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Abstract: The current gold standard for the definitive diagnosis of fetal aneuploidy uses either
chorionic villus sampling (CVS) or amniocentesis, both of which are which are invasive procedures
carrying a procedure-related risk of miscarriage of up to 0.1%–0.2%. Non-invasive prenatal diagnosis
using fetal nucleated red blood cells (FNRBCs) isolated from maternal peripheral venous blood would
remove this risk of miscarriage since these cells can be isolated from the mother’s blood. We aimed
to detect whole-chromosome aneuploidies from single nucleated fetal red blood cells using whole-
genome amplification followed by massively parallel sequencing performed on a semiconductor
sequencing platform. Twenty-six single cells were picked from the placental villi of twelve patients
thought to have a normal fetal genotype and who were undergoing elective first-trimester surgical
termination of pregnancy. Following karyotyping, it was subsequently found that two of these cases
were also abnormal (one trisomy 15 and one mosaic genotype). One single cell from chorionic villus
samples for two patients carrying a fetus with trisomy 21 and two single cells from women carrying
fetuses with T18 were also picked. Pooled libraries were sequenced on the Ion Proton and data
were analysed using Ion Reporter software. We correctly classified fetal genotype in all 24 normal
cells, as well as the 2 T21 cells, the 2 T18 cells, and the two T15 cells. The two cells picked from the
fetus with a mosaic result by CVS were classified as unaffected, suggesting that this was a case of
confined placental mosaicism. Fetal sex was correctly assigned in all cases. We demonstrated that
semiconductor sequencing using commercially available software for data analysis can be achieved
for the non-invasive prenatal diagnosis of whole-chromosome aneuploidy with 100% accuracy.

Keywords: fetal erythroblast; aneuploidy; single-cell whole-genome sequencing; semiconductor
sequencing; cell based; non-invasive prenatal diagnosis

1. Introduction

Combined first-trimester screening for trisomies 21, 18, and 13 is routinely offered
to all pregnant women, regardless of age, in many countries [1–3]. The addition of extra
ultrasound markers at the time of a nuchal translucency scan increases the detection rate
to 96% and decreases the false-positive rate to 2.5% [4,5]. Cell-free fetal DNA (cffDNA)
found circulating in maternal plasma [6] represents the entire fetal genome [7] and can
be used to screen for fetal aneuploidy [8,9]. Non-invasive prenatal screening (NIPS) for
the three common trisomies is becoming increasingly routine as a screening test in many
countries [10] and is extremely accurate [11,12]; there has been an increasing uptake of NIPS
for additional chromosomal abnormalities, although with much lower positive predictive
value [13,14]. Despite the increased accuracy, a positive NIPS result still requires diagnostic
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confirmation due to the possibility of confined placental mosaicism leading to a false posi-
tive [15,16]. For the definitive diagnosis of fetal aneuploidy, the current gold standard is to
use genomic DNA (gDNA) from either a CVS or amniocentesis, both of which are invasive
procedures carrying a small risk of procedure-related miscarriage [17,18]. Although this
risk is lower than was previously thought [19], several studies have indicated that women
would prefer prenatal tests with no associated chance of miscarriage whatsoever [20].

A major goal in prenatal diagnosis is to carry out diagnosis non-invasively using fetal
cells isolated from a maternal peripheral venous blood (referred to as maternal blood from
here on) sample [21]. Fetal nucleated red blood cells are ideal candidates for the cell type
to be used since they are present in maternal circulation from early in the first trimester
of pregnancy [22–25], have a limited lifespan (thus being pregnancy-specific), and have a
unique molecular identity for isolation [21,26]. Most importantly, they are derived from the
fetus and so represent the true fetal genome rather than the placental genome. Isolation
of these cells remains challenging due to their scarcity in the maternal circulation, and so
for test optimisation we used FNRBCs isolated from maternal villi, which are more easily
accessible. Using these cells, we previously demonstrated that whole-genome amplification
(WGA) followed by whole-genome sequencing (WGS) can be used to diagnose trisomies
21, 18, and 15, as well as to identify fetal sex [27].

In this study, we extended our analysis, using a semiconductor sequencing platform,
to demonstrate that whole-chromosome karyotyping from single FNRBCs from both villi
and post-termination of pregnancy (TOP) maternal blood can be achieved. We used the
commercially available Ion Reporter software, demonstrating that it is not necessary for a
laboratory to use complicated algorithms to perform the analysis.

2. Methods
2.1. Sample Collection and Processing

This study was approved by the National Healthcare Group Domain Specific Review
Board, Singapore (D/07/394), and all patients provided written informed consent prior
to tissue collection. Briefly, twenty-four single FNRBCs were picked manually from the
placental villi of ten patients with normal fetal karyotype undergoing elective first-trimester
surgical TOP at 8 + 0 to 10 + 3 weeks’ gestation (N1–N22, N25, and N26) as described
previously [27]. Additionally, two single cells each were also picked from placental villi
from one woman carrying a fetus with trisomy 15 (T15_1 and T15_2) and one carrying a
fetus with a mosaic karyotype (47,XY,t(15;18)(p10;q10),+18(4)/46,XY(16)) (N23 and N24).
All karyotypes were confirmed by QF-PCR and G-banded karyotyping [27]. One single
cell from CVS samples from two patients carrying fetuses with trisomy 21 (T21_1 and
T21_2) and two single cells from one woman carrying a fetus with T18 (T18_1 and T18_2)
were also picked, yielding a total of six trisomic cells (gestational ages between 8 + 1 and
13 + 2 weeks).

Six cells were isolated from the maternal blood of two patients post-TOP, as described
previously [27].

2.2. Massively Parallel Sequencing

All single cells were subjected to whole-genome amplification (WGA) using PicoPLEX
(Rubicon Genomics, Ann Arbor, MI, USA). The procedure was carried out according
to the manufacturer’s instructions, with an additional extension of 72 ◦C for 20 min at
the end. WGA products were purified using an ISOLATE II PCR and Gel kit (Bioline,
Meridian Bioscience Asia Pte Ltd., Singapore). Following WGA, libraries for WGS were
prepared using the Ion Plus Fragment Library Kit (Thermo Fisher Scientific) according
to the manufacturer’s instructions, with addition of indexes for each sample. Samples
were diluted to 100 pM and pooled in batches of 16. Pooled DNA was loaded onto the Ion
One Touch 2 System (Thermo Fisher Scientific) at a concentration of 45 pM, and library
amplification and enrichment were carried out according to the manufacturer’s instructions.
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Sequencing was performed on the Ion Proton (Thermo Fisher Scientific) using a v3 Ion PI
chip.

2.3. Data Analysis

FASTQ data generated by the Ion Proton were assessed using FASTQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 20 January 2019)) to check
the quality. A minimum threshold of 28 was used to indicate good-quality bases. Upon
passing the QC check, FASTQ files were aligned to the human hg19 reference genome,
and then duplicate reads were removed using Samtools. The deduplicated BAM files
were uploaded to the Ion Reporter 5.0 software (Thermo Fisher Scientific). Aneuploidy
calls were automatically generated using the low-pass whole-genome aneuploidy work-
flow (https://ionreporter.thermofisher.com/ionreporter/help/GUID-4A207E04-2113-4
633-968D-4B7A65A1D64A.html (accessed on 20 January 2019)). The software generates a
median of the absolute values of all pairwise differences (MAPD) score, which is a measure
of the noise seen for a region or genome. One of the criteria for making a CNV call is that
the MAPD score must be <0.4.

3. Results

Data from all samples passed the FASTQC check. We achieved a median of 3,749,825
unique reads per single-cell sample (interquartile range: 3,319,223–4,425,936). All 24 normal
post-TOP placental villi cells were confirmed to be unaffected using non-invasive prenatal
diagnosis (NIPD) (Table 1). The fetal sex was also correctly assigned to each sample. The
signal for each chromosome was clear, with very little noise in the whole-genome plots.
Representative plots are shown in Figure 1a (a normal male) and b (a normal female). The
two T21 cells, the two T18 cells, and the two T15 cells all showed the expected chromosome
gain, with all other chromosomes showing a diploid signal (Figure 1c–e).

Table 1. Details of the analysed samples. MB—maternal blood, TOP—termination of pregnancy,
NIPD—non-invasive prenatal diagnosis, MAPD—median absolute pairwise difference, CVS—
chorionic villus sampling.

Sample Sample Type Karyotype Gestation
(Weeks)

NIPD
Genotype NIPD Fetal Sex MAPD

N1 Post-TOP villi 46,XY 8 + 2 Normal M 0.098

N2 Post-TOP villi 46,XY 8 + 2 Normal M 0.092

N3 Post-TOP villi 46,XX 8 + 1 Normal F 0.103

N4 Post-TOP villi 46,XX 8 + 1 Normal F 0.088

N5 Post-TOP villi 46,XX 8 + 2 Normal F 0.095

N6 Post-TOP villi 46,XX 8 + 2 Normal F 0.096

N7 Post-TOP villi 46,XX 9 + 0 Normal F 0.094

N8 Post-TOP villi 46,XX 9 + 0 Normal F 0.092

N9 Post-TOP villi 46,XY 8 + 1 Normal M 0.087

N10 Post-TOP villi 46,XY 8 + 1 Normal M 0.098

N11 Post-TOP villi 46,XX 8 + 3 Normal F 0.096

N12 Post-TOP villi 46,XX 8 + 3 Normal F 0.106

N13 Post-TOP villi 46,XY 10 + 0 Normal M 0.091

N14 Post-TOP villi 46,XY 10 + 0 Normal M 0.102

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://ionreporter.thermofisher.com/ionreporter/help/GUID-4A207E04-2113-4633-968D-4B7A65A1D64A.html
https://ionreporter.thermofisher.com/ionreporter/help/GUID-4A207E04-2113-4633-968D-4B7A65A1D64A.html
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Table 1. Cont.

Sample Sample Type Karyotype Gestation
(Weeks)

NIPD
Genotype NIPD Fetal Sex MAPD

N15 Post-TOP villi 46,XX 8 + 0 Normal F 0.102

N16 Post-TOP villi 46,XX 8 + 0 Normal F 0.110

N17 Post-TOP villi 46,XX 8 + 4 Normal F 0.098

N18 Post-TOP villi 46,XX 8 + 4 Normal F 0.100

N19 Post-TOP villi 46,XX 8 + 2 Normal F 0.106

N20 Post-TOP villi 46,XX 9 + 0 Normal F 0.100

N21 Post-TOP villi 46,XX 8 + 4 Normal F 0.107

N22 Post-TOP villi 46,XX 8 + 4 Normal F 0.100

N23 Post-TOP villi 47,XY,t(15;18)
(p10;q10),+18(4)/46,XY(16) 8 + 6 Normal M 0.096

N24 Post-TOP villi 47,XY,t(15;18)
(p10;q10),+18(4)/46,XY(16) 8 + 6 Normal M 0.098

N25 Post-TOP villi 46,XY 8 + 1 Normal M 0.105

N26 Post-TOP villi 46,XY 8 + 4 Normal M 0.099

T21_1 CVS villi 47,XX,+21 12 + 0 T21 F 0.107

T21_2 CVS villi 47,XY,+21 13 + 0 T21 M 0.099

T18_1 CVS villi 47,XX,+18 12 + 4 T18 F 0.116

T18_2 CVS villi 47,XX,+18 12 + 4 T18 F 0.133

T15_1 Post-TOP villi 47,XY,+15 8 + 1 T15 M 0.079

T15_2 Post-TOP villi 47,XY,+15 8 + 1 T15 M 0.090

MB142_1c2 Post-TOP MB 46,XX 8 + 2 Normal F 0.224

MB142_1c3 Post-TOP MB 46,XX 8 + 2 Normal F 0.201

MB142_1c4 Post-TOP MB 46,XX 8 + 2 Normal F 0.222

MB150_1c1 Post-TOP MB 46,XY 9 + 0 Normal M 0.171

MB150_1c2 Post-TOP MB 46,XY 9 + 0 Normal M 0.197

MB150_1c3 Post-TOP MB 46,XY 9 + 0 Normal M 1.251

We tested two cells from a fetus predicted by CVS to have a mosaic karyotype and
instead found a normal male genotype for both cells, indicating that this could probably be
a case of confined placental mosaicism (Figure 1f). One of the six single cells isolated from
post-TOP maternal blood (sample MB150-1c3) failed quality control due to insufficient
reads and so was excluded from further analysis. We obtained a normal genotype for all five
remaining cells from the two cases of maternal blood post-TOP, as expected (Figure 1g,h).
Despite this slight additional noise, the sample quality for the single FNRBCs fell within
the acceptable range, and the results were very clearly normal. Using Ion Reporter to call
a CNV, the MAPD score should be below 0.4; for the two FNRBCs from maternal blood
shown in Figure 1g,h, the MAPD values were 0.222 and 0.197, respectively.



Genes 2022, 13, 2257 5 of 9

Genes 2022, 13, x FOR PEER REVIEW 4 of 9 
 

 

 
Figure 1. Representative whole-genome plots for different whole-chromosome copy number anal-
yses or genotyping from single FNRBCs. Normal genotypes obtained for single cells from (a) a nor-
mal male fetus and (b) a normal female. Aneuploid cells were tested from (c) a T21 female, (d) a T18 
female, and (e) a T15 male; all showed the expected chromosomal gains with low signal noise for 
the normal chromosomes. (f) A single cell from a normal male fetus in a patient with confined 

Figure 1. Representative whole-genome plots for different whole-chromosome copy number analyses
or genotyping from single FNRBCs. Normal genotypes obtained for single cells from (a) a normal
male fetus and (b) a normal female. Aneuploid cells were tested from (c) a T21 female, (d) a T18
female, and (e) a T15 male; all showed the expected chromosomal gains with low signal noise for the
normal chromosomes. (f) A single cell from a normal male fetus in a patient with confined placental
mosaicism (CPM). Two cells from post-TOP maternal blood: (g) a normal female fetus and (h) a
normal male. Aneuploidies are indicated by a blue bar. MAPD values are indicated for each sample,
acting as a sample quality metric. Values above 0.3 are unacceptable.
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4. Discussion

We demonstrated that whole-chromosome karyotyping from single FNRBCs from
both villi and post-TOP maternal blood can be achieved using a semiconductor sequencing
platform and analysed using commercially available Ion Reporter software. Thus, we
successfully showed that it is not necessary for a laboratory to use complicated algorithms
to perform the analysis.

Placental tissue is often used as a surrogate to screen or diagnose fetal well-being.
Both CVS and NIPS involve obtaining fetal DNA from the placenta through invasive
and non-invasive procedures, respectively. This has given rise to the problematic cases
of false-positive and false-negative results due to confined placental mosaicism. A retro-
spective audit of >50,000 CVS samples sent for cytogenetic analyses determined that the
frequency of false positives due to CPM ranged from 1/1065 to 1/3931 cases, whereas
false negatives occurred in 1/107 [28]. Moreover, NIPS false-positive and false-negative
test results have been highlighted by the US FDA in a recent safety communication [29].
There have been several recent studies demonstrating successful cell-based NIPD using
trophoblasts from maternal blood [30–33] or from the cervix [34–36], which are present
in the circulation at higher numbers, are easier to isolate, and are free of maternal DNA
contamination; however, these studies do not totally avoid CPM [30,31]. Our results serve
to highlight the advantage of FNRBCs over trophoblasts, namely, that FNRBCs represent
the true fetal genotype, originating from the yolk sac and then from fetal liver at later
gestations [37], and can be found within first-trimester placental villi, where they undergo
terminal maturation processes [38], whereas trophoblasts are derived from the placenta. In
the case of confined placental mosaicism, a proportion of cells will be aneuploid and the
rest normal. Since only a few fetal cells will be available for analysis, trophoblasts have the
potential to yield a false-positive result if only the aneuploid cells from the mosaic placenta
happen to be picked. This result would be extremely problematic since this method is
intended as a definitive diagnosis. In our mosaic trisomy 18 sample, the genotype revealed
normal male from both single FNRBCs, whilst the CVS karyotype reported two cell lines:
mosaic 47,XY,t(15;18)(p10;q10),+18[4]/46,XY[16] and normal male. Therefore, a much larger
number of FNRBCs (i.e., 20 cells) has to be tested before a definitive diagnosis of fetal
mosaicism can be achieved.

The whole-chromosome genotyping signals for all cells isolated from maternal blood
were noisier than those for the placental villi cells. Two factors may contribute to this. Firstly,
a longer procedure is required for the isolation of cells from maternal blood compared with
the isolation from villi, possibly affecting the quality of the obtained gDNA. Secondly, the
FNRBCs in the maternal circulation will range in age from those freshly released during the
TOP procedure and those which have been circulating since earlier in the pregnancy; the
older cells may have poorer-quality DNA [39]. Therefore, we can still have confidence in
the data generated from these cells. It is possible that further improvements to the genotype
signal may be achieved using a cell-type-specific reference set (i.e., a reference made up
from single FNRBCs isolated from post-TOP maternal blood from females carrying fetuses
with normal genotypes) rather than the default gDNA reference used in the Ion Reporter
software.

The most important question is whether the same reliable results can be accomplished
in FNRBCs from maternal blood in ongoing pregnancies. It was demonstrated that at least
one FNRBC per ml of maternal blood can be isolated [40], and work is ongoing in our
lab and others to develop robust methods for capturing these rare cells reliably [24,41–43].
In the future, we hope to extend our analysis further to include microdeletions and mi-
croduplications. These abnormalities occur in 1%–1.7% of all pregnancies, a much higher
frequency than trisomy 21 [44]. Although some microdeletions and microduplications can
be assessed using NIPS, the false-positive rate is high [13,45], and so using fetal cells for
non-invasive prenatal diagnosis in families at risk or following identification of a structural
abnormality by ultrasound would help to reduce the need for invasive testing. Deeper
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sequencing or targeted methods will be necessary to identify these copy number changes,
as has been demonstrated using cell-free DNA [46].

5. Conclusions

We demonstrated that we can use semiconductor sequencing for non-invasive prenatal
diagnosis of whole-chromosome aneuploidy in FNRBCs, with 100% concordance in 31 fetal
cells passing QC metrics. Although signals from post-TOP maternal blood were a little
chaotic, the normal genotypes were still called very clearly by the software, falling within
acceptable quality ranges. Once we have optimised protocols for the isolation of the target
cells, we hope that this method will be readily translated into clinical practice.

Author Contributions: Conceptualization, A.N.B. and M.C.; methodology, A.N.B., Z.H., S.A.,
S.S.Y.H., N.S.R.; software, S.A., S.S.Y.H.; formal analysis, A.N.B., Z.H., S.S.Y.H.; investigation, A.N.B.,
Z.H., A.P.M.; resources, M.C.; data curation, A.N.B., Z.H., N.S.R.; writing—original draft preparation,
A.N.B., Z.H., A.P.M.; writing—review and editing, A.N.B., A.P.M., N.S.R., A.B., M.C.; visualization,
A.N.B.; supervision, A.B., M.C.; project administration, A.P.M.; funding acquisition, M.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research is supported by the National Research Foundation Singapore under its
Clinician Scientist Senior Investigator Award (NMRC/CSA/059/2014) and administered by the
Singapore Ministry of Health’s National Medical Research Council.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the National Healthcare Group Domain Specific Review Board,
Singapore (D/07/394 and approved on 27 September 2007).

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The National University of Singapore has licensed a patent out to INEX Innovate
Pte Ltd. MC holds shares in and is a nonexecutive director for INEX Innovate Pte Ltd.; AB is on the
scientific advisory board; and SSYH and SA are employees of iGene Laboratory Pte Ltd., which is a
subsidiary of INEX Innovate Pte Ltd. No financial benefit was associated with the conduct of this
study. None of the other authors have conflicts of interest to declare.

References
1. Tan, T. Combined first trimester screen or noninvasive prenatal testing or both. Singap. Med. J. 2015, 56, 1–3. [CrossRef] [PubMed]
2. Gadsbøll, K.; Petersen, O.B.; Gatinois, V.; Strange, H.; Jacobsson, B.; Wapner, R.; Vermeesch, J.R.; Vogel, I. Current use of

noninvasive prenatal testing in Europe, Australia and the USA: A graphical presentation. Acta Obstet. Gynecol. Scand. 2020, 99,
722–730. [CrossRef] [PubMed]

3. Van der Meij, K.R.M.; Sistermans, E.A.; Macville, M.V.; Stevens, S.J.; Bax, C.J.; Bekker, M.N.; Bilardo, C.M.; Boon, E.M.; Boter,
M.; Diderich, K.E.; et al. TRIDENT-2: National Implementation of Genome-wide Non-invasive Prenatal Testing as a First-Tier
Screening Test in the Netherlands. Am. J. Hum. Genet. 2019, 105, 1091–1101. [CrossRef] [PubMed]

4. Nicolaides, K.H. Screening for fetal aneuploidies at 11 to 13 weeks. Prenat. Diagn. 2011, 31, 7–15. [CrossRef]
5. Kagan, K.O.; Maier, V.; Sonek, J.; Abele, H.; Lüthgens, K.; Schmid, M.; Wagner, P.; Hoopmann, M. False-Positive Rate in

First-Trimester Screening Based on Ultrasound and Cell-Free DNA versus First-Trimester Combined Screening with Additional
Ultrasound Markers. Fetal Diagn. Ther. 2019, 45, 317–324. [CrossRef] [PubMed]

6. Lo, Y.M.D.; Corbetta, N.; Chamberlain, P.F.; Rai, V.; Sargent, I.L.; Redman, C.W.; Wainscoat, J.S. Presence of fetal DNA in maternal
plasma and serum. Lancet 1997, 350, 485–487. [CrossRef] [PubMed]

7. Lo, Y.M.D.; Chan, K.C.A.; Sun, H.; Chen, E.Z.; Jiang, P.; Lun, F.M.F.; Zheng, Y.W.; Leung, T.Y.; Lau, T.K.; Cantor, C.R.; et al.
Maternal Plasma DNA Sequencing Reveals the Genome-Wide Genetic and Mutational Profile of the Fetus. Sci. Transl. Med. 2010,
2, 61ra91. [CrossRef] [PubMed]

8. Chiu, R.W.K.; Chan, K.C.A.; Gao, Y.; Lau, V.Y.M.; Zheng, W.; Leung, T.Y.; Foo, C.H.F.; Xie, B.; Tsui, N.B.Y.; Lun, F.M.F.; et al.
Noninvasive prenatal diagnosis of fetal chromosomal aneuploidy by massively parallel genomic sequencing of DNA in maternal
plasma. Proc. Natl. Acad. Sci. USA 2008, 105, 20458–20463. [CrossRef]

9. Fan, H.C.; Blumenfeld, Y.J.; Chitkara, U.; Hudgins, L.; Quake, S.R. Noninvasive diagnosis of fetal aneuploidy by shotgun
sequencing DNA from maternal blood. Proc. Natl. Acad. Sci. USA 2008, 105, 16266–16271. [CrossRef]

http://doi.org/10.11622/smedj.2015001
http://www.ncbi.nlm.nih.gov/pubmed/25640091
http://doi.org/10.1111/aogs.13841
http://www.ncbi.nlm.nih.gov/pubmed/32176318
http://doi.org/10.1016/j.ajhg.2019.10.005
http://www.ncbi.nlm.nih.gov/pubmed/31708118
http://doi.org/10.1002/pd.2637
http://doi.org/10.1159/000489121
http://www.ncbi.nlm.nih.gov/pubmed/29940565
http://doi.org/10.1016/S0140-6736(97)02174-0
http://www.ncbi.nlm.nih.gov/pubmed/9274585
http://doi.org/10.1126/scitranslmed.3001720
http://www.ncbi.nlm.nih.gov/pubmed/21148127
http://doi.org/10.1073/pnas.0810641105
http://doi.org/10.1073/pnas.0808319105


Genes 2022, 13, 2257 8 of 9

10. Allyse, M.; Minear, M.; Rote, M.; Hung, A.; Chandrasekharan, S.; Berson, E.; Sridhar, S. Non-invasive prenatal testing: A review
of international implementation and challenges. Int. J. Women’s Health 2015, 7, 113–126. [CrossRef]

11. Gil, M.M.; Accurti, V.; Santacruz, B.; Plana, M.N.; Nicolaides, K.H. Analysis of cell-free DNA in maternal blood in screening for
aneuploidies: Updated meta-analysis. Ultrasound Obstet. Gynecol. 2017, 50, 302–314. [CrossRef] [PubMed]

12. Taylor-Phillips, S.; Freeman, K.; Geppert, J.; Agbebiyi, A.; Uthman, O.A.; Madan, J.; Clarke, A.; Quenby, S.; Clarke, A. Accuracy of
non-invasive prenatal testing using cell-free DNA for detection of Down, Edwards and Patau syndromes: A systematic review
and meta-analysis. BMJ Open 2016, 6, e010002. [CrossRef] [PubMed]

13. Advani, H.V.; Barrett, A.N.; Evans, M.I.; Choolani, M. Challenges in non-invasive prenatal screening for sub-chromosomal copy
number variations using cell-free DNA. Prenat. Diagn. 2017, 37, 1067–1075. [CrossRef] [PubMed]

14. Liang, D.; Cram, D.S.; Tan, H.; Linpeng, S.; Liu, Y.; Sun, H.; Zhang, Y.; Tian, F.; Zhu, H.; Xu, M.; et al. Clinical utility of noninvasive
prenatal screening for expanded chromosome disease syndromes. Genet. Med. 2019, 21, 1998–2006. [CrossRef]

15. Gregg, A.R.; Skotko, B.G.; Benkendorf, J.L.; Monaghan, K.G.; Bajaj, K.; Best, R.G.; Klugman, S.; Watson, M.S. Noninvasive prenatal
screening for fetal aneuploidy, 2016 update: A position statement of the American College of Medical Genetics and Genomics.
Genet. Med. 2016, 18, 1056–1065. [CrossRef] [PubMed]

16. Bonanni, G.; Trevisan, V.; Zollino, M.; De Santis, M.; Romanzi, F.; Lanzone, A.; Bevilacqua, E. Case Report: Challenges of
Non-Invasive Prenatal Testing (NIPT): A Case Report of Confined Placental Mosaicism and Clinical Considerations. Front. Genet.
2022, 13, 881284. [CrossRef] [PubMed]

17. Tabor, A.; Alfirevic, Z. Update on Procedure-Related Risks for Prenatal Diagnosis Techniques. Fetal Diagn. Ther. 2010, 27, 1–7.
[CrossRef] [PubMed]

18. Gil, M.M.; Molina, F.S.; Rodríguez-Fernández, M.; Delgado, J.L.; Carrillo, M.P.; Jani, J.; Plasencia, W.; Stratieva, V.; Maíz, N.;
Carretero, P.; et al. New approach for estimating risk of miscarriage after chorionic villus sampling. Ultrasound Obstet. Gynecol.
2020, 56, 656–663. [CrossRef] [PubMed]

19. Akolekar, R.; Beta, J.; Picciarelli, G.; Ogilvie, C.; D’Antonio, F. Procedure-related risk of miscarriage following amniocentesis
and chorionic villus sampling: A systematic review and meta-analysis. Ultrasound Obstet. Gynecol. 2015, 45, 16–26. [CrossRef]
[PubMed]

20. Hill, M.; Johnson, J.-A.; Langlois, S.; Lee, H.; Winsor, S.; Dineley, B.; Horniachek, M.; Lalatta, F.; Ronzoni, L.; Barrett, A.N.; et al.
Preferences for prenatal tests for Down syndrome: An international comparison of the views of pregnant women and health
professionals. Eur. J. Hum. Genet. 2016, 24, 968–975. [CrossRef]

21. Choolani, M.; Mahyuddin, A.P.; Hahn, S. The promise of fetal cells in maternal blood. Best Pract. Res. Clin. Obstet. Gynaecol. 2012,
26, 655–667. [CrossRef]

22. Choolani, M.; O’Donoghue, K.; Talbert, D.; Kumar, S.; Roberts, I.; Letsky, E.; Bennett, P.R.; Fisk, N. Characterization of first
trimester fetal erythroblasts for non-invasive prenatal diagnosis. Mol. Hum. Reprod. 2003, 9, 227–235. [CrossRef] [PubMed]

23. Mavrou, A.; Kouvidi, E.; Antsaklis, A.; Souka, A.; Tzeli, S.K.; Kolialexi, A. Identification of nucleated red blood cells in maternal
circulation: A second step in screening for fetal aneuploidies and pregnancy complications. Prenat. Diagn. 2007, 27, 150–153.
[CrossRef]

24. Zhang, Q.; Zhang, K.; Guo, Y.; Wei, X.; Sun, Y.; Cai, B.; Shi, Y.; Du, Y.; Liu, Y.; Fan, C.; et al. The isolation and analysis of fetal
nucleated red blood cells using multifunctional microbeads with a nanostructured coating toward early noninvasive prenatal
diagnostics. J. Mater. Chem. B 2021, 9, 3047–3054. [CrossRef] [PubMed]

25. Elias, S.; Lewis, D.E.; Bischoff, F.Z.; Simpson, J.L. Isolation and genetic analysis of fetal nucleated red blood cells from maternal
blood: The Baylor College of Medicine experience. Early Hum. Dev. 1996, 47, S85–S88. [CrossRef]

26. Bianchi, D.W. Fetal cells in the maternal circulation: Feasibility for prenatal diagnosis. Br. J. Haematol. 1999, 105, 574–583.
[CrossRef] [PubMed]

27. Hua, R.; Barrett, A.N.; Tan, T.Z.; Huang, Z.; Mahyuddin, A.P.; Ponnusamy, S.; Sandhu, J.S.; Ho, S.S.Y.; Chan, J.K.Y.; Chong, S.; et al.
Detection of aneuploidy from single fetal nucleated red blood cells using whole genome sequencing. Prenat. Diagn. 2015, 35,
637–644. [CrossRef] [PubMed]

28. Grati, F.R.; Malvestiti, F.; Ferreira, J.C.P.B.; Bajaj, K.; Gaetani, E.; Agrati, C.; Grimi, B.; Dulcetti, F.; Ruggeri, A.M.; De Toffol, S.; et al.
Fetoplacental mosaicism: Potential implications for false-positive and false-negative noninvasive prenatal screening results.
Genet. Med. 2014, 16, 620–624. [CrossRef] [PubMed]

29. FDA, U. Genetic Non-Invasive Prenatal Screening Tests May Have False Results: FDA Safety Communication. Available
online: https://www.fda.gov/medical-devices/safety-communications/genetic-non-invasive-prenatal-screening-tests-may-
have-false-results-fda-safety-communication (accessed on 1 November 2022).

30. Breman, A.M.; Chow, J.C.; U’Ren, L.; Normand, E.A.; Qdaisat, S.; Zhao, L.; Henke, D.M.; Chen, R.; Shaw, C.A.; Jackson,
L.; et al. Evidence for feasibility of fetal trophoblastic cell-based noninvasive prenatal testing. Prenat. Diagn. 2016, 36, 1009–1019.
[CrossRef]

31. Vossaert, L.; Wang, Q.; Salman, R.; McCombs, A.K.; Patel, V.; Qu, C.; Mancini, M.A.; Edwards, D.P.; Malovannaya, A.; Liu, P.; et al.
Validation Studies for Single Circulating Trophoblast Genetic Testing as a Form of Noninvasive Prenatal Diagnosis. Am. J. Hum.
Genet. 2019, 105, 1262–1273. [CrossRef]

32. Crovetti, B.; Maktabi, M.A.; Erfani, H.; Panchalee, T.; Wang, Q.; Vossaert, L.; Van den Veyver, I. Circulating trophoblast numbers
as a potential marker for pregnancy complications. Prenat. Diagn. 2022, 42, 1182–1189. [CrossRef] [PubMed]

http://doi.org/10.2147/IJWH.S67124
http://doi.org/10.1002/uog.17484
http://www.ncbi.nlm.nih.gov/pubmed/28397325
http://doi.org/10.1136/bmjopen-2015-010002
http://www.ncbi.nlm.nih.gov/pubmed/26781507
http://doi.org/10.1002/pd.5161
http://www.ncbi.nlm.nih.gov/pubmed/28950403
http://doi.org/10.1038/s41436-019-0467-4
http://doi.org/10.1038/gim.2016.97
http://www.ncbi.nlm.nih.gov/pubmed/27467454
http://doi.org/10.3389/fgene.2022.881284
http://www.ncbi.nlm.nih.gov/pubmed/35646091
http://doi.org/10.1159/000271995
http://www.ncbi.nlm.nih.gov/pubmed/20051662
http://doi.org/10.1002/uog.22041
http://www.ncbi.nlm.nih.gov/pubmed/32281125
http://doi.org/10.1002/uog.14636
http://www.ncbi.nlm.nih.gov/pubmed/25042845
http://doi.org/10.1038/ejhg.2015.249
http://doi.org/10.1016/j.bpobgyn.2012.06.008
http://doi.org/10.1093/molehr/gag027
http://www.ncbi.nlm.nih.gov/pubmed/12651905
http://doi.org/10.1002/pd.1640
http://doi.org/10.1039/D1TB00005E
http://www.ncbi.nlm.nih.gov/pubmed/33885666
http://doi.org/10.1016/S0378-3782(96)01828-2
http://doi.org/10.1046/j.1365-2141.1999.01383.x
http://www.ncbi.nlm.nih.gov/pubmed/10354115
http://doi.org/10.1002/pd.4491
http://www.ncbi.nlm.nih.gov/pubmed/25178640
http://doi.org/10.1038/gim.2014.3
http://www.ncbi.nlm.nih.gov/pubmed/24525917
https://www.fda.gov/medical-devices/safety-communications/genetic-non-invasive-prenatal-screening-tests-may-have-false-results-fda-safety-communication
https://www.fda.gov/medical-devices/safety-communications/genetic-non-invasive-prenatal-screening-tests-may-have-false-results-fda-safety-communication
http://doi.org/10.1002/pd.4924
http://doi.org/10.1016/j.ajhg.2019.11.004
http://doi.org/10.1002/pd.6202
http://www.ncbi.nlm.nih.gov/pubmed/35765264


Genes 2022, 13, 2257 9 of 9

33. Afshar, Y.; Dong, J.; Zhao, P.; Li, L.; Wang, S.; Zhang, R.Y.; Zhang, C.; Yin, O.; Han, C.S.; Einerson, B.D.; et al. Circulating
trophoblast cell clusters for early detection of placenta accreta spectrum disorders. Nat. Commun. 2021, 12, 4408. [CrossRef]
[PubMed]

34. Pfeifer, I.; Benachi, A.; Saker, A.; Bonnefont, J.P.; Mouawia, H.; Broncy, L.; Frydman, R.; Brival, M.L.; Lacour, B.; Dachez, R.; et al.
Cervical trophoblasts for non-invasive single-cell genotyping and prenatal diagnosis. Placenta 2016, 37, 56–60. [CrossRef]

35. Bailey-Hytholt, C.M.; Sayeed, S.; Shukla, A.; Tripathi, A. Enrichment of Placental Trophoblast Cells from Clinical Cervical Samples
Using Differences in Surface Adhesion on an Inclined Plane. Ann. Biomed. Eng. 2021, 49, 2214–2227. [CrossRef] [PubMed]

36. Jain, C.V.; Kadam, L.; van Dijk, M.; Kohan-Ghadr, H.-R.; Kilburn, B.A.; Hartman, C.; Mazzorana, V.; Visser, A.; Hertz, M.; Bolnick,
A.D.; et al. Fetal genome profiling at 5 weeks of gestation after noninvasive isolation of trophoblast cells from the endocervical
canal. Sci. Transl. Med. 2016, 8, 3634. [CrossRef] [PubMed]

37. Palis, J.; Yoder, M.C. Yolk-sac hematopoiesis: The first blood cells of mouse and man. Exp. Hematol. 2001, 29, 927–936. [CrossRef]
38. Van Handel, B.; Prashad, S.L.; Hassanzadeh-Kiabi, N.; Huang, A.; Magnusson, M.; Atanassova, B.; Chen, A.; Hamalainen, E.I.;

Mikkola, H.K.A. The first trimester human placenta is a site for terminal maturation of primitive erythroid cells. Blood 2010, 116,
3321–3330. [CrossRef] [PubMed]

39. Babochkina, T.; Mergenthaler, S.; De Napoli, G.; Hristoskova, S.; Tercanli, S.; Holzgreve, W.; Hahn, S. Numerous erythroblasts in
maternal blood are impervious to fluorescent in situ hybridization analysis, a feature related to a dense compact nucleus with
apoptotic character. Haematologica 2005, 90, 740–745.

40. Bianchi, D.W.; Williams, J.M.; Sullivan, L.M.; Hanson, F.W.; Klinger, K.W.; Shuber, A.P. PCR Quantitation of Fetal Cells in Maternal
Blood in Normal and Aneuploid Pregnancies. Am. J. Hum. Genet. 1997, 61, 822–829. [CrossRef] [PubMed]

41. Huang, Z.C.C.; Mahyuddin, A.P.; Liu, Y.; Wong, C.C.; Choolani, M. Isolation of fetal nucleated red blood cells using a microfilter
chip for non-invasive prenatal diagnosis. Prenat. Diagn. 2014, 34, 22–86. [CrossRef]

42. Kadam, P.; Ponnusamy, S.; Zhang, H.; Mahyuddin, A.P.; Ismail, N.S.; Shikkander, N.; Tan, S.L.; Elanvogan, A.; Choolani, M. A
novel marker for isolation of fetal nucleated red blood cells for non-invasive prenatal diagnosis. Prenat. Diagn. 2012, 32, 1–128.

43. Wang, Z.; Cheng, L.; Sun, Y.; Wei, X.; Cai, B.; Liao, L.; Zhang, Y.; Zhao, X.-Z. Enhanced Isolation of Fetal Nucleated Red Blood
Cells by Enythrocyte-Leukocyte Hybrid Membrane-Coated Magnetic Nanoparticles for Noninvasive Pregnant Diagnostics. Anal.
Chem. 2021, 93, 1033–1042. [CrossRef] [PubMed]

44. Wapner, R.J.; Martin, C.L.; Levy, B.; Ballif, B.C.; Eng, C.M.; Zachary, J.M.; Savage, M.; Platt, L.D.; Saltzman, D.; Grobman,
W.A.; et al. Chromosomal Microarray versus Karyotyping for Prenatal Diagnosis. N. Engl. J. Med. 2012, 367, 2175–2184. [CrossRef]
[PubMed]

45. Yaron, Y.; Jani, J.; Schmid, M.; Oepkes, D. Current Status of Testing for Microdeletion Syndromes and Rare Autosomal Trisomies
Using Cell-Free DNA Technology. Obstet. Gynecol. 2015, 126, 1095–1099. [CrossRef] [PubMed]

46. Lo, K.K.; Karampetsou, E.; Boustred, C.; McKay, F.; Mason, S.; Hill, M.; Plagnol, V.; Chitty, L.S. Limited Clinical Utility of
Non-invasive Prenatal Testing for Subchromosomal Abnormalities. Am. J. Hum. Genet. 2016, 98, 34–44. [CrossRef] [PubMed]

http://doi.org/10.1038/s41467-021-24627-2
http://www.ncbi.nlm.nih.gov/pubmed/34344888
http://doi.org/10.1016/j.placenta.2015.11.002
http://doi.org/10.1007/s10439-021-02742-x
http://www.ncbi.nlm.nih.gov/pubmed/33686620
http://doi.org/10.1126/scitranslmed.aah4661
http://www.ncbi.nlm.nih.gov/pubmed/27807286
http://doi.org/10.1016/S0301-472X(01)00669-5
http://doi.org/10.1182/blood-2010-04-279489
http://www.ncbi.nlm.nih.gov/pubmed/20628147
http://doi.org/10.1086/514885
http://www.ncbi.nlm.nih.gov/pubmed/9382092
http://doi.org/10.1002/pd.4425
http://doi.org/10.1021/acs.analchem.0c03933
http://www.ncbi.nlm.nih.gov/pubmed/33296189
http://doi.org/10.1056/NEJMoa1203382
http://www.ncbi.nlm.nih.gov/pubmed/23215555
http://doi.org/10.1097/AOG.0000000000001091
http://www.ncbi.nlm.nih.gov/pubmed/26444108
http://doi.org/10.1016/j.ajhg.2015.11.016
http://www.ncbi.nlm.nih.gov/pubmed/26708752

	Introduction 
	Methods 
	Sample Collection and Processing 
	Massively Parallel Sequencing 
	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

