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Purpose:Whereas noninvasive prenatal screening for aneuploidies
is widely implemented, there is an increasing need for universal
approaches for noninvasive prenatal screening for monogenic
diseases. Here, we present a cost-effective, generic cell-free fetal
DNA (cffDNA) haplotyping approach to scan the fetal genome for
the presence of inherited monogenic diseases.

Methods: Families participating in the preimplantation genetic
testing for monogenic disorders (PGT-M) program were recruited
for this study. Two hundred fifty thousand single-nucleotide
polymorphisms (SNPs) captured from maternal plasma DNA
along with genomic DNA from family members were massively
parallel sequenced. Parental genotypes were phased via an available
genotype from a close relative, and the fetal genome-wide haplotype
and copy number were determined using cffDNA haplotyping
analysis based on estimation and segmentation of fetal allele
presence in the maternal plasma.

Results: In all families tested, mutational profiles from cffDNA
haplotyping are consistent with embryo biopsy profiles. Genome-
wide fetal haplotypes are on average 97% concordant with the
newborn haplotypes and embryo haplotypes.

Conclusion: We demonstrate that genome-wide targeted capture
and sequencing of polymorphic SNPs from maternal plasma cell-
free DNA (cfDNA) allows haplotyping and copy-number profiling
of the fetal genome during pregnancy. The method enables the
accurate reconstruction of the fetal haplotypes and can be easily
implemented in clinical practice.
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INTRODUCTION
The discovery of cell-free fetal DNA (cffDNA) in the maternal
plasma1 has spurred the development of noninvasive prenatal
screening for aneuploidies (NIPS-A). The advent of massively
parallel sequencing technologies enabled noninvasive screen-
ing for the most common fetal aneuploidies (trisomy 21, 18,
and 13) with high accuracy, leveraging rapid worldwide
implementation in routine prenatal care.2,3 NIPS-A became
popular because it can be applied from 10 weeks of pregnancy,
reducing the risk of procedure-related miscarriage and
technical challenges associated with invasive prenatal testing.
Its accuracy largely outperforms the traditional first and
second trimester risk assessment tests, and its implementation
has resulted in a significant drop in invasive procedures.4,5

In addition to aneuploidy detection, monogenic diseases
can be identified by cffDNA analysis.6–8 Although the
incidence of single-gene disorders is estimated to be about
1% of all live births9 and over 7000 monogenic diseases
are known,10 noninvasive prenatal screening for monogenic

disorders (NIPS-M) has only been performed on a limited
number of pregnancies for a small panel of genes. Different
methods have been developed,11–15 but currently none have
been widely adopted in clinical practice. While the detection
of paternally inherited alleles is straightforward,16 analysis
of the maternally inherited allele has been hampered by
the excess of maternal DNA in cell-free DNA (cfDNA).
Analytical approaches that allow noninvasive diagnosis of
maternally inherited dominant or autosomal recessive mono-
genic diseases focus on the determination of which allele the
fetus has inherited. The relative mutation dosage (RMD) by
digital polymerase chain reaction (PCR) measures the relative
proportions of the mutant and wild-type alleles in the
maternal plasma.11 However, a major disadvantage is that
allele-specific probes are required and, as a consequence, are
only suitable for the detection of a single targeted variant per
test.17,18 Haplotype-based methods, including relative haplo-
type dosage (RHDO), deduce the fetal genotype by measuring
the relative counts of alleles on haplotype blocks linked

Submitted 1 September 2019; accepted: 27 December 2019
Published online: 6 February 2020

1Center for Human Genetics, KU Leuven, Leuven, Belgium; 2Department of Genetics and Evolutionary Biology, Institute of Biosciences, University of Sao Paulo, Sao Paulo, Brazil;
3Department of Clinical Genetics, Maastricht University Medical Center, Maastricht, The Netherlands; 4Department of Genetics and Cell Biology, GROW School for Oncology and
Developmental Biology, Maastricht University, Maastricht, The Netherlands. Correspondence: Joris Robert Vermeesch (joris.vermeesch@kuleuven.be)

ARTICLE © American College of Medical Genetics and Genomics

962 Volume 22 | Number 5 | May 2020 | GENETICS in MEDICINE

http://crossmark.crossref.org/dialog/?doi=10.1038/s41436-019-0748-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41436-019-0748-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41436-019-0748-y&domain=pdf
http://orcid.org/0000-0002-3071-1191
http://orcid.org/0000-0002-3071-1191
http://orcid.org/0000-0002-3071-1191
http://orcid.org/0000-0002-3071-1191
http://orcid.org/0000-0002-3071-1191
https://doi.org/10.1038/s41436-019-0748-y
https://doi.org/10.1038/s41436-019-0748-y
mailto:joris.vermeesch@kuleuven.be


with the mutant allele and wild-type allele in the maternal
plasma.19 Lo et al.13 and Kitzman et al.14 demonstrated that
genome sequencing of maternal plasma DNA to 65-fold and
78-fold coverage allows the deduction of a genome-wide
genetic and mutational profile of the fetus, opening
opportunities to detect virtually all inherited monogenic
diseases using a single platform. However, the high cost and
the intensive computational analyses required for genome
examinations currently prevent wide-scale clinical implemen-
tation. Target-based haplotyping methods are limited to
tailored genes; a series of probes for the targeted capture of
single-nucleotide polymorphisms (SNPs) flanking a particular
locus needs to be selected a priori and requires 200- to 1000-
fold depth of cfDNA sequencing.6,20,21 Hence, this approach
requires disease-specific workup and cannot be universally
applied for the generic diagnosis of monogenic disorders.
We previously developed a genome-wide single-cell

haplotyping method, coined haplarithmisis, which enables
concurrent haplotype and copy-number determination.22

Haplarithmisis is a generic method that uses informative loci
from parental haplotypes across all chromosomes and assigns
embryo B-allele frequencies to localize meiotic recombination
sites and to measure the copy of inherited parental haplotype.
This method has been clinically implemented for compre-
hensive embryo preimplantation genetic testing (PGT) for
both monogenic disorders and aneuploidy.23 Here, we tailor
the approach for noninvasive prenatal haplotyping, and
validate the method on families who underwent preimplanta-
tion genetic testing for monogenic disorders (PGT-M)
where embryo haplotypes and newborn haplotypes of the
uterine-transferred embryos are available. We demonstrate
the feasibility of cffDNA-based haplotyping as a generic
method for noninvasive prenatal detection of inherited
monogenic diseases and aneuploidy detection.

MATERIALS AND METHODS
Study design
In total, nine families at risk for dominant or recessive
disorders following PGT-M were included in this study
(Table 1). The haplotype and mutational status of embryos
were determined during routine PGT-M workflow at UZ
Leuven hospital, and a healthy embryo was transferred.
Genomic DNA (gDNA) from the family members, including
mother, father, and a close relative (either an affected
offspring or parents of the couple) was collected. Maternal
plasma cfDNA was later obtained from the pregnant woman
following PGT-M and embryo transfer (Supplementary
Materials and Methods). In three families, approval to sample
the neonate was provided and DNA was obtained. In
addition, one family with a trisomy 21 child was included
to create spike-in DNA samples, simulating the fetal fraction
observed in maternal plasma, and evaluating the performance
of the method to detect aneuploidy. The workflow of this
study is illustrated in Supplementary Fig. S1.
This study was approved by the local Ethical Committee

of the University Hospital Leuven (S59324). Women with a Ta
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successful pregnancy following PGT-M were recruited at the
UZ Leuven Hospital, with informed consent.

DNA library preparation and targeted sequencing
DNA libraries were prepared using the SureSelectXTHS Target
Enrichment System for Illumina Paired-End Sequencing
(Agilent Technologies, Santa Clara, CA). Genomic DNA
was processed according to manufacturer’s recommendations.
In the case of cfDNA samples, between 5 and 20 ng were used
for input, and the number of cycles for prehybridization PCR
was optimized to 11 to generate 500–1000 ng of DNA
libraries. Unique molecular identifiers (UMI) were added to
DNA fragments before PCR amplification. End repair and
A-tailing, ligation, and sample purification steps were
performed following manufacturer’s instructions. DNA
libraries were hybridized to a 45-Mb custom capture library,
targeting 250,000 SNPs including ~250 disease regions,
subtelomeric and pericentromeric regions, and sex chromo-
somes. The capture library was designed based on the
HumanCytoSNP-12 BeadChip (Illumina, San Diego, CA)
using the Agilent SureSelect DNA Advanced Design Wizard
(https://earray.chem.agilent.com/suredesign/) with 2×x tiling
density, most stringent masking, and max performance
boosting. Following hybridization and successful amplifica-
tion, postcapture libraries were evaluated on Agilent 4200
Tapestation system (Agilent Technologies) using High
Sensitivity D1000 SCreeTape. Concentrations were also
measured by Qubit HS dsDNA Assay kit (ThermoFisher,
Waltham, MA) before pooling. Pools were clustered using an
Illumina cBot and sequenced with paired-end 150 reads on an
Illumina NextSeq500 in high output mode. The DNA of three
newborns was sequenced on an Illumina HiSeq4000 machine
without UMI barcode.

Sequencing alignment and variant calling
Quality of the paired-end sequencing data was checked
by FastQC v0.10.1.24 Sequencing reads were aligned to
GRCh37 with decoy sequences included (hs37d5) by BWA-
MEM v0.7.1725 and UMI barcodes were transferred to bam
file as RX tag. Duplicates were marked using Picard
MarkDuplicates (Broad Institute) with the awareness of
UMI barcodes. Read pairs that mapped to the same genomic
location and with identical molecular barcodes were
grouped and ranked by base quality. Read pairs with
the highest score from each molecular barcode family were
kept, and PCR duplicates were removed. Low quality
mapping reads (<20) and secondary alignment were filtered
for downstream analyses. We used Genome Analysis
Toolkit26 (GATK) software suite to perform variant calling.
HaplotypeCaller was used to call variants from family
gDNA samples jointly and parental genotypes were phased
by PhaseByTransmission. Maternal plasma samples were
handled separately, and allele counts were collected using
ASEReadCounter by counting paired-end fragments requir-
ing the overlapping bases to be identical, minimal mapping
quality greater than 20, and base quality greater than 2.

Only sites with more than 30 total alleles in maternal
plasma were used for analysis.

cffDNA haplarithmisis
The principles of cffDNA haplotyping are presented in Fig. 1.
Briefly, by targeted sequencing of genomic regions genome-
wide for family members and maternal plasma cfDNA,
genotypes and allele counts are determined for captured
SNPs. Parental genotypes are phased via an available genotype
derived from a close relative, either an affected child or
parents of the couple as previously described.22 The parental
genotypes are divided into five groups based on paternal and
maternal allele combinations (Supplementary Materials and
Methods). A SNP locus is defined as informative when the
genotype of one parent is heterozygous and the other is
homozygous for this SNP. The informative SNPs are
categorized as paternal or maternal. An informative SNP is
defined as paternal when the father’s genotype is hetero-
zygous, and the mother’s genotype is homozygous. Similarly,
an informative SNP is defined as maternal when the mother’s
SNP genotype is heterozygous and the father’s SNP genotype
is homozygous. These paternal and maternal informative SNP
loci are then subcategorized (P1, P2 or M1, M2) according to
the informative phased parental SNP genotypes (Fig. 1a).
To deduce the fetal haplotype from cfDNA, we infer the

alleles that originate from the fetus. For the paternal SNP
category, we can easily infer the paternally inherited alleles in
the fetus that differ from the maternal background alleles
present in the cfDNA (Fig. 1b). For the maternal SNP
category, we cannot straightforwardly distinguish the mater-
nally inherited allele of the fetus from cfDNA as both
maternal alleles are present. Nevertheless, the maternal allele
inherited by the fetus will be overrepresented in maternal
plasma compared with the untransmitted allele. Thus, we
based the haplotyping of the fetal genome on the determina-
tion of the fetal allele ratio (FAR) that measures the
proportion of fetal allele in cfDNA. First, the fetal fraction
(FF) is calculated by dividing the number of reads that exhibit
a paternal specific allele by the total number of reads using
type 1 SNPs (Supplementary Materials and Methods). Then
the FAR values are measured for SNPs where either parent
has a heterozygous SNP genotype. The FAR from consecutive
informative SNPs is segmented for each SNP subcategory
(P1, P2 or M1, M2) separately and then jointly interpreted,
defining the haplotype blocks inherited from paternal H1 and
H2 or maternal H1 and H2, and pinpointing homologous
recombination sites between the parental H1 and H2 (Fig. 1b).
FF is used as a standard for segmented FAR value to
determine homolog inheritance and to quantify copy number
(Supplementary Materials and Methods).

cffDNA haplotyping validation and performance
To validate cffDNA haplotyping, we matched the cfDNA-
derived haplotypes to neonatal haplotypes and array-based
single-cell embryo haplotypes. Both mutational status and
genome-wide haplotype concordance were compared and
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measured. To assess the performance of the cffDNA
haplotyping under effects of different factors, downsampling
and simulation analyses were performed. Details are described
in Supplementary Materials and Methods.

Aneuploidy detection
Synthetic spike-in samples were made to simultaneously infer
fetal haplotype and detect aneuploidy. Mixed samples were
created by combining 20% and 10% of DNA from the affected

Genotype parents and close relative
(EX.: paternal inheritance/
affected offspring phasing)

Phase parental heterozygous SNPs
to determine relative H1 and H2
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Identification of the informative SNPs
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Fig. 1 Principles of cell-free fetal DNA (cffDNA) haplotyping. (a) Example of a family with an autosomal dominant disorder. DNA from the parents and
the affected offspring is first genotyped and on the basis of the affected child’s genotype, parental single-nucleotide polymorphisms (SNPs) can be phased to
determine the transmission of paternal and maternal homologs, including the mutant allele. Paternal informative SNPs, defined as heterozygous in the
father and homozygous in the mother, are identified as a step 1 phasing rule. The paternal homolog that is transmitted to the affected child must contain
the causative variant and is denoted homolog 1 (H1), whereas paternal H2 carries the normal allele. Subsequently (step 2), informative SNPs are categorized
to define parental SNPs subcategories—P1 and P2 for paternal SNPs, and M1 and M2 for maternal SNPs. (b) Determination of fetal haplotype inheritance
was based on fetal allele ratio (FAR) metric. Red and blue indicate paternal P1 and P2 SNP subcategories, and the same color code is also applied to
distinguish M1 and M2 SNP subcategories. Segmentation on FAR values (step 3) was performed to define the haplotype blocks derived from paternal H1
and H2 or maternal H1 and H2, thus indicating homologous recombination sites between the parental H1 and H2.
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proband with 80% and 90% of DNA from the mother,
respectively. Chromosomal abnormalities result in FAR value
deviation from the expected FF. Statistical t test was
performed to measure shifting patterns. The haplotyping
result and nonhomologous disjunction from cfDNA were
confirmed with the proband DNA (Supplementary Materials
and Methods).

RESULTS
Noninvasive prenatal screening for monogenic disorders
Three families had an affected offspring, and six had parents
of the couple available to phase the parental genotypes (either
paternal or maternal, depending who is the carrier of the
variant). It is possible to infer both the paternal and maternal
haplotype inheritance with an affected offspring for phasing.
Phasing with parents of either father or mother determines
the origin of the mutant allele in either the father or the
mother (Supplementary Fig. S2) and only inheritance of the
paternal or maternal haplotype is deduced. As a general
observation from raw FAR values of informative SNPs
(Supplementary Fig. S3), the maternal inheritance of homo-
logous chromosome segments is more difficult to deduce
visually due to the overwhelming maternal DNA background.
However, we enable haplotyping of the maternally inherited
genome of the fetus by FAR segmentation.
We verified the mutational profile derived from cffDNA

haplotyping against the newborn profile in the first instance.
In three families (families 1_181, 4_158 and 6_150), we
determined neonatal haplotypes following targeted sequen-
cing. Family 1_181 presents an autosomal recessive disorder,
in which unaffected parents are heterozygous carriers for a
variant in the same gene (Table 1). Haplotyping of the
cffDNA identifies the paternal and maternal haplotype blocks
linked with the wild-type allele at the locus of the PPT1 gene,
indicating that the fetus is not at risk for the disease. The
haplotype obtained from bulk DNA of the newborn child
using conventional familial analysis confirmed accurate
haplotyping-based NIPS-M and concordant positioning of
homologous recombination sites (Fig. 2a and Supplementary
Materials and Methods). For the other two families (families
4_158 and 6_150), the disease is autosomal dominant, and the
father carries the variant. Paternal parents were used for
phasing. The presence of a paternal haplotype block linked
with the wild-type allele confirmed the transfer of unaffected
embryo and is concordant with the newborn child haplotype
(Supplementary Fig. S4a, b).
For all nine families, we validated the mutational profile

determined from cfDNA to the embryo biopsy haplotyping
results from PGT SNP array-based haplarithmisis analyses.
In all cases the results were concordant (Fig. 2a–c and
Supplementary Fig. S4a–f). Note that for family 2_186, two
autosomal recessive diseases were investigated in a single
PGT. Using cffDNA haplotyping, we ascertained the absence
of paternal and maternal haplotype linked with the mutant
alleles for type 1 Gaucher disease. The cell-free fetal haplotype
revealed the same haplotype as in embryo, shown as a carrier

of maternal variant for mitochondrial DNA depletion
syndrome 6. (Fig. 2b). Family 3_085 presents with an
X-linked dominant disorder. Since the mother is the carrier
of the variant in the family and the fetus is male, only the
maternal haplotype inheritance is displayed in Fig. 2c.

Genome-wide cffDNA haplotyping accuracy
To evaluate the overall performance of the method, we
determined the accuracy of genome-wide cffDNA haplotyp-
ing by comparing the results to conventional haplotypes
derived from DNA analysis of neonatal blood when available
and to single-cell haplotypes of the transferred embryo,
following PGT-M. The haplotype blocks derived from born
children or single cells were considered as references and
haplotype blocks derived from maternal plasma DNA were
matched to the reference (Supplementary Fig. S5a). Com-
pared with neonatal genotypes, paternal and maternal
informative SNPs could be deduced with 95.17% and
65.84% accuracy respectively for a 9.5% FF sample, when
the prediction is only based on locus specific raw allele counts.
With the use of haplotypes, the paternal and maternal
genotype inference accuracy increases to 99.7% and 95.64%,
respectively. Haplotyping accuracy is reduced near homo-
logous recombination sites (Supplementary Fig. S5b,c).
Comparison of cffDNA haplotypes with newborn haplotypes
(Fig. 3a and Supplementary Fig. S6a) and with embryo
haplotypes (Fig. 3b and Supplementary Fig. S6b) both showed
an average of 99% paternal and 95% maternal haplotype
concordance (Supplementary Table S1).
Above 98% accuracy was achieved for paternal haplotyping

regardless of FF and sequencing depth in all cases, while
maternal haplotyping accuracy varied from 90% to 97% and is
FF and sequence depth dependent. Reduced haplotype
resolution could be observed near the recombination sites
where the maternal haplotypes' accuracy drops below 95% in
a region of about 400 Kb, whereas the paternal region of lower
accuracy near crossovers ranges between 100 and 350 Kb
(Supplementary Table S1). Overall, haplotype accuracy and
crossover resolution are impacted by FF, density of informa-
tive SNPs, and sequencing depth (Supplementary Fig. S5a). By
simulating different fetal DNA fractions shown in cfDNA and
maintaining the median coverage at a fixed 85-fold, the effect
of FF on haplotyping accuracy and crossover was mapped.
Paternal haplotypes were almost invariant to FF. In contrast,
the accuracy of the maternally inherited haplotype as well as
the resolution near crossovers were both greatly affected by
FF. While with 20% FF, the maternal haplotypes were more
than 98% accurate when compared with the reference
haplotype at a homologous recombination resolution of
200 kb, and the concordance decreased to less than 80%
and a resolution of 1 Mb with an FF of 5.5% (Fig. 3c).
However, it was possible to further improve the results

when an affected offspring was used for phasing. In such
families, SNPs that are the heterozygous in both father and
mother (type 4 SNPs) were applied to improve maternally
inherited haplotypes. We converted such ambiguous type 4
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SNPs to unambiguous phased maternal SNPs after resolving
paternal haplotypes. Adding these extra SNPs to the inference
of the maternally inherited haplotype improved the accuracy
when FF is low (Supplementary Fig. S7). Though we

anticipated more accurate estimation of FARs and thus
improved haplotyping accuracy by raising sequencing depth
especially when FF is low, we showed that even at low
sequencing depth robust fetal haplotypes could be obtained.
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To further investigate the effect of sequencing depth on
haplotyping, we downsampled two cfDNA-sequencing sam-
ples having 16.5% FF and 9.5% FF. Although the range
of sequencing depth was 50-fold to 96-fold in our samples
(Supplementary Table S1), downsampling simulations
showed that cfDNA haplotyping performance was stably
maintained at 40-fold sequencing depth for 16.5% FF and was
only reduced to below 95% concordance at 30-fold sequen-
cing depth (Fig. 3d). With FF at 9.5%, haplotyping accuracy
also only dropped significantly when sequencing depth was
reduced to below 30% of original depth (Supplementary
Fig. S8).

Aneuploidy detection using cffDNA haplotyping
In addition to inherited monogenic disease detection (NIPS-
M), we explored the capability of the methodology to detect
simultaneously aneuploidy (NIPS-A) using synthetic spike-in
samples. As illustrated in Supplementary Fig. S9, a trisomy
would lead to a deviation of the segmented FAR value from
the expected FF. In a maternally inherited trisomy, the
segmented FAR value of the paternal SNPs shifts only
marginally; however, maternal FAR values will shift system-
atically away from the FF value of the diploid autosomes. For
instance, assuming 10% FF and 100-fold coverage, we would
expect maternal FAR value to shift to 4.76% or 14.29% rather
than 0% or 10%. While for a paternally inherited trisomy,
both paternal and maternal FAR values deviate from the
expected FF (Supplementary Fig. S9a, b). Accordingly, our
data revealed that the paternal FAR values on chromosome 21
presented close to the expected normal FF levels, while the
maternal FAR values for both M1 and M2 subcategories
shifted away from the expected FF, being near to the
theoretical trisomy FAR values. From the t test, maternal
(M1 and M2) mean FAR values of chromosome 21 showed
significant difference from their corresponding subcategorical
mean FAR values of other chromosomes (Supplementary
Fig. S10). As a result, a maternally inherited trisomy 21 was
determined (Fig. 4a). The predicted haplotypes have both
maternal haplotypes present, indicating that the trisomy is the
consequence of a maternal meiotic nondisjunction. Sequen-
cing data from the proband also confirmed this and showed a
concordant phasing between the spike-in samples and the
child's DNA (Fig. 4b). Despite trisomy 21, the genome-wide

haplotyping demonstrated 99.9% and 99% accuracy for
paternal and maternal inheritance for 20% FF spike-in
sample, and 99.8% and 97% for 10% FF spike-in sample.

DISCUSSION
We demonstrate that genome-wide targeted capture and
sequencing of polymorphic SNPs from maternal cfDNA along
with parental and additional family member’s DNA allows
haplotyping and copy-number profiling of the fetal genome
during pregnancy. cffDNA haplarithmisis analysis enables the
accurate reconstruction of the fetal haplotypes without the
need for deep sequencing or genome sequencing analyses. A
wide spectrum of monogenic disorders and aneuploidy are
readily detectable via this approach. This opens the venue for
concurrent NIPS-M and NIPS-A. With uptake of testing and
technology refinement, detection of subchromosomal aneu-
ploidy and copy-number detection will become feasible
as well.
We envision cffDNA haplarithmisis to be a universal NIPS-

M that avoids the necessity to design specific panels defining
particular loci to be analyzed. Cost is one of the major factors
that limit the scalability of NIPS-M. The capture design and
targeted sequencing used in this method can make NIPS-M
more affordable in the long term. In contrast to the
RHDO method, where more than 200-fold coverage of the
target loci is required, the method leverages segmentation of
fetal allele ratio over multiple informative SNPs, allowing a
significant reduction of the required sequencing depth.
Samples can be multiplexed to further reduce costs. To
enhance the haplotype inference accuracy, unique molecular
identifiers were incorporated to reduce amplification artifacts
and technical biases were removed by using multiple filtering
criteria, monitoring sequencing errors and applying dynamic
bias corrections. We set standard classification rules based on
FF to assure sufficient evidences supporting the homolog
assignment (Supplementary Materials and Methods). A range
of conditions, including dominant, recessive, and X-linked
monogenic diseases can be assessed in this generic non-
invasive prenatal diagnosis test. Multiple variants can be
identified in one test without variant-specific designs, as
shown in the case of family 2. In case of aneuploidies, the
parental origin and the segregation error (meiotic or mitotic)
can be deduced.

Fig. 2 Cell-free fetal DNA (cffDNA) haplotyping analysis for monogenic disorders. Disease locus associated chromosome cffDNA haplotyping result.
For each subfigure, family pedigree information is displayed together with haplotyping. The reference haplotypes from either the born child and/or from the
embryo blastomere and cffDNA haplotyping results are shown. Blue in haplotype plots indicates paternal haplotype inheritance and red indicates maternal
haplotype inheritance. For cffDNA haplotyping results, both segmented fetal allele ratio (FAR) values and derived haplotype blocks are shown. In segmented
FAR values track, the red dotted line represents segmented P1 or M1 FAR and blue for segmented P2 or M2 FAR, and the distance between P1 and P2 or M1
and M2 segmentation in the same genomic region indicates fetal fraction. We flipped FAR values of P1 subcategory around 0 and FAR values of M1 were
subjected to less than or equal to 0 in visualization for clear separation between informative single-nucleotide polymorphism (SNP) subcategories. Disease
loci are indicated by a yellow vertical line. (a) cffDNA haplotype compared with neonate haplotype and embryo haplotype. The paternal homolog carrying
the variant is represented in dark blue and maternal homolog carrying the variant is represented in dark red. The disease locus resided in the light color block
of both paternal and maternal haplotypes, indicating wild-type alleles were transmitted. (b, c) cffDNA haplotyping results compared with the embryo
haplotype. (b) Two disease indications of the family are shown. (c) Inheritance of an X-linked disorder is shown. PGT preimplantation genetic testing.
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Parental haplotypes are deduced from the genotypes of
other family members. Sometimes, those relatives are not
available. Direct parental haplotyping through long-read20 or

linked-read6,27 technology can offer a solution to haplotype
inference of the family without additional family members. In
the longer haul, the availability of population haplotypes will
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allow inference of the disease allele, especially for the most
common recessive disorders.28,29 Those haplotypes could be
imputed to reduce the need for parental and grandparental
haplotyping. Also, although the method was designed to be
generically applicable to monogenic diseases detection, it is
not suitable for de novo variant detection. Zhang et al.30

demonstrated a capture design of the most frequent dominant
disorders for the detection of de novo and paternally inherited
disease-causing variants. It might become possible to add
capture probes to the current design. However, the approach
should be compensating for the high sequencing depth
required for de novo variant detection compared with the
relative lower sequencing depth required here. We reached an
overall 97% concordance with embryo and neonatal haplo-
types and the discordance arises mainly from the homologous
recombination regions. As a general limitation, meiotic
homologous recombinations occurring near the mutant gene
would not allow inference of whether the fetus is a carrier of
variant or not. In such case, an invasive test can be
recommended. The accuracy of the homologous recombina-
tion and haplotype construction are determined by the
interplay of the fetal fraction, the density of informative
SNPs, and the sequencing depth around the genomic region.
Low fetal fraction leads to reduced accuracy particular for the
inference of the maternally inherited haplotype, but this may
be remedied by higher density of informative SNPs. Though
we yielded conclusive results for all clinical cases presented in
the study, from simulation we estimated that to get an overall
accuracy in maternal inheritance haplotyping above 90%
requires 7.8% fetal fraction with moderate sequencing depth.
Paternally inherited haplotypes can readily be detected even
when the fetal fraction is 3% at about 85-fold coverage
(Supplementary Fig. S11). Of note, we have one case where
the mother is a carrier of ~1.5-Mb duplication causing
Charcot–Marie–Tooth disease type 1 syndrome. Though
maternal copy-number variations may interfere with FAR
estimations, the method showed tolerance for the excessive
maternal allele background for relatively small duplication. As
we can already detect the maternal copy number in this case
(Supplementary Fig. S12a, b), parental copy numbers of larger
sizes are very likely to be detected, and the region can be taken
into consideration for proper interpretation of results.
Placental chromosomal mosaicism might be another factor
affecting the analysis. From PGT-A of blastocysts it is
becoming clear that many blastocysts carry aneuploidies in
a fraction of the cells. Although we demonstrated that the
impact of embryonic aneuploidy seems to be marginal during

prenatal development,31 placental mosaic aneuploidies have
been reported in NIPS-A.32,33 It remains to be determined
whether mosaic aneuploidies would interfere with this
approach.
Generic methods to haplotype and profile aneuploidies in

embryos have transformed preimplantation genetic testing for
monogenic diseases (PGT-M) and are becoming an integral
aspect of in vitro fertilization procedures.34,35 Because of the
risk for a spontaneous pregnancy during the PGT procedure
and possible laboratory procedure errors,36 a prenatal
diagnostic test (chorionic villus sampling or amniocentesis)
is currently highly recommended to confirm the transfer of an
unaffected embryo. Since fetal genetic testing for monogenic
disorders currently requires an invasive procedure that may
have miscarriage risk,37 most families refrain from under-
going the test. cffDNA haplarithmisis represents a safer
alternative for these families. As proof-of-concept, we actually
performed targeted sequencing on families who underwent
PGT-M by genome-wide haplotyping and demonstrated a
very high concordance of the embryo single-cell and cfDNA
derived haplotypes. In families who undergo PGT-M by
haplotyping, NIPS-M can be streamlined as one workflow
where phasing of parental genotypes has already been
performed in the PGT-M process. Hence, noninvasive
prenatal fetal haplotyping would require only analysis of the
targeted cfDNA.
Genetic carrier screening has been offered to individuals

and couples based on family history or ethnic background.
Screening for cystic fibrosis and thalassemia is recommended
and has been rolled out for general preconception and
prenatal populations.38 Moreover, advances in next-
generation sequencing and better understanding of disease-
causing variants continuously drive expansion of screening
panels.39 With an increasing number of genetic disorders
recognized to be practical for screening, growing awareness
that each individual can be a carrier of variants that may cause
recessive disorders, and increasing use of carrier screening in
the general population,40 new approaches to reduce the
transmission of disease alleles that lead to severe morbidity
and mortality are desirable. Therefore, our method could be
applied in combination with carrier screening programs to
help couples who are at high risk for inherited diseases but
who cannot use, do not want to use, or do not have access to
preimplantation genetic testing make autonomous reproduc-
tive decisions.
In summary, haplarithmisis makes noninvasive genome-

wide fetal haplotyping and aneuploidy detection with targeted

Fig. 3 Genome-wide cell-free fetal DNA (cffDNA) haplotyping accuracy. (a) Genome-wide comparison of cffDNA haplotyping results with the
neonate haplotype from family 1_181. For each chromosome, dark and light blue represent paternal haplotyping and dark and light red represent maternal
haplotyping; the upper haplotype track refers to born child haplotype and lower track represents cell-free DNA (cfDNA)-based fetal haplotype. (b) Genome-
wide comparison of cffDNA haplotypes to the embryo blastomere haplotype from family 3_085. The upper track shows the single-cell haplotype and lower
track represents cfDNA-derived haplotype. (c) Simulation of the impact of fetal fraction (FF) on haplotyping accuracy and resolution. (d) Effect of sequencing
depth on the performance of cffDNA haplotyping for 16.5% FF.
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sequencing accessible to all. This universal cffDNA haplotyp-
ing approach could easily be adopted by genetic testing
laboratories and would provide comfort to both the couples

and the caretakers involved. Following this proof-of-concept
study, we expect expanded clinical studies to further validate
the method more precisely.
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