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Key Points

• Droplet digital PCR is an
affordable and user-friendly
method for the detection of F8
and F9 sequence variants in
maternal plasma.

• Targeted MPS accurately
determines fetal inheritance
of F8 int22h-related
inversions, using maternal
plasma of pregnant
hemophilia carriers.

Direct detectionofF8 andF9sequencevariants inmaternal plasmaof hemophilia carriers

hasbeendemonstratedbymicrofluidicsdigitalPCR.Noninvasiveprenatal assessmentof

the most clinically relevant group of sequence variants among patients with hemophilia,

namely, those involving int22h-related inversions disrupting the F8 gene, poses

additional challenges because of its molecular complexity. We investigated the use of

droplet digital PCR (ddPCR) and targeted massively parallel sequencing (MPS) for

maternal plasma DNA analysis to noninvasively determine fetal mutational status in

pregnancies at risk for hemophilia. We designed family-specific ddPCR assays to detect

causative sequence variants scattered across the F8 and F9 genes. A haplotype-based

approachcoupledwith targetedMPSwasapplied to deduce fetal genotypeby capturing a

7.6-Mb region spanning theF8gene in carrierswith int22h-related inversions. The ddPCR

analysiscorrectly determined fetal hemophilia status in 15at-riskpregnancies in samples

obtained from 8 to 42 weeks of gestation. There were 3 unclassified samples, but no

misclassification. Detailed fetal haplotype maps of the F8 gene region involving int22h-

related inversions obtained through targeted MPS enabled correct diagnoses of fetal

mutational status in3hemophilia families.Ourdatasuggest it is feasible toapply targetedMPS to interrogatematernally inheritedF8 int22h-

related inversions, whereas ddPCR represents an affordable approach for the identification of F8 and F9 sequence variants in maternal

plasma.Theseadvancementsmaybringbenefits for thepregnancymanagement forcarriersofhemophiliasequencevariants; in particular,

the common F8 int22h-related inversions, associated with the most severe clinical phenotype. (Blood. 2017;130(3):340-347)

Introduction

Hemophilia is one of the most common inherited bleeding disorders
and is caused by a reduction in plasma levels of the coagulation factor
VIII (coded by the F8 gene) or coagulation factor IX (coded by the F9
gene), clinically manifesting as spontaneous or injury-associated joint
or deep-muscle bleeding episodes.1 Prenatal diagnosis (PND) is an
integral part of antenatal care for pregnant carriers of hemophilia. The
aim is to diagnose fetal sex and, in the case of a male fetus, to assess its
hemophilia status. So far, the available options for prenatal diagnosis
are through invasive testing, with an uptake of 25% being reported in
theUnitedKingdom.2The purposes of PND in hemophilia are twofold.
First, it provides the option of termination of pregnancy. The attitudes
toward termination of affected pregnancies among carriers of hemo-
philia vary widely between countries, depending on the availability and
quality of medical care for hemophilia.3,4 Second, PND can optimize
obstetric care during labor and delivery to ensure newborn safety.5

Noninvasive prenatal testing (NIPT) for fetal sex determination is now
considered a “pretest” to invasive PND, avoiding the risk of invasive
procedures in female pregnancies. However, invasive testing is still
required for half of pregnant carriers to establish the hemophilia status of

a male fetus.6 We have previously reported that it is feasible to perform
NIPT for fetal genotype assessment by maternal plasma DNA analysis
of F8 and F9 sequence variants by microfluidics digital PCR (dPCR).7

The European Hematology Association Roadmap for European Hema-
tologyResearch has identified development inNIPT for hemophilia as a
research priority, in particular for severe and common sequence variants
such as F8 int22h-related inversions.8

The well-established hemophilia A and hemophilia B databases
gather detailed descriptions of more than 2000 sequence variants
occurring in the F8 gene and approximately 1000 sequence variants in
the F9 gene, respectively.9-11 Notably, approximately half of the
patients with severe hemophilia A harbor the inversion mutations
associated with intron 22 in the F8 gene, the int22h-related inversions,
located on chromosome X.12 The mutations stem from an intra-
chromosomal homologous recombination between the intragenic
int22h-1 region and 1 of its 2 extragenic copies (int22h-2 and int22h-
3), positioned more telomerically.13-15 However, because of technical
obstacles in characterization of the inversion breakpoints, its direct
detection is arduous, and so far has not been shown for NIPT of
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hemophilia carriers.This canpotentiallybe resolved throughahaplotype-
based analysis examining mutation-linked polymorphic sites.16-18

The protocol described by Tsui et al7 for NIPT of hemophilia
assesses the allelic imbalance from theproportionof themutant (M) and
normal/wild-type (N) allele inmaternal plasma of pregnant hemophilia
carriers. As for any NIPT-based protocol using a molecule counting
strategy, the fetal DNA fraction governs the degree of such allelic
imbalance, and thus requires precise molecular tools for its measure-
ment.19 The lower is the fetal DNA fraction in a particular sample, the
higher is the number of plasma DNAmolecules that would need to be
counted. The chip-based microfluidics platform adopted by Tsui et al7

has less flexibility in terms of scaling the number of digital reactions
achieved. At this time, droplet dPCR (ddPCR) and massively parallel
sequencing (MPS) technologies offer the highest sensitivity and
precision for quantification of maternal plasma DNA.20 Such advan-
tageous features are attainedbya simultaneous analysis of either plasma
DNA molecules distributed into more than 104 reaction partitions
(droplets) inddPCRormillions ormore sequence reads ofplasmaDNA
libraries in a sequencing flow cell for MPS.

Given that more affordable and user-friendly alternatives to the
costly MPS technologies are currently available, we first investigated
the use of ddPCR to establish fetal inheritance of maternal F8 and F9
sequence variants for NIPT of hemophilia as an extension of the
previous study.7 We further focused on the detection of more complex
sequence variants, namely, int22h-related inversions associated with
the F8 gene, through the targeted MPS analysis of maternal plasma in
pregnant hemophilia carriers.

Methods

Patient recruitment

We recruited 18 pregnant women with singleton male fetuses who were either
hemophilia A carriers (7 carriers of F8 sequence variants and 3 carriers of F8
int22h-related inversions) or hemophilia B carriers (8 carriers of F9 sequence
variants) from the Royal Free Hospital, London, United Kingdom (Table 1).
Peripheral blood was collected on several occasions during the pregnancy.
Samples collected at different points during the same pregnancy were labeled
using the same sample number followed by a subscript A, B, or C to indicate the
chronological order of the samples for that pregnancy. We further obtained
proband’s peripheral blood in 2 families with F8 int22h-related inversions
(family 16 and family 17) and the placental tissue (family 16 and family 18) for
the haplotype-based analysis. The hemophilia status of the newborn was
determined from the cord blood sample based on the factor VIII and factor IX
assays, as appropriate. The study was approved by the institutional ethical board
at the Royal Free Hospital, London, United Kingdom, and conducted in
accordance with the Helsinki Declaration. All participants agreed to participate
in the study by providing an informed written consent.

Sample processing

Peripheral blood collected into EDTA-containing tubes was processed by a
double-centrifugation protocol7 and stored frozen locally, and all samples were
shipped on dry ice to Hong Kong. We extracted maternal plasma DNA with
the QIAampDSPDNABloodMini Kit (Qiagen) and buffy coat DNA, using the
QIAampDNABloodMiniKit (Qiagen) according tomanufacturer’s instructions.
Placental DNA was extracted from the tissue with the QIAamp DNA Mini Kit
(Qiagen) following the “DNA Purification from Tissues Spin” Protocol.

ddPCR and relative mutation dosage analysis for detecting

F8 and F9 sequence variants

We designed ddPCR assays for detecting F8 and F9 sequence variants based
on the maternal mutational status, using the Primer Express software (Life

Technologies). The mutation assays were performed in a duplex format to
discriminate between theN andMalleles, using 2 allele-specific TaqMan probes
and 1 pair of primers. We measured fetal DNA fractions in maternal plasma by
digital ZFY/ZFX assay.22 All ddPCR analyses were carried out on the QX100/
QX200 Droplet Digital PCR System (Bio-Rad). Using the system’s droplet
generator, up to 20 000 reaction droplets were generated within a single reaction
well, consisting of 10mLof 23ddPCRSupermix for Probes (Bio-Rad), relevant
forward and reverse primers and probes (supplemental Tables 1 and 2, available
on the BloodWeb site), 0.5 mL of uracil N-glycosylase, 5 mL of plasma DNA,
and deionized water in a final volume of 20 mL. Reaction droplets with positive
fluorescent emission from 1 or both probes were considered positive, whereas
those without fluorescent emission were assigned as negative. Conventional,
nondigital PCRswere carriedout in a 96-well foil-sealedPCRplate on theC1000
Thermal Cycler or iCycler (Bio-Rad), following the thermal profile in the
manufacturer’s protocol. We analyzed the data with the QuantaSoft Software
(version 1.7.4.0917, Bio-Rad) with a manual threshold setting.

We adopted the relative mutation dosage (RMD) approach for X-linked
inheritance.7 The sequential probability ratio test (SPRT) statistically evaluated
the dosage imbalance between theM and N alleles to infer the hemophilia status
of fetuses carried by pregnant women who were carriers of F8 or F9 sequence
variants. Briefly, if the fetus had inherited the M allele, there would be
overrepresentation of theM allele, indicating the presence of an affected fetus. In
contrast, if the fetus had inherited the N allele, the M allele count would be
underrepresented, suggesting the presence of an unaffected fetus.

Targeted massively parallel sequencing of F8

int22h-related inversions

Target enrichment and library preparation. A custom-designed SeqCap
EZ Choice Library (NimbleGen) protocol was used for the in-solution target
enrichment of DNA libraries. The custom probe set covered regions on
chromosomes 3-9, 11-17, 19, 22, andX, encompassing a total length of 27.3Mb
of genomic DNA. A region analyzed for the detection of F8 int22h-related
inversions spanned 7.58 Mb on chromosome X, representing 0.7% of the whole
target capture design. It comprised 795 targeted segments in the centromeric region
(denoted as CEN) and 27 targeted segments in the telomeric region (denoted as
TEL) (Figure 1). Targeted regions on other chromosomes were used to estimate
fetal DNA fractions with the FetalQuant algorithm.23 The SeqCap probes were
designed to preferentially target single nucleotide polymorphisms (SNPs) with a
minimumheterozygosity rate of 20%,with theGCcontent of the targeted region in
a rangeof 38%to42%, andexcludedSNPs thatwere separatedby less than200bp.

DNA libraries were constructed using the KAPA Library Preparation Kit
(Kapa Biosystems) according to manufacturer’s recommendations. The plasma
and genomic DNA libraries were enriched by 13 and 8 cycles of precapture
ligation-mediated PCR, respectively, to obtain a minimum of 1 mg of DNA
libraries further subjected to target capture (NimbleGen) according to the
manufacturer’s protocol. Twelve cycles of PCR were used for a postcapture
ligation-mediated PCR amplification, and captured PCR products were purified
with the MinElute PCR Purification Kit (Qiagen). The pre- and postcapture
amplifiedDNA librariesweremeasured by the nondigital real-timeZFX assay to
estimate the relative fold enrichment by calculating theDCt values of the pre- and
postcapture samples.22Maternal plasmaDNA samples were prepared as a single
sample targeted capture, whereas genomic DNAwas subjected to a 4-plexDNA
library pooling. Each plasma DNA library was sequenced with 1 lane of a flow
cell on the HiSeq 2500 System with a paired-end format (75 bp3 2). Genomic
DNAlibrarywas sequenced in a4-plex sequencingprotocolperflowcell. Paired-
end reads were then aligned to the reference human genome (hg19; non-repeat-
masked), using the SOAP2 program (http://soap.genomics.org.cn/). Up to 2
nucleotide mismatches for each member of the paired-end reads were allowed.

Selection of informative SNPs in the F8 region for relative haplotype
dosage analysis. To establish fetal inheritance of maternal haplotypes by
targeted MPS, we identified informative SNPs based on the genotypes of the
mother and proband (family 16 and family 17), or the mother and the placental
tissue (family 18). We genotyped DNA by microarray analysis, using the
HumanOmni2.5-8 BeadChip Kit (Illumina) on the iScan System (Illumina) and
by targeted MPS. We explored the F8 region located up to 7 Mb downstream
from the int22h-1 homolog in the direction of the F8 gene transcription start site
(chrX: 147,109,089-154,109,089; hg19), denoted as the CEN region. The TEL
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region spanning a 577-kb region downstream from the int22h-3 covered a region
between chrX: 154,693,870 and chrX: 155,270,560. Informative SNPs were
those found heterozygous in the mother’s DNA (AB). Hemizygous SNPs
identified in the proband’sDNAor the placentalDNAwere assigned toHap I, as
they belonged to the haplotype linked to the F8 int22h-related inversion
(M allele). The SNPs absent from the proband’s DNAwere classified as Hap II,
as they belonged to the haplotype linked to the N allele. Relative haplotype
dosage (RHDO)16 andSPRTanalyseswere used for the assessment of haplotype
dosage imbalance in maternal plasma from the targeted MPS data. Briefly, the
null hypothesis for the SPRT classification represents a balance in the dosage
of 2 maternal haplotypes. An odds ratio of 100 was used to evaluate whether
an overrepresentation or underrepresentation of Hap I or Hap II haplotype in
the maternal plasma is present. An overrepresentation of the Hap I indicated the

presence of an affected fetus, whereas an overrepresentation of the Hap II
indicated the presence of an unaffected fetus.

Results

Detection of F8 and F9 sequence variants in maternal plasma

by ddPCR

We first analyzed maternal plasma of 15 pregnant women who were
carriers of sequence variants either in the F8 or the F9 gene to assess
the fetal hemophilia status by ddPCR and RMD analyses. Among the

Xp22.2 21.3 p21.1 11.4 q12 Xq21.1 21.31 22.1 22.3 Xq23 Xq24 Xq25 26.3 27.3 Xq28

CEN region

TEL
region

F8 gene

Int22h-1

Int22h-3

Family 16

Family 17

Family 18

Proband

Proband

Fetus

Fetus

Fetus

Sample Gest age FF (%) RHDO classification

Sample Gest age FF (%) RHDO classification

Sample Gest age FF (%) RHDO classification

16A

16B

17A

18A

18B

14w+3d

33w+5d

11.6

21.5

12w+1d 12.1

26w+3d 21.9

34w+2d 34.9
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ChrX (Mb)

×Tissue
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Figure 1. Noninvasive prenatal testing for hemophilia families with F8 int22h-related inversions. Pedigree for 3 families with a history of hemophilia examined by

a targeted MPS and RHDO approach. Genotypes of the mother and proband in family 16 and family 17, or the mother and the placental tissue in family 18, were used in

a haplotype analysis to infer fetal inheritance of F8 int22h-related inversions. The informative SNPs that were heterozygous in the mother (AB) and hemizygous in proband

(A-) were selected. The SNP alleles found in proband belonged to the haplotype linked with the F8 int22h-related inversion (Hap I, red). The SNP alleles absent from the

proband belonged to the haplotype not linked with the F8 int22h-related inversion (Hap II, blue). The tail and tip of an arrow denote the start and end, respectively, of a RHDO

block. Vertical red, black, and purple lines correspond to the location of the F8 gene and int22h-1 and int22h-3 homologs on chromosome X, respectively. The vertical dashed

gray line illustrates a centromere-region boundary. For family 16 and family 18, the fetus had inherited Hap I from the mother, where the haplotype blocks in the F8 region were

found to be linked to the proband’s int22h-related inversion. The cross symbol in the placental tissue in family 16 indicates a recombination event in the chromosome position

chrX: 141,078,676. In family 17, haplotype blocks in the F8 region were found to be linked to Hap II, suggesting the presence of an unaffected fetus. CEN region and TEL

region, centromeric and telomeric region, respectively; FF, fetal DNA fraction; Gest age, gestational age.
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whole cohort of studied pregnancies at the gestational age between
8 and 42 weeks, the fetal DNA fractions ranged from 0.8% to 33.0%.
We performed SPRT analyses based on 2 parameters; namely, the
proportion of the M allele and the fetal DNA fraction in maternal
plasma, asmeasuredbyddPCR, andpredicted fetal genotype consistent
with the clinical outcome for the studied pregnancies (Table 1). The
number of ddPCR reaction wells required for a conclusive SPRT
classification was influenced by the fetal DNA fraction and the

number of plasma DNA molecules analyzed. On average, 3 reaction
wells in ddPCR (range, 28-1551 positive droplets) were sufficient to
establish the fetal hemophilia status among the classified samples,
with fetal DNA fractions ranging from 3.0% to 33.0%. In the whole
cohort, we detected 2 unclassified results with low fetal DNA fractions
(0.8% and 4.0%), and 1 unclassified third-trimester case. The second-
trimester sample from this pregnancy (sample 14A) correctly indicated
the presence of an affected fetus, but no classificationwas obtained from
a sample collected 9weeks later (sample 14B), perhaps because the total
DNA was found to be 4 times lower for the unclassified sample.

Computer simulations on diagnostic accuracy of ddPCR for

detecting F8 and F9 sequence variants

We further conducted computer simulation analyses to estimate the
accuracy of performing noninvasive prenatal testing for F8 and F9
sequence variants by ddPCR. The simulations considered fetal DNA
fractions ranging from5% to30%, and the number of reactionwells in a
range of 1 to 10 (corresponding to 200-2000 positive droplets). The
analysisassumed theaverage templateconcentrationof the referenceallele
per droplet,mr, to be0.01and thenumber ofdroplets perwell in ddPCR to
be 20 000. Table 2 shows that for a ddPCR assay examining at least
5 reaction wells and testing a maternal plasma sample with fetal DNA
fraction of at least 15%, onewould reachmore than99%accuracy at a call
rate of more than 98% by digital RMD and SPRT analyses.

Detection of F8 int22h-related inversions in maternal plasma by

targeted MPS

With the aim to noninvasively detect int22h-related inversions associated
with theF8gene inmaternalplasmaofhemophilia carriers,we investigated
the applicability of targetedMPS in 3 hemophilia families. Amean of 111
millionpaired-end readscoveredalmost theentire target spanning27.3Mb,
yieldingameansequencingdepthof149-foldperbase.Table3summarizes
the statistics for the sequencing quality parameters for each studied case.

RHDO analysis assessed whether the fetus had inherited the
maternal haplotype associated with the F8 int22h-related inversion or
the normal/wild-type haplotype in 5 maternal plasma samples from
pregnant hemophilia carriers at gestational ages between 12 and
34 weeks (Figure 1). SPRT classifications identified an affected fetus
in family 16 and family 18, and 1 unaffected fetus in family 17, thus
accurately predicting the fetal genotype (Table 3; Figure 1). Families
were found to be informative for, on average, 18 polymorphic markers
located in the 7-Mb CEN region, with a limited number of SNPs
identified in the 577-kb TEL region (Table 3).

Specifically, we analyzed 2 maternal plasma samples collected in
the early second and the third trimesters in family 16, where fetal DNA
fractions were found to be 11.6% and 21.5%, respectively (Figure 1).
Thegenotypingdata identified15and13 informativeSNPs in theCEN
region for the second- and the third-trimester samples, respectively. In
contrast, only 1 informative SNP was detected in the TEL region in
both samples, not contributing to any SPRT classification. RHDO
analyses identified 4 and 5 haplotype blocks linked to the F8 int22h-
related inversion (Hap I) spanning theCEN region in the second- and the
third-trimester samples, respectively. A detailed haplotypemap obtained
from the sequencingdata revealed a haplotype switch in the chromosome
position chrX: 142,484,121 for the sample 16A and in the chromosome
position chrX: 141,082,684 for the sample 16B. The results obtained
through targetedMPSof the placental tissue confirmed the occurrence of
a recombination event in the position chrX: 141,078,676.

In family 17, RHDO analysis correctly determined the presence of
an unaffected fetus that had inherited haplotype blocks linked to the

Table 2. Diagnostic accuracies of genotype classification by RMD
and SPRT assessed by computer simulations

Fetal DNA
fraction, %

No. of positive
droplets Call rate, %* Accuracy, %†

5

200 0.7 84.8

400 6.5 93.5

600 16.1 93.2

800 24.4 95.4

1000 33.5 94.8

1200 40.3 96.0

1400 47.3 95.9

1600 52.1 96.2

1800 57.2 96.7

2000 60.7 97.1

10

200 28.8 93.6

400 56.9 95.8

600 72.2 97.2

800 80.0 98.1

1000 86.9 98.6

1200 90.8 99.0

1400 93.5 99.4

1600 95.6 99.5

1800 96.5 99.6

2000 97.5 99.8

15

200 60.9 96.9

400 85.1 98.5

600 93.2 99.4

800 97.4 99.7

1000 98.3 99.9

1200 99.4 99.9

1400 99.7 100.0

1600 99.9 100.0

1800 100.0 100.0

2000 100.0 100.0

20

200 84.1 98.2

400 96.4 99.7

600 99.2 99.9

800 99.8 100.0

1000 99.9 100.0

1200 100.0 100.0

1400 100.0 100.0

1600 100.0 100.0

1800 100.0 100.0

2000 100.0 100.0

30

200 98.6 99.8

400 100.0 100.0

600 100.0 100.0

800 100.0 100.0

1000 100.0 100.0

1200 100.0 100.0

1400 100.0 100.0

1600 100.0 100.0

1800 100.0 100.0

2000 100.0 100.0

*Call rate (%) corresponds to the percentage of samples that achieves the SPRT

threshold to make a call.

†Accuracy (%) refers to the percentage of samples showing a correct call.
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normal/wild-type allele (Hap II). The fetal DNA fraction of the studied
first-trimester plasma sample in this family was 12.1%. According
to the genotyping information of the mother and the proband, 20
informative SNPswere identified in the CEN region, and 1 informative
SNP was found in the TEL region, providing a correct classification.
Four haplotype blocks spanning the CEN region indicated presence
of an unaffected fetus consistent with the hemophilia status of the
newborn. We noted no recombination event in the selected region on
the long arm of chromosome X.

Informative SNPs in family 18 were identified on the basis of the
genotypes of themother and the placental tissue.We analyzed 2 plasma
samples collected from the second and the third trimesters with fetal
DNA fractions of 21.9% and 34.9%, respectively. In total, we detected
19 and 22 informative SNPs in the CEN region for the second- and
the third-trimester samples, respectively, with no SNP identified in
the TEL region. As a result of high fetal DNA fractions found in
these samples, SPRT classifications were obtained from a higher
proportion of interrogated SNPs. RHDO analyses identified 9 and
21 haplotype blocks spanning the CEN region for the second- and
the third-trimester samples, respectively. Haplotype blocks were
found to be linked to the proband’s F8 int22h-related inversion
(Hap I), indicating the presence of an affected fetus consistent with
the clinical phenotype.

Discussion

In this study, among a cohort of 15 pregnant carriers of F8 and F9
sequence variants, ddPCR enabled noninvasive assessment of fetal
hemophilia status inferred from the maternal mutational profile in
samples obtained from 8 to 42 weeks of gestation. We have further
provided the first demonstration of NIPT of F8 int22h-related
inversions by establishing the linkage of the SNPs within the F8
region in 3 hemophilia families.

Recent developments in dPCR have brought alternatives to
relatively costly sequencing methods for its application in NIPT.
Previously, Tsui et al7 recruited 7,mostly third-trimester pregnancies at
risk for hemophilia,whosematernal plasmawas tested bymicrofluidics
dPCR. The microfluidics system analyzes samples in a microfluidics
chip capable of accommodating approximately 9000 reaction wells.
In contrast, the whole reaction plate used in ddPCR can generate
more than 1.9 M droplets distributed among 96 reaction wells, which
represents a more scalable and affordable approach for plasma DNA
quantification. Here, we performed an in silico analysis demonstrating
the important effect of the fetal DNA fraction in affecting the accuracy
of noninvasive prenatal testing for hemophilia using ddPCR and SPRT
(Table 2). Clinically, samples with low levels of fetal DNA fractions,
typically collected at earlier gestational ages, would require more
plasma DNA molecules to be counted. Because of the scalability of
ddPCR, the protocol performed reliably even in cases with fetal DNA
fraction lower than 10%. ddPCR analyses carried out on samples with
insufficient fetalDNA fractions or a lownumber of analyzedmolecules
might not reach the statistical confidence required for fetal geno-
type classification, as represented by the 3 unclassified plasma sam-
ples detected in our cohort. However, as shown in the data of this
studied cohort, the test either provided a correct classification or no
classification. There had been no misclassification. When an un-
classified result is encountered, one either performs more digital
analyses on the sample to accumulate more data points, or when the
sample is consumed, one may resort to an additional blood draw,
possibly at a later gestational age with higher fetal DNA fraction.T
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Further validation in a larger cohort would certainly be useful in
understanding the performance of this approach.

The targeted MPS strategy has been shown in other studies to be a
robust method for NIPT of monogenic diseases based on selective
sequencing of the genome.17,18 This approach is able to achieve a
higher than 99% diagnostic sensitivity at a 200-fold sequencing depth
for 500 analyzed SNPs in maternal plasma samples with fetal DNA
fractions as low as 3%.18 We particularly applied this approach for
the noninvasive prenatal assessment of F8 int22h-related inversions
because the use of RHDO analysis bypasses the need to determine the
precise breakpoints of the inversion in each case. In the present study,
we performed target enrichment of the F8 region and used RHDO
analysis to noninvasively establish fetal inheritance using SNPmarkers
linked tomaternal int22h-related inversions.This approachhad enabled
us to construct a haplotype map of the fetus in the vicinity of the F8
region, which had led to a correct prediction of fetal hemophilia status
in all tested families.

In our cohort, RHDO analysis identified 1 recombination event in
family 16, located relatively close to the Xq27 band, being consistent
with previous observations.24,25 These data, as well as those from our
earlier study, show that the RHDO approach could pinpoint the site of
recombination fairly precisely.18,26

Approximately one third of all hemophilia A sequence variants
occur de novo.27 Until recently, maternal plasma DNA sequencing
of de novo sequence variants faced technical limitations because of
sequencing error rates of MPS platforms. Kitzman et al28 showed that
fetal de novo sequence variants could be detected frommaternal plasma
at a sensitivity of 88.6%, but with a positive predictive value of only
0.000156%. Further improvements in sequencing technologies re-
ducing the sequencing error rate,16 development of optimized protocols
for DNA library preparation that minimize the PCR error rate,29

and introduction of more sophisticated bioinformatics algorithms has
increased the specificity of such an approach. Chan et al30 reported the
ability to detect fetal de novo sequence variants frommaternal plasmaat
about 80% sensitivity with at least 62% positive predictive value.
Another practical challenge represents the family-based setting of this
study, requiring construction of the maternal haplotype inferred from
the sequencing data of the mother and the proband. This requirement
has limited the applicability of the approach in certain cases, as no
proband might be available in some families. However, linked-read
haplotype sequencing technology can establish mutation haplotype
signature in the carrier sample directly, and thus permits PND without
the availability of the proband.26 Alternative methods for maternal
haplotyping thus hold promise in resolving this issue and open up new
potential targets for further refinements of NIPT-based protocols for
other monogenic diseases.26

The present developments in NIPT of hemophilia by ddPCR offer
an affordable method to detect a spectrum of predefined sequence
variants in theF8 andF9 genes inmaternal plasma. In a clinical setting,
ddPCR analysis would first assess the fetal sex through chromosomeY
orother paternally inheritedSNPmarkers. If amale fetuswas identified,
themutation-specific ddPCR assay could be used to determine the fetal

hemophilia status. Diagnosis could be readily achieved for samples
with fetal DNA fractions above a certain threshold, and for samples
with low fetal DNA fractions, an additional number of digital analyses
would further enhance the detection. If a set of predesigned ddPCR
assays for testing hemophilia sequence variants was developed, the
sample processing and data analysis could be performedwithin 1 day at
reagent costs of approximately US$3 per reaction well. Such an
approach would be impractical in routine practice to detect more
complex hemophilia sequence variants, such as F8 int22h-related
inversions, which requires analyzing a higher number of polymorphic
DNAsites.To this end,we show that targetedMPS strategy facilitates a
fine mapping of the F8 region by performing an accurate and robust
measurement of maternally inherited fetal haplotypes. As the costs
of sequencing continue to decrease and larger cohorts of pregnant
carriers ofF8 int22h-related inversionswill be examined, targetedMPS
approaches, such as the one presented in our study, are envisaged to
become an essential part in NIPT of hemophilia carriers.
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