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Abstract: Valid data on prenatal cell-free DNA-based screening tests for copy number variations
and microdeletions are still insufficient. We aimed to compare different methodological approaches
concerning the achieved diagnostic accuracy measurements and positive predictive values. For
this systematic review, we searched the Scopus and PubMed databases and backward citations for
studies published between 2013 and 4 February 2022 and included articles reporting the analytical
and clinical performance of cfDNA screening tests for CNVs and microdeletions. Of the 1810 articles
identified, 32 met the criteria. The reported sensitivity of the applied tests ranged from 20% to 100%,
the specificity from 81.62% to 100%, and the PPV from 3% to 100% for cases with diagnostic or
clinical follow-up information. No confirmatory analysis was available in the majority of cases with
negative screening results, and, therefore, the NPVs could not be determined. NIPT for CNVs and
microdeletions should be used with caution and any developments regarding new technologies
should undergo strict evaluation before their implementation into clinical practice. Indications for
testing should be in correlation with the application guidelines issued by international organizations
in the field of prenatal diagnostics.

Keywords: non-invasive prenatal testing; microdeletion; copy number variation; cell-free DNA;
validity; screening; prenatal diagnosis; molecular method

1. Introduction

In response to the growing appreciation of the incidence of and a better understanding
of the importance of submicroscopic copy number variations and cytogenetic abnormalities
other than common aneuploidies in recent years, laboratories have begun developing the
ability to identify smaller cytogenetic changes using cell-free DNA. Fetal DNA analysis is
the only method for detecting these disorders. The correlation between an elevated risk for
pathological copy number variations and increased nuchal translucency, as well as altered
serum levels of PAPP-A and free 3-HCG, was noticed [1,2]. Other than these, the main
indications for wide NIPT analysis are previous children with chromosomal alterations,
the sonographic detection of fetal abnormalities, and a history of family members testing
positive for chromosomal or genetic disorders [3]. Currently, there are two non-invasive
approaches; one targets a handful of clinically significant microdeletions, and the other sets
a size cutoff threshold for genome-wide copy number variations that are often the cause of
microdeletions. Peters et al. were the first to apply this methodology in prenatal screening
for fetal CNVsin 2011 [1,2,4]. In contrast to the convincing evidence for cell-free DNA-based
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screening for trisomies 21, 18, and 13, valid data concerning the accuracy and positive
predictive values of most of these additional tests are still missing. There is a concern
that a low incidence and a potentially much lower PPV for CNVs and microdeletions,
resulting in a high false-positive rate, will increase the number of unnecessary invasive tests
performed, especially taking into consideration that, due to the lack of official guidelines,
the test is often performed on a population of pregnant women who are not preselected [2].
There are many controversies regarding this topic since clinical validation for cell-free
DNA microdeletion and CNV testing has been sacrificed in a commercial race to expand
indications for noninvasive testing. Many argue that the reliability and accuracy of NIPT
for the detection of such conditions have not been subjected to the rigor necessary to make
this a valid clinical test [5]. Any recommendations for the use of these tests should be based
on clinical research evidence. There are several reviews on this topic and one systematic
review that included seven cohort studies, but we intend to offer a more comprehensive
and up-to-date overview of the literature available on this subject [2,6-9].

The objective of this systematic review was to evaluate the accuracy and reliability
of non-invasive prenatal testing for CNVs and microdeletions and to compare different
approaches, taking into account molecular methods of sample analysis and the assumed
risk for the studied population of pregnant women as well as the biological characteristics
of the analyzed submicroscopic anomalies.

2. Materials and Methods
2.1. Study Design and Search Strategy

The study was performed according to Preferred Reporting Items for Systematic-
Reviews and Meta-Analysis (PRISMA) statement.

On 4 February 2022, we searched the Scopus and PubMed databases. The search
combinations used included the Boolean operators “AND” and “OR” in combination with
the following MeSH and free text terms: [(prenatal diagnoses) OR (prenatal diagnosis)]
AND [(non-invas *) OR (noninvas *) OR (non invas *)] AND [(cell-free DNA) OR (cell
free DNA) OR (¢fDNA) OR (cffDNA)] AND [(test *) OR (valid *)] AND [(microdel *) OR
(copy number varia *)]. Neither search filters nor text analysis tools were used. The study
selection process is described in Figure 1.

2.2. Inclusion and Exclusion Criteria

We included a total of 32 study reports. To be included, a report had to contain
information about the validity or utility of cfDNA-based non-invasive prenatal testing for
fetal CNVs and microdeletions. Articles reporting solely on the application of NIPT for the
detection of other chromosomal aberrations were excluded. Furthermore, reports in which
the validity of the test was not confirmed by invasive testing or statistically expressed
were excluded. Articles describing ethical aspects of NIPT as well as the ones addressing
the usage of cfDNA-based methodology in the terms of oncology are valuable but not
relevant to the topic and we, therefore, excluded them. We restricted our selection to
English-language articles only and those published from 2013 onwards, as that is when
this type of screening test first became clinically available.

2.3. Screening Process and Critical Appraisal

Studies were selected in a four-stage process. The first step was to assess their eligi-
bility based on the title and abstract. Two researchers independently reviewed the titles
and abstracts of half of the records each. In the second step, the same two researchers inde-
pendently screened full-text articles for inclusion. In case of disagreement, the consensus
was reached by discussion. Study reports were directly included in our systematic review,
and a backward citation search solely for study reports was performed on the other articles
(reviews, book chapters, case reports, commentaries, debate reports). As in the first step,
two researchers independently reviewed titles and abstracts, then screened full-text reports.
Subsequently, the data were collected by one independent researcher (see flow diagram
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summarizing the selection of studies for inclusion in the systematic review). The review
protocol was registered with the International Prospective Register of Systematic Reviews

(PROSPERO, ID334674).
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Figure 1. PRISMA flow diagram.

3. Results
3.1. Search Results

Overall, 1810 references were collected in Mendeley. After the exclusion of duplicates,
1688 articles remained. Based on the titles and abstracts, 1526 were excluded. Of the
remaining 162 articles, 24 study reports were directly included, and a backward citation
search was performed on the 40 selected articles, resulting in eight study reports appointed
for inclusion in the review.
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3.2. Chromosomal Aberrations of Interest

A total of 32 studies were included in this systematic review (Table 1). Of those,
21 studies explored screening possibilities for microdeletion syndromes using cell-free
DNA. The most frequently analyzed pathologies were the DiGeorge (22q11.2 del), Cri-du-
chat (5p), Prader-Willi/ Angelman (15q del), 1p36 deletion, and Wolf-Hirschhorn (4p del)
syndromes [10-25]. Helgeson et al. additionally screened for the 8q and 11q (Jacobsen) dele-
tion syndromes and Koumbaris also checked for Smith-Magenis (17p del) syndrome [15,19].
Two studies focused on the Southeast Asian (SEA) deletion (20 kb size) [26,27], which is the
cause of x0-thalassemia and Bart’s hydrops fetalis. Three studies estimated possibilities for
the genome-wide detection of microdeletions [28-30]. In addition to selected microdele-
tions, three studies simultaneously assessed the validity of screening tests for genome-wide
copy number variations larger than 7 Mb using cfDNA, as CNVs are considered to be
the cause of subchromosomal microabberations including microdeletions [21-23]. Twelve
studies solely evaluated the genome-wide detection of CNVs. Most of them screened
for previously undiagnosed fetal CNVs [4,31-38], but two studies obtained samples with
known CNVs and retrospectively conducted NIPT analysis [39,40].

3.3. Patient Characteristics and Acquisition of Samples

Most of the studies obtained plasma samples from the population of pregnant women
who underwent NIPT without specifically defining referral indications for the screen-
ing [4,10,15,17,19-21,28,30,31,33-35,37,38]. Some included only samples of women with
high-risk pregnancies (over 35 years of age), positive serum screening results, a history of
aneuploidy, abnormal ultrasound findings, or simply maternal anxiety [22,32,40]. Two stud-
ies analyzed samples that showed an increased risk of chromosomal abnormalities from an
NIPT which had already been performed [16,18]. Four reports took into consideration sam-
ples with already-confirmed fetal microdeletions or CNVs by invasive testing and euploid
samples as controls [12,14,29,39]. Only one study explicitly analyzed twin pregnancies [13].
The most common exclusion criteria in these studies were known parental chromosomal
abnormalities, multiple pregnancies, known maternal malignancy, the mother receiving
an allogeneic blood transfusion, organ transplantation surgery, stem cell therapy, or im-
munotherapy, as well as an egg donor or surrogate pregnancies [10,13,34,36-38]. Li et al.
also excluded samples whose transportation to the laboratory took more than 48 h, those
with visible hemolysis, and a fetal fraction of less than 3% [40]. Due to the low prevalence
of chromosomal aberrations of interest, some researchers used in vitro created plasma
samples constructed by using DNA from the affected individual, with known deletion or
CNYV, and spiking it into the isolated plasma DNA of non-pregnant women [11,14,24,25].

3.4. Molecular Methods for fDNA Analysis

Nowadays, there are two primary next-generation sequencing-based approaches for
cfDNA testing: massively parallel shotgun sequencing (MPSS), which sequences DNA
fragments from the whole genome, and targeted sequencing, which is the selective testing
of targeted genomic regions. Both techniques are based on counting sequenced DNA
fragments obtained from maternal blood and consider only the number of reads to identify
numeric abnormalities of fetal chromosomes. Another type of targeted cfDNA testing is
single-nucleotide polymorphism (SNP) sequencing, which enables a more accurate cfDNA
analysis, allowing for a qualitative approach to differentiating between maternal and fetal
input. SNP sequencing can rely on the allele ratio or specifically target the amplification
of polymorphic loci, followed by NGS and bioinformatics analysis. In such an approach,
allelic information from both parents is included in the analysis, taking into consideration
different genetic inheritance patterns [41].
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Table 1. Studies included in the systematic review.
Stud C T £ Stud Microdeletions/ Molecul hod ber of Partici 1 . Number of P FP PP s ifici
udy ountry ype of Study CNVs olecular Metho Number of Participants Sample Size Reads A% Sensitivity  Specificity
Yang et al set—rgtig;i;;gctive targeted method training set
" ; ), : : o o o
2019 [26] China testing set-prospective SEA deletion (SNP-based) 878 plasma 20 kb 4.854e tl\/;, ZtSSIt/[mg 321 16 95.25% 98.98% 96.06%
cohort ’
Sawakwongpra et al., . . . targeted method o o
2021 [27] Thailand prospective cohort SEA deletion (droplet digital PCR) 22 plasma 20 kb 95.38% 91.01%
Gross et al., . . targeted method o
2016 [10] USA retrospective cohort DiGeorge (SNP-based) 21,948 plasma 2.91 Mb 8.9M 11 50 18%
Schmid et al., UK cross-sectional DiGeorge targeted method 1953 plasma + artificial 1.96-3.25 Mb 97 8 9238%  752% 99.6%
2018 [11] (microarray-based)
Ravi et al., . . targeted method 10 affected and
2018 [12] USA prospective cohort DiGeorge (SNP-based) 409 controls plasma 2.55-3.16 Mb 47M 19.6% 90% 99.74%
]igz‘ff[]"‘%']' Taiwan retrospective cohort DiGeorge MPSS 8158 plasma 3Mb 20M 7 6 53.85% 100% 99.92%
Wapner et al., . microdeletions targeted method 6 affected, 352 controls, P
2015 [14] USA prospective cohort (common) (SNP-based) 111 artificial plasma + artificial 2.91-20 Mb 89M 106 4 96.36%
AT UsA prospective cohort (ng‘;rgrieelewt‘%‘g MPSS 178 plasma 3-40 Mb 02x coverage 17 1 944%  944% 99.4%
Helgeson et al., . microdeletions 0
= ) .9%
2015 [15] USA prospective cohort (common) MPSS 175,393 plasma 90.9%
microdeletions
Yin et al., . . and o o o
2015 [29] China prospective cohort microduplications MPSS 1476 plasma 0.52-84 Mb 3.5M 56 58 49.12% 85.4% 95.7%
(genome-wide)
Petzeorls ;? le(f]al" USA retrospective cohort mi(ccr(;)rif:‘e(;r;())ns various technologies 712 plasma >1.5Mb 7 45 13.4%
Martin et al., . microdeletions targeted method o o o
2018 [17] USA retrospective cohort (common) (SNP-based) 114,616 plasma 2.91-20 Mb >32M 30 43 41.1% 96.77% 81.62%
Schwartz et al., USA retrospective microdeletions various technologies 349 lasma 25 310 7.4%
2018 [18] cross-sectional (common) 8 P e
Huetal, . . microdeletions
2019 [30] China prospective cohort (genome-wide) MPSS 8141 plasma >10, <10 Mb 4.89M 13 23 36.11%
Koupbgrisgtals Cyprus retrospective cohort e etions targe(t;i é“sith(’d 2033 plasma 5 0 100% 100% 100%
Welker et al. . icrodeleti
502611‘[3()]8 ’ USA prospective cohort ml(cct;)mineorl\())ns MPSS (FFA method) 2401 plasma 97.2% 99.8%
Pescia et al., Switzerland retrospective CNVs MPSS 6388 plasma >10M 7 3 70%
2017 [31] cross-sectional
%Oolgt[g}ﬁ UK prospective cohort CNVs MPSS 31 affected + 534 controls plasma >6, <6 Mb 4-10M 55% 83% 99.6%
Lietal., 2016 [40] China prospective cohort CNVs MPSS 117 plasma >5, <5 Mb 395M 11 4 73.33% 61.1% 95%
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Table 1. Cont.
Stud; Count Type of Stud Microdeletions/ Molecular Method Number of Participants Sample Size Number of TP FP PPV Sensitivi Specificit;
y Ty YP y CNVs P P Reads ty P y
. : CNVs >7 Mb and
Lefkowitz et al, USA retrospective common MPSS 1166 plasma >7Mb + selected 2M 42 1 97.67%  97.7% 99.9%
2016 [22] cross-sectional microdeletions smaller
Fi"rze&f;“[‘gze]t al, Ttaly prospective cohort CNVs MPSS 12114 plasma >1.9 Mb 30M 8 5 6154%  100% 99.96%
Yu et al., 2018 [33] China prospective cohort CNVs MPSS 20,003 plasma >10 510, 42M 29 7 8056%  80.56%
Liang et al, Chi ive coh Comumon. PSS 4 1 10, <10 Mb 20M 4 71 40.8Y 74% 29
2019 [21] ina prospective cohort _common M 94,085 plasma >10, <10 0 9 0.8% 90.74% 99.92%
microdeletions
Chen % j‘]l China prospective cohort CNVs MPSS 2,910 plasma >10, 510 20 49 2899%
Luo etal, Chi ive coh CNY MPSS 40,256 I 35M 4 131 3%
2020 [36] ina retrospective cohort s , plasma >3. o
Pei et al., 2020 [4] China retrospective cohort CNVs MPSS 141 plasma Y >6M 21 120 14.89%
Liu et al., 2020 [37] China retrospective cohort CNVs MPSS 42,924 plasma 11 27 28.95%
CNVs >7 Mb and
Rafalko et al., USA prospective cohort common MPSS 86,902 plasma >7Mb + selected 181 63 74.2%
2021 (23] microdeletions smaller
Chen etal,, ; : o
2021 [35] China prospective cohort CNVs MPSS 34,620 plasma >5Mb 0.1x coverage 21 20 51.22%
Lai et al., 2021 [38] China prospective cohort CNVs MPSS 86,262 plasma 6-32.5 Mb 3M 4 8 33.3% 20% 99.99%
common
Neofytou ,Et al, Cyprus prospective cohort microdeletions + targeted method 21 affected + 50 controls plasma + artificial >0.5 Mb 21 0 100% 100% 100%
2017 [24] Potocki Lupski (TACS)
Kucharik et al., Slovaki trol stud microdeletions MPSS 29 tificial 0.9-21 Mb 20M 240 100%
2020 [25] ovakia case-control study (common) artificia .9~ o

CNV—copy number variation, PPV—positive predictive value, TP—true positive, FP—false positive, SEA—Southeast Asian, SNP—single nucleotide polymorphism,
PCR—polymerase chain reaction, MPSS—massively parallel shotgun sequencing, TACS—target capture sequences, FEA—fetal fraction amplification, USA—United States of America,
UK—United Kingdom.



J. Clin. Med. 2022, 11, 3350

7 of 15

A total of 21 studies used massively parallel sequencing technology that enables the de-
tection of microdeletions and genome-wide CNVs without prior knowledge of the event’s
location. After cfDNA quantification, libraries were tag-sequenced to generate 3.5 M-32 M
reads per sample and aligned to the human reference genome [22,29]. Reads were then
allocated to continuous non-overlapping 20 kb-100 kb bins and filtered to remove bins
with abnormal GC content [13,21,33,38-40]. Next, similar statistical methods were used by
five teams of researchers. They normalized the bin counts and then used the circular binary
segmentation algorithm to divide each chromosome into contiguous regions of equal copy
numbers. This step was followed by the identification of segments with consistently under-
represented regions indicative of a loss in the genome. Furthermore, they used decision
tree analysis to differentiate whole-chromosome events from deletions [15,22,23,25,28].
Two studies also described the combination of the MPSS method with technology that
leverages the reduced size of fetal-derived cfDNA fragments, in comparison to maternally
derived ones, to increase the sensitivity of the test. After quantification, they performed the
size selection of cfDNA libraries by removing fragments > 200 nt via gel electrophoresis.
These size-selected libraries contained a higher cffDNA fraction because, after the removal
of maternally derived fragments, cffDNA represented a higher share of ultimately ana-
lyzed cfDNA. Importantly, the obtained gain in a fetal fraction was molecular and not
algorithmic [20,31].

Targeted or directed technologies of cfDNA testing, in contrast to massively par-
allel shotgun sequencing, enable the detection of microdeletions and CNVs of known
pathogenicity only, instead of testing the entire genome and consequently revealing CNVs
of unknown significance [41].

In six included studies, samples were analyzed using an SNP-based screening method-
ology. For the detection of DiGeorge-causing microdeletions, sets of pooled primers
containing 672 or 1351 SNPs were designed to target the 2.91 Mb section of the 22q11.2
region that constitutes approximately 87% of all deletions detected in individuals with
22q11.2 deletion syndrome [10,12,14,17]. Wapner et al. and Martin at al. also used sets
of primers designed to amplify 1152 SNPs in each of the following regions: a 10 Mb re-
gion deleted in ~60% of patients diagnosed with 1p36 deletion syndrome, a 20 Mb region
deleted in ~65% of patients diagnosed with Cri-du-chat syndrome, and a 5.85 Mb region
deleted in ~28% of patients diagnosed with the Prader-Willi/ Angelman syndromes [14,17].
Amplified samples were sequenced to 3.2—4.7 million reads per sample [12,17]. Deletions
were predicted based on the allele distribution pattern for SNPs in the regions of inter-
est [10,12,17]. Yang et al. used the target-captured SNP sequencing of cfDNA to detect
pathogenic SEA deletion—the cause of x0-thalassemia. Nearly 2000 SNPs were used to
target the gene region of alpha-globin (HBA) and 20,000 bp upstream and downstream of
the gene region [26].

The droplet digital PCR-based method for the non-invasive detection of SEA deletion
was described by Sawakawongpra et al. This technique amplifies a low initial amount of
target DNA molecules and itemizes different PCR products using probe-specific fluorescent
signals. Two probes were designed—one to bind the genomic region inside the targeted
deletion and the other one to bind just outside of the SEA locus. The first signal was
expected to be detected only in cases of a wild type of the gene, whereas the other one was
expected to be present both in a wild type and in cases with a SEA deletion [27].

Schmid et al. developed a targeted microarray-based cfDNA test for the detection
of 22q11.2 microdeletion. Additional 500 digital analysis of selected regions (DANSR)
assays, in comparison to array-based NIPT for detecting common aneuploidies, were
designed against targets uniformly distributed within a 3 Mb region of interest. Each of the
samples was furtherly analyzed on a single custom microarray [11]. Despite its efficiency,
microarrays are not commonly used in cfDNA testing.

Koumbaris et al. and Neofytou et al. developed novel analytical approaches using
target capture sequences (TACS) to enrich regions of interest associated with sought-after
microdeletions. Target loci were selected based on the GC content, the distance from
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repetitive elements, and the absence of known surrounding complex architecture. This type
of approach avoids CNVs of unknown clinical significance and has the ability to identify
deletions in a fetus as small as 0.5 Mb in size [19,24].

Two studies retrospectively analyzed NIPT results obtained by various molecular
methods and performed solely confirmatory testing using invasively acquired samples.
In many cases, while obtaining samples, Petersen et al. were not provided with the
information of the laboratory that performed the NIPT. Consequently, they used pooled
data for the interpretation of the results [16]. In the other study, Schwartz et al. broadly
separated results depending on the NIPT technologies used. They noticed a statistically
significant difference between a PPV of 4.2%, acquired by the usage of the SNP-based
approach, and one of 32.3%, acquired by MPSS technology-based tests, but noticed that
this was most likely false and caused by false-positive results due to the presence of the
homozygotic stretches associated with consanguinity [18].

3.5. Study Outcomes

Studies that used MPSS technology to test for common microdeletions achieved an
overall sensitivity of 85.4-97.2% and a specificity of 95.7-99.8% [20,28,29].

Regarding the individuality of positive predictive values (PPVs) for certain conditions,
Helgeson et al. presented individual PPVs for microdeletions ranging from 100% for
the Wolf-Hirschhorn, Jacobsen and Langer-Giedion syndromes, 96.9-100% for DiGeorge
syndrome and 66.7% for Cri-du-chat syndrome. While testing for DiGeorge, 20/32 detected
deletions had a maternal contribution. A likely explanation for this high rate of maternal
findings lies in the small size of deletions detected in the 22q11 region which represents
pregnant women with mild clinical findings [15]. Others, such as Liang et al., achieved a
PPV ranging from 93% for DiGeorge to 0% for 1p36 microdeletion [21].

Clearly, one of the factors that affect the detection of subchromosomal deletions and
CNVs using the whole-genome sequencing approach was the size of the event of interest.
The larger the CNV in the cffDNA is, the easier it is to detect it against a background of
normal maternal DNA [15]. In the study by Yin et al., 93.3% of deletions/duplications
larger than 5 Mb and 100% larger than 10 Mb in size were detected at 3.5 million reads
per sample. In contrast, only 1.2% of deletions/duplications less than 5 Mb in size and
none less than 1 Mb in size were detected at 3.5 million reads per sample. Also, 67.2% of
false positives predicted a deletion/duplication less than 5 Mb in size [29]. In the study
conducted by Kucharik et al. out of the 1,705,600 carried out simulations, the simulated
syndrome was correctly predicted in 937,335 cases, resulting in a sensitivity of 55.0%.
Importantly, the sensitivity increased to 97.1% if the read count was at least 15 M and
the size of the deletion was at least 3 Mb. The mutuality between the above-mentioned
deletion size and the fetal fraction percentage was found to be a key parameter in NIPT,
and different combinations of them were tested from 5% to 20%. Fetal fractions lower than
5% were shown to be problematic due to an increased number of false-negative detections.
This approach achieved an accuracy of 79.3% for a 10% fetal fraction with a 20 M read depth,
which further increased to 98.4% if the search was only for deletions longer than 3 Mb.
The results of the in silico simulated data were in accordance with an artificial laboratory
sample evaluation test that correctly detected 24 out of 29 control samples [25].

A majority of the included studies investigated the genome-wide detection of CNVs.
When comparing these results, there is no consistency in achieved sensitivity, specificity,
and PPV rates depending on the CNV size. While Lo et al. demonstrated a significantly
higher sensitivity for the detection of CNVs larger than 6 Mb (83% compared to 20% for
ones smaller than 6 Mb), whereas Chen et al. achieved the highest PPV for CNVs size of
5-10 Mb [34,39]. However, this was not the case in a study conducted by Yu et al. who for
CNVs 5-10 Mb achieved the highest sensitivity (100% in comparison to 92% and 68% for
CNVs > 10 Mb and <5 Mb) but the lowest PPV (71% in comparison to 85% and 81% for
CNVs > 10 Mb and <5 Mb) [33]. One study demonstrated a significantly lower PPV, only
3%, for CNVs greater than 10 Mb, compared with 40% for the ones less than 10 Mb [4]. In
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general, smaller CNVs were more likely to be confirmed than larger CNVs. Furthermore,
for the cases where two or more CNVs were identified, where only one of the findings was
confirmed by diagnostic testing, the smaller one was confirmed more frequently than the
larger finding [23].

In another study, deeper sequencing correctly identified the fetal CNV in 9 of 11 samples
where the imbalance had not been detected by the standard shallow-sequencing pipeline.
The discrepancy in the count ratios decreased as the depth of sequencing increased, as
demonstrated by one fetus with a 22q11.2 deletion, which was ultimately detected when
the sample was sequenced to a depth of 32 million reads. In addition to identifying the
CNVs, the pipeline indicated locations that were highly accurate and matched well with
positions provided by microarray analysis [39]. The study by Rafalko et al. demonstrated
the importance of the initial ultrasound fetal risk assessment, as cases referred to due to
ultrasound findings as the sole indication for testing comprised 15% of the overall screening
cohort, compared to 33% for the CNV-positive cohort. For cases in which only one of the
two findings was confirmed, the detected CNV that was discordant showed sequencing
data suggestive of mosaicism. This may have been caused by a segmental “rescue” event
in progress, such as telomere capture, which acts to stabilize an open deletion by acquiring
material from another chromosome and results in mosaicism for the “stabilizing” CNV [23].

A study which used the SNP-based approach scored detection rates of 97.8% for a
22q11.2 deletion and 100% for the Prader-Willi, Angelman, 1p36 deletion, and Cri-du-chat
syndromes. The false-positive rates were 0.76% for 22q11.2 deletion syndrome and 0.24%
for Ci-du-chat syndrome. No false positives occurred for the Prader—Willi, Angelman, or
1p36 deletion syndromes. An explanation for the lower DR for the 22q11.2 locus lies in the
fact that the number of SNPs targeted in this region was less than for other locations. The
performance of this SNP-based method for the detection of well-defined microdeletions
is expected to depend primarily on the number of informative SNPs in each region of
interest, which may limit its detection capabilities for small regions of interest [14]. The
study by Martin et al. first achieved a positive predictive rate of 15.7% for 22q11.2 deletion
syndrome, and 5.2% for the other four disorders combined. Then, the analysis of high-risk
samples with a revised protocol of high-depth sequencing showed an increase in the PPV
rate to 44.2% for 22q11.2 and 31.7% for the others as well as a decrease in false-positive
rates [17]. In the studies analyzing only deletions characteristic of DiGeorge syndrome, a
sensitivity and specificity of 90% and 99.74%, respectively, were presented [12]. Overall,
the PPV was 18%. In contrast, for cases with no abnormal ultrasound findings prior to
NIPT, the PPV was 4.9%. This estimate was based on a small sample size and could be
subject to an ascertainment bias because information about ultrasound findings was not
comprehensively gathered at the time of testing [10].

The first study to show the application of ddPCR to identify the copy number of SEA
deletion in unprocessed cell-free DNA obtained from maternal plasma yielded a sensitivity
of 95.38% and a specificity of 91.01% [27].

A prenatal screening test for 22q11.2 deletion using a targeted microarray-based
cfDNA test achieved a sensitivity of 75.4% and a specificity of at least 99.5%. The smallest
deletion size detected was 1.96 Mb. There was no interdependence between the sensitivity
and deletion size. To comprehend these results, it is crucial to take into consideration the
fact that this study included samples with the typical 3 Mb deletion as well as samples with
smaller nested deletions, unlike the other included studies. In fact, one could argue that the
sensitivity reported for comparable cfDNA tests using MPSS and SNP technologies should
be adjusted if established only based on the common 3 Mb 22q11.2 deletion [11]. Both of
the studies which used NIPT based on a validated targeted capture enrichment technology
identified all microdeletions correctly without any false-negative events, exhibiting 100%
sensitivity and 100% specificity. This type of approach avoids CNVs of unknown clinical
significance and has the ability to identify deletions or duplications in a fetus as small as
0.5 Mb in size [19,24].
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Studies that used retrospectively obtained data from laboratories using various NIPT
platforms yielded an overall PPV of 9.2-13% [16,18]. In the study conducted by Schwartz
et al.,, 39.3% of the cases in which microdeletion was confirmed by invasive testing had
additional abnormal microarray findings. Unrelated abnormal microarray findings were
detected in 11.8% of the patients in whom the screen positive microdeletion was denied
and declared as false positive [18].

3.6. Limitations and Biases

The limitations of our systematic review largely reflect the shortcomings of the reports
reviewed. The weaknesses of included studies arose from the their processes for gathering
each cohort, choices of technology for the analysis of collected or artificially created sam-
ples, follow-up processes, as well as the biological characteristics of the subchromosomal
aberrations of interest.

Firstly, diverse indications for wide NIPT performance were applied depending on
the countries the studies were conducted in, and this may have influence the calculated
PPVs and sensitivities. The sample size in a substantial number of the studies was too
small for comprehensive analysis. In addition, the gestational age of a large number of the
recruited pregnancies was in the second trimester, resulting in a higher fetal fraction than
in cases of samples obtained in clinical practice [12,14,40]. As the incidence of analyzed
subchromosomal aberrations is extremely low, to decrease the cost of the research, several
studies included only high-risk populations and this way may have introduced bias while
calculating the PPV [23]. Due to the unknown fetal prevalence of screened microdeletions
and CNVs, it was difficult to estimate the PPV of the molecular methods used for the analy-
sis [39]. In some studies, microduplication screening results were calculated in summarized
PPV and sensitivity values [24,29]. The studies that evaluated prenatal screenings for CNVs
where similar in this regard, since they are not only the cause of microdeletions but also
other submicroscopic chromosomal rearrangements. Retrospective cohort studies often
lack sufficient data such as the total number of cfDNA tests performed during a given
period, meaning they lack the total denominator required for the evaluation of the test’s
specificity. Also, two such studies did not take into consideration differences between the
testing platforms used for the analysis of samples when calculating overall statistics [16,18].
Furthermore, some of the researchers did not have the access to the clinical data to assess
possible explanations for false-positive results such as the presence of a vanished twin’s
cfDNA in the maternal plasma, placental mosaicism, maternal chromosomal abnormalities,
or maternal neoplastic conditions [16,18,22,23,36]. Studies that used artificial samples did
not take into consideration real case scenario causes of inconsistent results when expressing
sensitivity, specificity, and PPV [11,24,25]. Most of the included studies could correctly
address the test sensitivity, as they were limited by the incomplete follow-up of the preg-
nancy outcome of negative cfDNA screening cases and ascertainment bias [10,11,16]. The
inconsistent results may be related to the GC bias [30]. NIPT methodology in general
suffers from the problem of multiple hypothesis testing, meaning that false-positive rates
become additive for independently analyzed genome regions [22]. Several screen-positive
cases were validated by low-pass whole-genome sequencing and fluorescence in situ hy-
bridization rather than chromosomal microarray analysis—the gold standard diagnostic
for microdeletions [10,12,33].

The extensive and systematic literature search, which included a backward citation
search that yielded additional reports, is one of the strengths of this study. An assessment
of the methodological quality of the included studies was not performed after taking into
consideration the number of included studies and the extent of the information that would
have arisen from this, which would have exceeded the scale of this systematic review.
The possibility of pooling data for meta-analysis was explored but this was not pursued
because of the heterogeneity of the studies with respect to the processes for gathering the
cohorts, molecular methodologies used, and confirmation testing performed. Therefore,
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the conclusions were based on narrative synthesis. Between-study heterogeneity was not
assessed quantitatively, as a meta-analysis could not be conducted.

4. Discussion

CNVs are the cause of microdeletions—structural chromosomal abnormalities whose
size is less than 5 Mb—a standard resolution of karyotyping and therefore cannot be
detected by this method [2]. Although individually extremely rare, with frequencies
ranging from 1:4000 for DiGeorge syndrome to 1:50,000 for Cri-du-chat syndrome, the
overall prevalence rate of microdeletions is considered to be around 1:2500 and is not
associated with maternal age [7,42]. Hence, for the population of pregnant women younger
than 35 years, fetal microdeletions are more common than Down syndrome and often show
equally serious phenotypes [43]. This imposed the need for a form of preinvasive testing
for these conditions. With CMA being the gold standard diagnostic method but exposing
pregnant women to possible complications due to the invasive procedures involved in
the obtaining of samples, NIPT technology slowly but surely became a leading method in
prenatal screening for microdeletions and CNVs [40].

Cell-free DNA-based screening tests have been developed and marketed exclusively
by the developers to the practitioner and patient communities without conducting in-
dependent trials and validating their performance prior to their introduction into the
marketplace [43]. The process of developing a screening test from the laboratory to clinical
application requires the determination of its validity and utility. In the context of NIPT, the
assessment of analytical validity answers the question of whether various concentrations
of placental and maternal DNA can be used to determine the presence or absence of a
condition of interest. Clinical validity refers to the detection rate, sensitivity, and specificity
of the evaluated test—metrics that are independent of the prevalence of the condition
screened for. Clinical utility evaluates the practical usefulness of the test to the screened
population, expressed through objective metrics such as the PPV and NPV. The American
College of Medical Genetics and Genomics, in their position statement from 2016, claims
that the previously mentioned values should be expressed for each CNV screened when
reporting laboratory results [44]. Unfortunately, it is fair to say that the selection of mi-
crodeletions and CNVs included in commercial panels was often more driven by their
detection feasibility than by their clinical relevance [2].

As previously mentioned in Section 3.4, there are two primary approaches for cfDNA-
based screening tests. Targeted sequencing technologies that process a smaller amount of
data provide better values in terms of the test’s validity and utility indicators, requiring
less time and expense than MPSS-based methods [7,28]. Increasing the sequencing depth
is the most direct way to improve the accuracy of diagnosis. In clinical practice, this is
limited by the sequencing cost. However, certain parts of the genome may not be amenable
to adequate coverage because of the inherent features of DNA structure (for example GC
rich regions and heterochromatin regions of repetitive DNA sequences) [29]. Kucharik et al.
recommend using approximately 16 M—17 M reads per sample for analyses, due to fact that
the detection rate reaches a plateau for a 10% fetal fraction and 3 Mb deletion size around
this point [25].

Other than the sequencing depth, the detection capability is dependent on the variation
or microdeletion size, fetal fraction, as well as the biological variability of the region of
interest [7,28]. Reports claim that the detection efficiency for microdeletions and CNVs is
determined mainly by their size, but in the studies by Yu et al. and Chen et al., the highest
PPV and sensitivity were achieved for CNVs between 5 and 10 Mb in size in comparison
to smaller and larger ones [29,33,34,39]. This may be explained by the limited number of
cases identified in that subgroup and the case bias that possibly contributed to a higher
sensitivity [33,34].

Although there were initially concerns that the technical aspects of the sequencing
methods and bioinformatics analyses were the reason for the reduction in specificity
and false-positive results, over time, it has become clear that a significant proportion of
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cases have an underlying biological etiology [45]. C{fDNA is of placental origin, and,
consequently, a confined placental mosaicism observed in around 1% of all pregnancies can
be the cause of FP results. Other potential causes are maternal microdeletions and CNVs;
Lo et al. described the detection of all three maternal microduplications but could not
determine if the fetus had inherited them. Therefore, achieving sufficient accuracy in fetal
inheritance would require knowledge of fetal fractions and the use of counting statistics [39].
Also, in the case of multiple reported abnormalities, the source of pathologically altered
DNA could be apoptotic tumor cells of maternal origin [46]. Rafalko et al. reported that
at least 12 of their positive cases were caused by maternal fibroids and myelodysplastic
syndromes [23]. Another possible source of pathological findings is the presence of a
vanished co-twin’s DNA, although this extremely rare [45].

Despite the detection rates of all the cfDNA-based screening tests being high, the
PPV depends on the patient’s a priori risk for the analyzed disorder, which is primarily
determined by the prevalence of an abnormality [1]. With the possible exception of 22q11.2
and 1p36 deletions, microdeletions show no phenotypic characteristics detectable by ultra-
sound, and screening is essentially performed on an average-risk population of pregnant
women. As the adequate assessment of clinical utility is difficult while using the traditional
idea of prospective randomized trials due to the rarity of the microdeletions and CNVs,
study designs have used archived samples and artificial mixtures of abnormal DNA to
provide at least an estimate of accuracy [11,24,25,47]. The current systematic review was
unable to provide any new contributions to this topic considering that the analyzed reports
included fetuses with different background risks, and, consequently, the reported PPVs
may not reflect the genuine clinical utility.

None of the included studies performed systematic confirmatory analysis by CMA for
negative/low-risk cases. They mostly relied on clinical follow-up. That being the case, the
exact negative predictive values could not be determined. In an average-risk population, an
estimated NPV of 99% is more often than not the result of the rarity of the condition rather
than the test performance itself. Yaron et al. made a calculation that, given a 1.7% a priori
risk of any clinically significant microdeletion or CNV being present in the fetus, a negative
NIPT result would only modestly reduce the risk to 1.6% [47].

One of the limitations of implementing NIPT methods in clinical practice is the fact that
the fetal genome is screened for specific chromosomal abnormality and not a consequently
expressed clinical syndrome. For example, DiGeorge syndrome is not caused by a single
chromosomal entity but rather a group of different microdeletions, all located in the 22q11.1
chromosome band. Approximately 85% of the cases are caused by a typical 3 Mb size
deletion that encompasses 45 functional genes located between the low copy repeats
LCR22A and LCR22D, which, respectively, correspond to the SNP coordinates 18,835,221
and 21,592,477 (based on human reference genome hg19) [10,11]. The remaining patients
suffering from DiGeorge syndrome have atypical or nested microdeletions that occur
between other low-copy repeats within the same region [11,48]. Even though, in the study
by Schmid et al., atypical and nested deletions were covered by DANSR assays, neither of
them is detectable by currently available commercial tests [11,12]. Similarly, only 65-75%
of Prader-Willi cases are caused by microdeletion, whereas the remaining cases are caused
by uniparental disomy or single gene disorder [8]. In addition, the variable penetrance of a
considerable number of microdeletions may lead to milder phenotypic expressions of the
same genetic defect [9].

The debate about the optimal way to implement wide NIPT into clinical practice to
ameliorate the management of pregnancy is still ongoing. The main obstacle remains the
undefined reliability of these tests. The current position of the main professional organi-
zations, namely, the American College of Obstetricians and Gynecologists, the American
Society for Human Genetics, and the European Society for Human Genetics, is that NIPT is
not recommended for the detection of microdeletions. Alternatively, the American College
of Medical Genetics and Genomics holds an opinion that informing women about the
availability of cfDNA-based screening for selected microdeletions should be provided
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when specific conditions are met by both the healthcare provider and the performing
laboratory [1,49]. This configures NIPT for microdeletions and CNVs as contingent tests
offered in cases of pathological ultrasound findings or abnormal serum marker levels along
with anamnestic indications for screening.

It is necessary to provide comprehensive genetic counseling to all pregnant women
undergoing NIPT. Special attention should be paid to CNVs classified as variants of un-
known significance as well as all the other limitations of the test arising from the biological
characteristics of analyzed genetic abnormalities and the molecular methods used for the
analysis. The main limitations to the introduction of these tests into clinical practice are the
associated cost, which still exceeds those of other prenatal screening methods, and a high
share of false results, leading to challenges in the management of these cases [3].

5. Conclusions

Considering the limited follow-up and validation data available at this time, NIPT
for microdeletions and CNVs should be used with caution and screen-positive results con-
firmed by invasive testing. Any developments regarding new technologies should undergo
robust evaluation in terms of validity and clinical utility. The commercial implementation
of NIPT should be subordinate to the public health sector. Standards for the inclusion of
cfDNA-based screening methods into national health systems should be established by
major organizations in the field of prenatal diagnostics.

Author Contributions: Conceptualization, L.Z., M.B. and A.K.B.; methodology, L.Z. and M.B;
validation, D.J. and A.K.B.; formal analysis, L.Z., M.B. and A.K.B.; investigation, L.Z. and M.B.;
resources, D.J. and A.K.B.; data curation, L.Z. and M.B.; writing—original draft preparation, L.Z. and
M.B.; writing—review and editing, D.J. and A.K.B.; visualization, M.B. and A.K.B.; supervision, D.]J.
and A.K.B.; project administration, D.J. and A.K.B.; funding acquisition, D.J. All authors have read
and agreed to the published version of the manuscript.

Funding: The research was supported by the Scientific Center of Excellence for Reproductive and
Regenerative Medicine, Republic of Croatia, and the European Union through the European Regional
Development Fund, under the contract KK.01.1.1.01.0008, project “Regenerative and Reproductive
Medicine—Exploring New Platforms and Potentials”.

Institutional Review Board Statement: The review protocol was registered with the International
Prospective Register of Systematic Reviews (PROSPERO, ID334674).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available upon
request from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.  Levy, B.; Wapner, R. Prenatal diagnosis by chromosomal microarray analysis. Fertil. Steril. 2018, 109, 201-212. [CrossRef]
[PubMed]

2. Bedei, I.; Wolter, A.; Weber, A.; Signore, F.; Axt-Fliedner, R. Chances and Challenges of New Genetic Screening Technologies
(NIPT) in Prenatal Medicine from a Clinical Perspective: A Narrative Review. Genes 2021, 12, 501. [CrossRef] [PubMed]

3.  Carbone, L.; Cariati, F; Sarno, L.; Conforti, A.; Bagnulo, F,; Strina, I.; Patore, L.; Maruotti, G.M.; Alviggi, C. Non-Invasive Prenatal
Testing: Current Perspectives and Future Challenges. Genes 2020, 12, 15. [CrossRef] [PubMed]

4.  Pei, Y; Hu, L.; Liu, J.; Wen, L.; Luo, X,; Lu, J.; Wei, E. Efficiency of noninvasive prenatal testing for the detection of fetal
microdeletions and microduplications in autosomal chromosomes. Mol. Genet. Genom. Med. 2020, 8, €1339. [CrossRef]

5. Yatsenko, S.A.; Peters, D.G.; Rajkovic, A. Response to Sahoo et al. Genet. Med. 2016, 18, 277. [CrossRef] [PubMed]

6. Benn, P. Expanding non-invasive prenatal testing beyond chromosomes 21, 18, 13, X and Y. Clin. Genet. 2016, 90, 477-485.
[CrossRef]

7. Shi, ].; Zhang, R.; Li, J.; Zhang, R. Novel perspectives in fetal biomarker implementation for the noninvasive prenatal testing.

Crit. Rev. Clin. Lab. Sci. 2019, 56, 374-392. [CrossRef]


http://doi.org/10.1016/j.fertnstert.2018.01.005
http://www.ncbi.nlm.nih.gov/pubmed/29447663
http://doi.org/10.3390/genes12040501
http://www.ncbi.nlm.nih.gov/pubmed/33805390
http://doi.org/10.3390/genes12010015
http://www.ncbi.nlm.nih.gov/pubmed/33374411
http://doi.org/10.1002/mgg3.1339
http://doi.org/10.1038/gim.2015.195
http://www.ncbi.nlm.nih.gov/pubmed/26795591
http://doi.org/10.1111/cge.12818
http://doi.org/10.1080/10408363.2019.1631749

J. Clin. Med. 2022, 11, 3350 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Shaffer, B.L.; Norton, M.E. Cell-Free DNA Screening for Aneuploidy and Microdeletion Syndromes. Obstet. Gynecol. Clin. N. Am.
2018, 45, 13-26. [CrossRef]

Familiari, A.; Boito, S.; Rembouskos, G.; Ischia, B.; Accurti, V.; Fabietti, I.; Volpe, P,; Persico, N. Cell-free DNA analysis of maternal
blood in prenatal screening for chromosomal microdeletions and microduplications: A systematic review. Prenat. Diagn. 2021, 41,
1324-1331. [CrossRef]

Gross, S.].; Stosic, M.; McDonald-McGinn, D.M.; Bassett, A.S.; Norvez, A.; Dhamankar, R.; Kobara, K.; Kirkizlar, E.; Zimmermann,
B.; Wayham, N.; et al. Clinical experience with single-nucleotide polymorphism-based non-invasive prenatal screening for
22q11.2 deletion syndrome. Ultrasound Obstet. Gynecol. 2016, 47, 177-183. [CrossRef]

Schmid, M.; Wang, E.; Bogard, P.E.; Bevilacqua, E.; Hacker, C.; Wang, S.; Doshi, J.; White, K.; Kaplan, J.; Sparks, A.; et al. Prenatal
Screening for 22q11.2 Deletion Using a Targeted Microarray-Based Cell-Free DNA Test. Fetal Diagn. Ther. 2018, 44, 299-304.
[CrossRef] [PubMed]

Ravi, H.; McNeill, G.; Goel, S.; Meltzer, S.D.; Hunkapiller, N.; Ryan, A.; Levy, B.; Demko, Z.P. Validation of a SNP-based non-
invasive prenatal test to detect the fetal 22q11.2 deletion in maternal plasma samples. PLoS ONE 2018, 13, e0193476. [CrossRef]
[PubMed]

Lin, T.-Y.; Hsieh, T.-T.; Cheng, P-J.; Hung, T.-H.; Chan, K.-S.; Tsai, C.; Shaw, S.W. Taiwanese Clinical Experience with Noninvasive
Prenatal Testing for DiGeorge Syndrome. Fetal Diagn. Ther. 2021, 48, 672—677. [CrossRef] [PubMed]

Wapner, RJ.; Babiarz, J.E; Levy, B.; Stosic, M.; Zimmermann, B.; Sigurjonsson, S.; Wayham, N.; Ryan, A.; Banjevic,
M.; Lacroute, P; et al. Expanding the scope of noninvasive prenatal testing: Detection of fetal microdeletion syndromes. Am. J.
Obstet. Gynecol. 2015, 212, 332.e1-332.€9. [CrossRef] [PubMed]

Helgeson, J.; Wardrop, J.; Boomer, T.; Almasri, E.; Paxton, W.B.; Saldivar, J.S.; Dharajiya, N.; Monroe, T.J.; Farkas, D.H;
Grosu, D.S,; et al. Clinical outcome of subchromosomal events detected by whole-genome noninvasive prenatal testing. Prenat.
Diagn. 2015, 35, 999-1004. [CrossRef]

Petersen, A.K.; Cheung, S.W.; Smith, J.L.; Bi, W.; Ward, P.A.; Peacock, S.; Braxton, A.; van den Veyver, I.B.; Breman, A.M. Positive
predictive value estimates for cell-free noninvasive prenatal screening from data of a large referral genetic diagnostic laboratory.
Am. ]. Obstet. Gynecol. 2017, 217, 691.e1-691.e6. [CrossRef]

Martin, K,; Iyengar, S.; Kalyan, A.; Lan, C.; Simon, A.L.; Stosic, M.; Kobara, K.; Ravi, H.; Truong, T.; Ryan, A.; et al. Clinical
experience with a single-nucleotide polymorphism-based non-invasive prenatal test for five clinically significant microdeletions.
Clin. Genet. 2018, 93, 293-300. [CrossRef]

Schwartz, S.; Kohan, M.; Pasion, R.; Papenhausen, P.R.; Platt, L.D. Clinical experience of laboratory follow-up with noninvasive
prenatal testing using cell-free DNA and positive microdeletion results in 349 cases. Prenat. Diagn. 2018, 38, 210-218. [CrossRef]
Koumbaris, G.; Achilleos, A.; Nicolaou, M.; Loizides, C.; Tsangaras, K.; Kypri, E.; Mina, P,; Sismani, C.; Velissariou, V,;
Christopoulou, G.; et al. Targeted capture enrichment followed by NGS: Development and validation of a single comprehensive
NIPT for chromosomal aneuploidies, microdeletion syndromes and monogenic diseases. Mol. Cytogenet. 2019, 12, 48. [CrossRef]
Welker, N.C.; Lee, A.K,; Kjolby, R.A.S.; Wan, H.Y.; Theilmann, M.R; Jeon, D.; Goldberg, ].D.; Haas, K.R.; Muzzey, D.; Chu, C.S.
High-throughput fetal fraction amplification increases analytical performance of noninvasive prenatal screening. Genet. Med.
2021, 23, 443-450. [CrossRef]

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] [PubMed]
Lefkowitz, R.B.; Tynan, J.A.; Liu, T.; Wu, Y.; Mazloom, A.R.; Almasri, E.; Hogg, G.; Angkachatchai, V.; Zhao, C.; Grosu, D.S; et al.
Clinical validation of a noninvasive prenatal test for genome wide detection of fetal copy number variants. Am. |. Obstet. Gynecol.
2016, 215, 227.e1-227.e16. [CrossRef]

Rafalko, J.; Soster, E.; Caldwell, S.; Almasri, E.; Westover, T.; Weinblatt, V.; Cacheris, P. Genome-wide cell-free DNA screening: A
focus on copy-number variants. Genet. Med. 2021, 23, 1847-1853. [CrossRef] [PubMed]

Neofytou, M.C.; Tsangaras, K.; Kypri, E.; Loizides, C.; Ioannides, M.; Achilleos, A.; Mina, P.; Keravnou, A.; Sismani, C.;
Koumbearis, G.; et al. Targeted capture enrichment assay for non-invasive prenatal testing of large and small size sub-chromosomal
deletions and duplications. PLoS ONE 2017, 12, e0171319. [CrossRef]

Kucharik, M.; Gnip, A.; Hyblova, M.; Budis, J.; Strieskova, L.; Harsanyova, M.; P6s, O.; Kubiritova, Z.; Radvanszky, J.;
Minarik, G.; et al. Non-invasive prenatal testing (NIPT) by low coverage genomic sequencing: Detection limits of screened
chromosomal microdeletions. PLoS ONE 2020, 15, e0238245. [CrossRef] [PubMed]

Yang, J.; Peng, C.E; Qi, Y,; Rao, X.Q.; Guo, F.; Hou, Y.; He, W.; Wy, J.; Chen, Y.Y,; Zhao, X.; et al. Noninvasive prenatal detection of
hemoglobin Bart hydrops fetalis via maternal plasma dispensed with prenatal haplotyping using the semiconductor sequencing
platform. Am. J. Obstet. Gynecol. 2019, 222, 185.e1-185.e17. [CrossRef]

Sawakwongpra, K.; Tangmansakulchai, K.; Ngonsawan, W.; Promwan, S.; Chanchamroen, S.; Quangkananurug, W.; Sriswasdi, S.;
Jantarasaengaram, S.; Ponnikorn, S. Droplet-based digital PCR for non-invasive prenatal genetic diagnosis of o and f3-thalassemia.
Biomed. Rep. 2021, 15, 82. [CrossRef]

Zhao, C.; Tynan, J.; Ehrich, M.; Hannum, G.; McCullough, R.; Saldivar, J.-S.; Oeth, P.; van den Boom, D.; Deciu, C. Detection of
Fetal Subchromosomal Abnormalities by Sequencing Circulating Cell-Free DNA from Maternal Plasma. Clin. Chem. 2015, 61,
608-616. [CrossRef]


http://doi.org/10.1016/j.ogc.2017.10.001
http://doi.org/10.1002/pd.5928
http://doi.org/10.1002/uog.15754
http://doi.org/10.1159/000484317
http://www.ncbi.nlm.nih.gov/pubmed/29131052
http://doi.org/10.1371/journal.pone.0193476
http://www.ncbi.nlm.nih.gov/pubmed/29474437
http://doi.org/10.1159/000519057
http://www.ncbi.nlm.nih.gov/pubmed/34569534
http://doi.org/10.1016/j.ajog.2014.11.041
http://www.ncbi.nlm.nih.gov/pubmed/25479548
http://doi.org/10.1002/pd.4640
http://doi.org/10.1016/j.ajog.2017.10.005
http://doi.org/10.1111/cge.13098
http://doi.org/10.1002/pd.5217
http://doi.org/10.1186/s13039-019-0459-8
http://doi.org/10.1038/s41436-020-01009-5
http://doi.org/10.1038/s41436-019-0467-4
http://www.ncbi.nlm.nih.gov/pubmed/30828085
http://doi.org/10.1016/j.ajog.2016.02.030
http://doi.org/10.1038/s41436-021-01227-5
http://www.ncbi.nlm.nih.gov/pubmed/34155363
http://doi.org/10.1371/journal.pone.0171319
http://doi.org/10.1371/journal.pone.0238245
http://www.ncbi.nlm.nih.gov/pubmed/32845907
http://doi.org/10.1016/j.ajog.2019.11.289
http://doi.org/10.3892/br.2021.1458
http://doi.org/10.1373/clinchem.2014.233312

J. Clin. Med. 2022, 11, 3350 15 of 15

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Yin, A.H.; Peng, C.F; Zhao, X.; Caughey, B.A.; Yang, ] X,; Liu, ].; Huang, W.W,; Liu, C.; Luo, D.H,; Liu, H.L.; et al. Noninvasive de-
tection of fetal subchromosomal abnormalities by semiconductor sequencing of maternal plasma DNA. Proc. Natl. Acad. Sci. USA
2015, 112, 14670-14675. [CrossRef]

Hu, H.; Wang, L.; Wu, J.; Zhou, P; Fu, J; Sun, J.; Cai, W.; Liu, H.; Yang, Y. Noninvasive prenatal testing for chromosome
aneuploidies and subchromosomal microdeletions/microduplications in a cohort of 8141 single pregnancies. Hum. Genom. 2019,
13, 14. [CrossRef]

Pescia, G.; Guex, N.; Iseli, C.; Brennan, L.; Osteras, M.; Xenarios, I.; Farinelli, L.; Conrad, B. Cell-free DNA testing of an extended
range of chromosomal anomalies: Clinical experience with 6,388 consecutive cases. Genet. Med. 2017, 19, 169-175. [CrossRef]
[PubMed]

Fiorentino, F.; Bono, S.; Pizzuti, F; Duca, S.; Polverari, A.; Faieta, M.; Baldi, M.; Diano, L.; Spinella, F. The clinical utility of
genome-wide noninvasive prenatal screening. Prenat. Diagn. 2017, 37, 593—-601. [CrossRef] [PubMed]

Yu, D.; Zhang, K.; Han, M.; Pan, W.; Chen, Y.; Wang, Y.; Jiao, H.; Duan, L.; Zhu, Q.; Song, X.; et al. Noninvasive prenatal
testing for fetal subchromosomal copy number variations and chromosomal aneuploidy by low-pass whole-genome sequencing.
Mol. Genet. Genom. Med. 2019, 7, e674. [CrossRef] [PubMed]

Chen, Y,; Yu, Q.; Mao, X.; Lei, W.; He, M.; Lu, W. Noninvasive prenatal testing for chromosome aneuploidies and subchromosomal
microdeletions/microduplications in a cohort of 42,910 single pregnancies with different clinical features. Hum. Genom. 2019,
13, 60. [CrossRef]

Chen, Y,; Lai, Y,; Xu, F; Qin, H; Tang, Y.; Huang, X.; Meng, L.; Su, J.; Sun, W.; Shen, Y.; et al. The application of expanded noninva-
sive prenatal screening for genome-wide chromosomal abnormalities and genetic counseling. J. Matern.-Fetal Neonatal Med. 2021,
34,2710-2716. [CrossRef]

Luo, Y,; Hu, H; Jiang, L.; Ma, Y,; Zhang, R.; Xu, J.; Pan, Y; Long, Y.; Yao, H.; Liang, Z. A retrospective analysis the clinic data
and follow-up of non-invasive prenatal test in detection of fetal chromosomal aneuploidy in more than 40,000 cases in a single
prenatal diagnosis center. Eur. ]. Med. Genet. 2020, 63, 104001. [CrossRef]

Liu, Y;; Liu, H.; He, Y.;; Xu, W.; Ma, Q.; He, Y.; Lei, W.; Chen, G.; He, Z.; Huang, J.; et al. Clinical performance of non-invasive
prenatal served as a first-tier screening test for trisomy 21, 18, 13 and sex chromosome aneuploidy in a pilot city in China.
Hum. Genom. 2020, 14, 21. [CrossRef]

Lai, Y.; Zhu, X;; He, S.; Dong, Z.; Tang, Y.; Xu, E; Chen, Y,; Meng, L.; Tao, Y.; Yi, S.; et al. Performance of Cell-Free DNA Screening
for Fetal Common Aneuploidies and Sex Chromosomal Abnormalities: A Prospective Study from a Less Developed Autonomous
Region in Mainland China. Genes 2021, 12, 478. [CrossRef]

Lo, KK,; 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. ]. Hum. Genet. 2016, 98, 34—44. [CrossRef]

Li, R; Wan, J.; Zhang, Y.; Fu, F,; Ou, Y,; Jing, X,; Li, J.; Li, D.; Liao, C. Detection of fetal copy number variants by non-invasive
prenatal testing for common aneuploidies. Ultrasound Obstet. Gynecol. 2016, 47, 53-57. [CrossRef]

Cogulu, O. Next Generation Sequencing as a Tool for Noninvasive Prenatal Tests. In Clinical Applications for Next-Generation
Sequencing, 1st ed.; Demkow, U., Ploski, R., Eds.; Academic Press: Cambridge, MA, USA, 2016; pp. 171-188.

Wou, K; Levy, B.; Wapner, R.J. Chromosomal Microarrays for the Prenatal Detection of Microdeletions and Microduplications.
Clin. Lab. Med. 2016, 36, 261-276. [CrossRef] [PubMed]

Evans, M.I.; Wapner, R.J.; Berkowitz, R.L. Noninvasive prenatal screening or advanced diagnostic testing: Caveat emptor. Am. J.
Obstet. Gynecol. 2016, 215, 298-305. [CrossRef] [PubMed]

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]

Bianchi, D.W. Cherchez la femme: Maternal incidental findings can explain discordant prenatal cell-free DNA sequencing results.
Genet. Med. 2018, 20, 910-917. [CrossRef]

Brady, P.; Brison, N.; Van Den Bogaert, K.; de Ravel, T.; Peeters, H.; Van Esch, H.; Devriendt, K.; Legius, E.; Vermeesch, ].R. Clinical
implementation of NIPT-technical and biological challenges. Clin. Genet. 2016, 89, 523-530. [CrossRef]

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]

Grati, ER.; Gross, S.J. Noninvasive screening by cell-free DNA for 22q11.2 deletion: Benefits, limitations, and challenges. Prenat.
Diagn. 2019, 39, 70-80. [CrossRef]

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]


http://doi.org/10.1073/pnas.1518151112
http://doi.org/10.1186/s40246-019-0198-2
http://doi.org/10.1038/gim.2016.72
http://www.ncbi.nlm.nih.gov/pubmed/27362910
http://doi.org/10.1002/pd.5053
http://www.ncbi.nlm.nih.gov/pubmed/28423190
http://doi.org/10.1002/mgg3.674
http://www.ncbi.nlm.nih.gov/pubmed/31004415
http://doi.org/10.1186/s40246-019-0250-2
http://doi.org/10.1080/14767058.2021.1907333
http://doi.org/10.1016/j.ejmg.2020.104001
http://doi.org/10.1186/s40246-020-00268-2
http://doi.org/10.3390/genes12040478
http://doi.org/10.1016/j.ajhg.2015.11.016
http://doi.org/10.1002/uog.14911
http://doi.org/10.1016/j.cll.2016.01.017
http://www.ncbi.nlm.nih.gov/pubmed/27235911
http://doi.org/10.1016/j.ajog.2016.04.029
http://www.ncbi.nlm.nih.gov/pubmed/27131582
http://doi.org/10.1038/gim.2016.97
http://doi.org/10.1038/gim.2017.219
http://doi.org/10.1111/cge.12598
http://doi.org/10.1097/AOG.0000000000001091
http://www.ncbi.nlm.nih.gov/pubmed/26444108
http://doi.org/10.1002/pd.5391
http://doi.org/10.1002/pd.5161

	Introduction 
	Materials and Methods 
	Study Design and Search Strategy 
	Inclusion and Exclusion Criteria 
	Screening Process and Critical Appraisal 

	Results 
	Search Results 
	Chromosomal Aberrations of Interest 
	Patient Characteristics and Acquisition of Samples 
	Molecular Methods for cfDNA Analysis 
	Study Outcomes 
	Limitations and Biases 

	Discussion 
	Conclusions 
	References

