure 1A). However,
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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recombination events in the CFTR and SMN gene regions are
much rarer, and in these cases, it is expected that the inher-
itance of the opposite haplotype would still be reportable,
meaning that a partial result would be generated.

A second common reason for failure to generate a diag-
nostic result was an unresolvable low fetal fraction.
Although a minimum fetal fraction threshold is not set for
the assay, other suboptimal conditions, such as low numbers
of informative SNPs, can be exacerbated by a low fetal
fraction. For five cases in the cohort, a level high enough to
generate a reportable result could not be reached, even with
a repeated sample (discussed further below). NIPD is a
diagnostic assay that does not require confirmatory testing
as standard; therefore, it is important that suboptimal results
are treated with caution. In each of these cases, the preg-
nancy was reported to be highly likely/unlikely to be
affected, but it was recommended that if the patient wanted
a definitive diagnosis, the patient could consider an invasive
test. One patient whose pregnancy was reported to be highly
likely to be affected with DMD went on to have invasive
testing that confirmed the NIPD result and the pregnancy
was later terminated. Two pregnancies were reported as
highly unlikely to be affected with SMA; one result was
confirmed post-natally, and one pregnancy later miscarried
and the NIPD result was confirmed on POC. No follow-up
information is yet available on the other two pregnancies.

Our NIPD assay requires sufficient informative SNPs to
be able to generate a statistically significant result, and it
may be expected that for pregnancies in consanguineous
couples, the quantity of informative SNPs available for
RHDO analysis would be reduced. Within this cohort, re-
ferrals from two cases with undisclosed consanguinity were
received. In one case, there were sufficient informative
SNPs for a suboptimal result to be generated, but in the
second, no analysis could be performed. The level of
available SNPs is likely to be related to the degree of con-
sanguinity between the couple, but as this cannot be accu-
rately predicted, NIPD by RHDO cannot currently be
offered to consanguineous couples. In the future, it may be
possible to offer NIPD for these families using SNPs that are
heterozygous in both parents,19 although further testing
would be required to validate this method for clinical use.

For 10 pregnancies at risk of an autosomal recessive
disorder, only a partial result was generated (ie, only in-
heritance of one of the parental haplotypes could be deter-
mined). This was due to either unavoidable biological
factors, such as insufficient informative maternal SNPs, or a
recombination event on the opposite allele or due to a fetal
fraction that was sufficient to determine paternally inherited
haplotypes, but not sufficient to determine the maternally
inherited haplotype above the background maternal mate-
rial. Seven cases within this data set were shown to have
inherited the high-risk paternal haplotype and so invasive
testing was required to determine maternal inheritance.
However, for three of these cases, it was shown that the
fetus had inherited a low-risk allele from one of his/her
The Journal of Molecular Diagnostics - jmd.amjpathol.org
parents. This meant that no further testing was required to
determine whether the fetus was affected, and carrier testing
could be offered at an appropriate stage later in life.

Fetal Fraction

There is a general consensus in the literature that fetal
fraction increases with gestational age.26e29 However, for
the cohort of patients in the current study, a statistical
relationship between gestational age and fetal fraction was
not demonstrated (Figure 2A), in keeping with a recent
study that showed no correlation between fetal fraction and
gestational age during the first trimester.30 Furthermore, of
the nine pregnancies with a low fetal fraction for which a
repeated sample was received, in eight cases little or no
increase was seen in the repeated sample taken �2 weeks
later (Figure 2B). In the one case in which a significant
increase was seen in fetal fraction between samples (Case 1)
(Figure 2B), the first sample was taken earlier than the
recommended threshold for testing of 8 weeks. These data
support the requirement of a minimal gestational age for
testing, but suggest that beyond this, fetal fraction can
remain relatively stable in the first trimester. This finding is
consistent with a study by Wang et al26 that showed, be-
tween 10 and 21 weeks of gestation, fetal fraction increases
by 0.1% per week.

To determine whether a low fetal fraction could be
overcome by sequencing to a greater depth, average read
depth was assessed for all samples affected by a low fetal
fraction. A total of 90% of the cases had an average
sequencing depth of >200 for the SNPs used in haplotype
generation (range, 105 to 518). Where repeated samples
were tested, improved results were only obtained if there
was an increased fetal fraction, even if an average read
depth was reduced. An increase in read depth without an
increase in fetal fraction did not yield improved results.
Therefore, it appears that a low fetal fraction cannot be
overcome by sequencing to a greater depth.

Pregnancy Outcomes

For the referrals received for pregnancies at risk of an
autosomal recessively inherited SGD, outcomes fitted the
expected mendelian ratios (25% affected, 45% carrier, and
30% noncarrier unaffected). Similarly, it was possible to
demonstrate an expected ratio of affected and unaffected
pregnancies at risk of an X-linked disorder.

Of the 152 pregnancies in the cohort, 41 were predicted to
be affected with the disorder for which they were referred
(Table 1). Following this result, most affected pregnancies
for which outcomes are known were terminated. However,
at least six couples opted to continue with the pregnancy
following a positive NIPD result, and all had their result
confirmed postnatally. With the increase in effective thera-
pies becoming available for SGDs, it may be that more
families choose to continue with affected pregnancies and
1159
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that prenatal diagnosis is used to enable access to early
treatment. This is the case for at least one of the pregnancies
that was reported to be affected with SMA.

Sadly, for two of the patients who received a negative
NIPD result, later screening indicated that the pregnancy
was at a high risk of trisomy 21. Both patients went on to
have NIPT for common trisomies, which showed that the
pregnancies were highly likely to be affected with Down
syndrome. Both pregnancies were terminated: one on the
basis of the NIPT result, and one following invasive testing
to confirm the diagnosis of Down syndrome. This highlights
the importance of patients receiving comprehensive prenatal
counseling when being referred with a pregnancy at risk of
an SGD and either going through the routine screening
pathway or having access to NIPT once the pregnancy
reaches 10 weeks of gestation.

Conclusion

This article demonstrated that NIPD by RHDO can be
performed efficiently in a clinical setting for both autosomal
recessive and X-linked disorders, with both high sensitivity
and specificity. Anecdotal data from families have shown
the availability of this service to have a significant impact,
with the testing being perceived as much less traumatic and
the option to have samples taken near to home rather than
having to travel to a specialist center, improving their
overall experience. This has been reflected in an increase in
referrals to this service over time, with several couples
going on to have NIPD for multiple, subsequent pregnan-
cies. Of interest, a small but significant proportion of the
families have chosen to continue with their pregnancies
following a positive result, with the NIPD outcome being
used for information only. It is not clear how many of these
families would have pursued invasive prenatal testing if
NIPD were not available, but with the advent of treatments,
such as nusinersen (Spinraza; Biogen, Cambridge, MA) for
SMA, early diagnosis can prove critical to ensure optimal
outcomes. Looking forward, it is possible to envision that
NIPD could be used to inform in utero treatment options in
the future.

These assays can now be extended to increase the avail-
ability for additional monogenic disorders, thus providing
accessibility for many more couples with a pregnancy at risk
of an SGD.
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