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Abstract: This article reviews the current applications of the digital polymerase chain
reaction (dPCR) in non-invasive prenatal testing (NIPT) and explores its potential to com-
plement or surpass the capabilities of Next-Generation Sequencing (NGS) in prenatal
testing. The growing incidence of genetic disorders in maternal-fetal medicine has intensi-
fied the demand for precise and accessible NIPT options, which aim to minimize the need
for invasive prenatal diagnostic procedures. Cell-free fetal DNA (cffDNA), the core analyte
in NIPT, is influenced by numerous factors such as maternal DNA contamination, placental
health, and fragment degradation. dPCR, with its inherent precision and ability to detect
low-abundance targets, demonstrates robustness against these interferences. Although
NGS remains the gold standard due to its comprehensive diagnostic capabilities, its high
costs limit widespread use, particularly in resource-limited settings. In contrast, dPCR
provides comparable accuracy with lower complexity and expense, making it a promising
alternative for prenatal testing.

Keywords: digital PCR (dPCR); non-invasive prenatal testing (INIPT); chromosomal
aneuploidy; chromosomal microdeletions and microduplications; monogenic disease

1. Introduction

Prenatal testing has undergone a remarkable transformation with the advent of non-
invasive prenatal testing (NIPT). The discovery of cell-free fetal DNA (cffDNA) in maternal
plasma by Lo YM et al. in 1997 was a breakthrough in prenatal screening, revealing the
presence of short, low-concentration fetal DNA fragments that could be analyzed using
maternal blood samples [1]. This finding demonstrated the feasibility of using maternal
blood for the non-invasive analysis of fetal genetic material, significantly reducing the need
for invasive procedures like amniocentesis and chorionic villus sampling (CVS), which
carry a small but notable risk of miscarriage [2]. Early studies primarily utilized PCR-
based methods for cffDNA analysis, focusing on targeted applications such as fetal sex
determination and RhD blood group testing [3,4]. Although these methods were limited
to single-gene or locus-specific conditions, they laid the groundwork for the application
of advanced technologies like Next-Generation Sequencing (NGS) and digital polymerase
chain reaction (dPCR) in cffDNA detection.
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The introduction of NGS revolutionized NIPT by enabling the high-throughput se-
quencing of cffDNA. In 2008, Stephen Quake’s team at Stanford University proved the
feasibility of whole-genome shotgun sequencing, an approach based on massively parallel
sequencing (MPS) underpinned by NGS technology, for detecting fetal chromosomal ab-
normalities using maternal plasma. This marked a pivotal moment in the early application
of MPS in NIPT [5]. In 2011, Lo YM’s team in Hong Kong published a clinical validation
study, establishing the accuracy and reliability of MPS for trisomy 21 detection [6]. That
same year, in August, NIPT was introduced in Hong Kong for clinical use as the NIFTY
(Non-Invasive Fetal Trisomy) test [7]. Soon after, in October, the commercial launch of
MaterniT21® in the USA represented a transformative moment in the global adoption of
NIPT [8,9]. Over time, its applications have expanded to cover microdeletions, duplications,
and certain single-gene disorders, establishing NGS-based NIPT as an increasingly inte-
grative approach to genetic testing [10]. However, challenges such as high costs, complex
infrastructure requirements, and technical limitations in analyzing samples with low fetal
DNA fractions—especially in early pregnancy or cases involving maternally inherited
mutations—underscore the need for complementary technologies [11].

dPCR has become a valuable tool in molecular diagnostics, with applications spanning
oncology, infectious diseases, and NIPT. The concept of dPCR was first introduced in 1992,
with the term “digital PCR” formalized in 1999 [12-15]. Its commercial development began
in 2006/2007 with the launch of systems based on microfluidic chips and microarrays,
marking its initial transition into broader research and clinical use [16]. The introduction of
droplet-based dPCR (ddPCR) systems in 2011, which utilized water-oil emulsions to create
thousands of microreactors, dramatically improving precision and throughput [13]. Further
advancements, including nanoplate-based platforms in 2020, expanded the range and
efficiency of dPCR for clinical applications, particularly in prenatal diagnostics [17]. In the
context of NIPT, dPCR addresses key limitations of NGS, such as its sensitivity to low fetal
DNA fractions and maternal DNA interference, while also offering superior resistance to
PCR inhibitors [18,19]. By the 2020s, dPCR was successfully applied to detect chromosomal
aneuploidies, monogenic disorders, and chromosomal microdeletions/duplications, ad-
dressing clinical needs requiring exceptional accuracy [20]. Its lower cost and streamlined
workflows make dPCR a complementary technology to NGS in scenarios requiring targeted
and cost-effective analyses [21].

This review provides an overview of the advancements in dPCR for NIPT, highlighting
its potential to address unmet clinical needs in prenatal diagnostics. It explores how the
unique characteristics of cffDNA pose technical challenges and influence the design of NIPT
technologies. Additionally, this review evaluates the strengths and limitations of dPCR,
showcasing its precision and affordability as significant advantages while acknowledging
its narrower detection scope and lower throughput compared to NGS. dPCR continues to
evolve, addressing key challenges in NIPT while solidifying its role as a critical complement
to existing prenatal diagnostic technologies.

2. The Role of cffDNA in NIPT: Biological Insights, Applications, and
Technological Comparisons

The unique characteristics of cffDNA have established it as an essential biomarker
for NIPT, supported by highly sensitive detection technologies such as dPCR, NGS, and
quantitative PCR (qPCR) [21,22]. Its distinct fragmentation patterns and molecular stability
set cffDNA apart from maternal cell-free DNA (cfDNA), making these differences crucial
for its effective application in NIPT.
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2.1. Fragmentation Characteristics and Molecular Stability of cffDNA

CffDNA fragments are typically shorter than maternal cfDNA fragments, with fetal
DNA peaking at around 143 base pairs (bp) and maternal DNA peaking at 166 bp [23]. This
size disparity arises from their different biological origins and cleavage patterns (Figure 1).
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Figure 1. Tllustration of the origin, fragmentation, and size distribution of cffDNA and maternal
cfDNA. CffDNA is primarily released from apoptotic syncytiotrophoblast cells in the placenta
and is also enclosed within exosomes, a type of extracellular vesicle that may protect DNA from
enzymatic degradation. Nucleases like DNASE1 and DNASE1L3 cleave DNA at nucleosome cores,
generating shorter fragments with a 10 bp periodicity. Maternal ¢fDNA, derived from apoptotic
hematopoietic cells, is cleaved in linker regions between nucleosomes, producing longer fragments.
These fragmentation patterns are reflected in the size distribution graph, where cffDNA peaks at
approximately 143 bp (yellow line) and maternal cfDNA at 166 bp (blue line), emphasizing their
distinct profiles. Abbreviations: NIPT, non-invasive prenatal testing; DNASE1, Deoxyribonuclease
1; DNASE1L3, Deoxyribonuclease 1 Like 3; DFFB, DNA Fragmentation Factor Subunit Beta; MVB,
Multivesicular Body; IVS, intervillous space; bp, base pairs. The illustration is based on findings from
previous studies [23-30].

CffDNA is primarily released through the apoptosis of placental trophoblast cells, gen-
erating hypomethylated DNA fragments that are highly susceptible to enzymatic cleavage
by nucleases such as DNASE1 and DNASE1L3. This enzymatic activity primarily targets
nucleosome cores, resulting in shorter fragments with a characteristic 10 bp periodicity,
reflecting the organized packaging of cffDNA around nucleosomes [24-28]. In addition to
apoptotic release, cffDNA may also be transported via placental exosomes (pEXOs) into
maternal circulation. pEXOs are secreted by syncytiotrophoblasts into the intervillous
space, from where they enter maternal blood and interact with circulating immune cells,
particularly monocytes [29]. Unlike apoptotic release, where cffDNA is freely exposed
in circulation, exosome-associated cffDNA is enclosed within vesicles, which may offer
protection from enzymatic degradation and influence its stability. However, the relative
contribution of pEXOs to the total fetal DNA pool and whether pEXO-derived cffDNA
exhibits distinct fragmentation characteristics remain unclear [30]. Further research into
the interplay between apoptotic and exosomal pathways could refine NIPT strategies and
enhance detection accuracy.
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In contrast, maternal cfDNA, predominantly derived from hematopoietic cells, is
cleaved between nucleosomes, within linker regions, leading to longer fragments. The
unique molecular properties of cffDNA, including its shorter fragment length, rapid enzy-
matic turnover, and hypomethylation status, form the basis for its effective use in NIPT.
These characteristics enable the differentiation of fetal DNA from maternal cfDNA and
guide the development of advanced methodologies for prenatal diagnostics. Both NGS and
dPCR leverage these properties but through distinct approaches tailored to their technical
strengths and clinical applications.

2.1.1. Preanalytical Factors Affecting cffDNA Quality and Detection

The reliability of NIPT depends not only on the biological characteristics of cffDNA
but also on preanalytical factors affecting its yield, purity, and stability. The choice of anti-
coagulants in blood collection tubes significantly impacts cffDNA integrity. Standard EDTA
tubes are commonly used, requiring sample processing within 2 h at room temperature or
within 6 h at 4 °C to minimize maternal cfDNA contamination. Delayed processing causes
maternal white blood cell lysis, releasing additional cfDNA into plasma and lowering the
fetal fraction (FF) [31]. To mitigate this, cell-stabilizing tubes (e.g., Streck tubes) contain
preservatives that prevent leukocyte lysis and maintain cffDNA stability for up to 7 days at
room temperature, reducing preanalytical variability [32].

Proper plasma separation is essential to minimize maternal cfDNA interference. A
two-step centrifugation process is commonly used: an initial low-speed centrifugation
(e.g., 1600x g, 10 min) to separate plasma from blood cells, followed by high-speed cen-
trifugation (e.g., 16,000x g, 10 min) to remove residual cellular debris. Improper or delayed
processing increases maternal cfDNA contamination, which compromises NIPT sensitivity
by reducing the FF [33,34].

After plasma separation, temperature and storage conditions influence cffDNA sta-
bility. While immediate freezing at —80 °C is ideal for long-term preservation, prolonged
storage at 4 °C or —20 °C may lead to gradual degradation due to nuclease activity, empha-
sizing the need for proper storage conditions [31].

FF is a key determinant of NIPT accuracy, with levels below 4% increasing the risk of
test failure and reducing sensitivity for detecting fetal genetic abnormalities. Standardized
preanalytical procedures, including timely sample processing, optimized centrifugation,
and appropriate storage methods, are critical for ensuring reliable cffDNA detection in
clinical applications [35].

2.1.2. Comparison of NGS and dPCR in Utilizing cffDNA Characteristics

NGS employs genome-wide or targeted methylation sequencing approaches, such as
whole-genome bisulfite sequencing (WGBS) or reduced representation bisulfite sequencing
(RRBS), to comprehensively profile methylation patterns [36,37]. These methods enable
the detailed detection of fetal DNA by distinguishing hypomethylated fetal DNA from
highly methylated maternal cfDNA and facilitate the identification of genetic abnormali-
ties. Conversely, dPCR targets specific methylation sites, such as regions rich in cytosine—
phosphate—guanine (CpG) dinucleotides in Ras Association Domain Family Member 1,
isoform A (RASSF1A), using methylation-specific primers and probes [38]. This targeted
approach achieves high sensitivity and specificity for fetal DNA detection, offering faster
and more cost-effective solutions for specific clinical applications.

With a half-life of 30 min to an hour, cffDNA analyzed by NIPT reflects the current
pregnancy, minimizing interference from the residual cfDNA of prior pregnancies. This
rapid turnover, which may vary with gestational age and maternal-fetal conditions, high-
lights its pregnancy-specific characteristics [39,40]. Both NGS and dPCR leverage this
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property. However, the time-consuming workflows of NGS may limit its ability to capture
real-time changes compared to dPCR. By directly quantifying fetal DNA, dPCR is better
suited for dynamic monitoring and timely clinical applications.

The shorter fragment length of cffDNA, peaking at around 143 bp, is leveraged by
size-selection methods like gel electrophoresis and microfluidic systems to enrich fetal DNA
and reduce maternal cfDNA interference [41,42]. Both NGS and dPCR utilize this property
but differ in their approaches. dPCR targets shorter DNA fragments, with amplicon
lengths typically ranging from 60 to 150 bp, enabling efficient amplification and high
sensitivity even in samples with low fetal DNA fractions. In contrast, NGS relies on high-
throughput sequencing for comprehensive genomic analysis, making the two technologies
complementary in their applications.

2.2. Placental Heterogeneity and the Regulation of cffDNA Release

Placental heterogeneity, which refers to the structural and functional variability within
different regions of the placenta, plays a critical role in regulating the release of cffDNA into
maternal circulation [43]. This variability affects both the efficiency and pattern of cffDNA
release, primarily due to differences in factors such as regional blood flow, oxygen supply,
and overall cellular health. Syncytiotrophoblasts, the main source of cffDNA, undergo
apoptosis to release fetal DNA fragments, and variations in placental health can lead to
differences in the rates of cffDNA release and fragment size. These factors ultimately impact
the quantity and quality of fetal DNA available for detection through NIPT, complicating
the interpretation of results in some cases [44].

2.2.1. Trophoblast Apoptosis and Oxygenation Impact on cffDNA Release

A key aspect of how placental heterogeneity regulates cffDNA release lies in the
role of trophoblast apoptosis and oxygenation. In regions with adequate blood perfusion
and oxygenation, the controlled apoptosis of syncytiotrophoblasts ensures a steady and
regulated release of cffDNA. Conversely, in regions affected by hypoxia or reduced blood
flow, such as those seen in conditions like preeclampsia (PE) and fetal growth restriction
(FGR), cellular stress can lead to premature and intensified apoptosis. This pathological
process produces fragmented and degraded cffDNA, with hypoxic stress leading to shorter
and less stable DNA fragments. Such variability in apoptosis and oxygenation directly
affects the size, stability, and total quantity of cffDNA in maternal plasma, posing challenges
for the reliability of NIPT, especially in pathological pregnancies [45,46].

Both structural and genetic heterogeneity within the placenta contribute to challenges
in interpreting cffDNA-based NIPT results. Genetic differences across placental regions, as
seen in confined placental mosaicism (CPM), add another layer of complexity in diagnosing
fetal genetic abnormalities.

2.2.2. Role of Confined Placental Mosaicism (CPM)

CPM refers to the presence of genetically distinct regions within the placenta that
may not mirror the genetic profile of the fetus. In cases of CPM, placental regions with
abnormal genetic material, such as trisomies, often undergo increased apoptotic activity.
This elevated apoptosis results in a disproportionate release of cffDNA from these abnormal
regions into the maternal plasma. As a result, the cffDNA composition in maternal plasma
may misrepresent the true genetic status of the fetus, complicating the interpretation
of NIPT results. For instance, a trisomic placental region might contribute an excess of
abnormal cffDNA, potentially leading to a false-positive result when the fetus is unaffected.
Conversely, normal placental regions may dilute abnormal signals, increasing the risk of a
false-negative outcome [47]. Understanding how CPM affects the distribution and release
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of cffDNA is crucial for accurately interpreting prenatal test results and mitigating the risks
of false-positive or false-negative outcomes.

CPM is not uncommon, with studies suggesting it occurs in about 1-2% of pregnancies,
particularly in high-risk cases [48-50]. In these situations, CPM can significantly impact the
accuracy of NIPT, leading to diagnostic challenges. It is crucial to consider the potential
for CPM when interpreting prenatal genetic screening results, especially in pregnancies
complicated by placental insufficiency, which may exacerbate the apoptotic activity in
placental regions, or other structural abnormalities that could alter the distribution or
representation of cffDNA in maternal plasma.

2.2.3. Overcoming CPM Challenges with NGS and dPCR

NGS and dPCR employ distinct strategies to address the challenges posed by CPM
in NIPT. NGS leverages its genome-wide sequencing capability to detect mosaic patterns
through coverage depth and genomic inconsistencies, aided by advanced bioinformatics
tools. However, it is prone to both false positives, when abnormal placental regions
dominate the cffDNA pool, and false negatives, when mosaic signals are too diluted for
detection [51]. dPCR, by contrast, provides clearer results in cases of known abnormalities
through its partitioning capability, enabling the precise detection of low-frequency mosaic
signals in CPM. By isolating and amplifying specific fetal DNA fragments, it reduces
maternal cfDNA interference and enhances accuracy in detecting mosaic patterns [21].

Currently, neither NGS nor dPCR can completely overcome the challenges posed by
CPM, as both remain susceptible to false-positive or false-negative results. Combining
the two technologies—using NGS for initial screening and dPCR for validation—offers
a promising approach to mitigate CPM-related issues. Additionally, advancements in
bioinformatics, artificial intelligence, and integrative methodologies may further improve
the accuracy and reliability of NIPT in pregnancies complicated by CPM.

2.3. Maternal Influences and Gestational Dynamics in cffDNA Release

Maternal factors such as body weight, age, and lifestyle choices can significantly
affect the accuracy of NIPT by influencing the FF in maternal blood. For instance, higher
body weight, often measured by body mass index (BMI), correlates with an increased
concentration of maternal cfDNA, which dilutes the fetal DNA fraction and raises the risk
of NIPT failure due to insufficient fetal DNA. Similarly, advanced maternal age can impair
placental efficiency, leading to reduced and unstable cffDNA release, further decreasing the
accuracy of NIPT. In addition, unhealthy lifestyle choices like smoking exacerbate placental
stress and apoptosis, increasing the release of cffDNA. However, this elevated cffDNA
level may originate from damaged or stressed placental regions, introducing fragmented
or low-quality DNA into the maternal circulation. Such DNA fragments often do not
accurately represent the fetal genome, increasing background noise and complicating the
discrimination between fetal and maternal cfDNA. This noise reduces the reliability of
genetic analysis, particularly in low-FF scenarios [52-54]. Together, these factors contribute
to variability in NIPT performance, highlighting the importance of considering maternal
characteristics in the testing process.

Metabolic conditions, such as gestational diabetes and pregnancy-induced hyperten-
sion (PIH), contribute to increased placental apoptosis and ischemia, thereby elevating
cffDNA levels [55]. In managing these conditions, medications such as low-molecular-
weight heparin (LMWH) and aspirin are often prescribed, particularly when there is a risk
of clotting or preeclampsia [56]. However, these medications can further influence cffDNA
analysis by increasing the presence of smaller, guanine—cytosine-rich DNA fragments in
maternal plasma, which may skew sequencing outcomes. For instance, LMWH reduces
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placental apoptosis, leading to lower cffDNA release and a decreased FF, potentially increas-
ing the likelihood of NIPT failure [57,58]. Thus, though these medications help manage
maternal health conditions, they can also complicate the accuracy of NIPT.

Maternal malignancies add complexity to cffDNA analysis, as tumor-derived DNA
(ctDNA) can mimic fetal DNA, leading to potential false-positive or false-negative re-
sults [59]. Similarly, fetal chromosomal abnormalities, such as trisomy 21, trisomy 18, and
trisomy 13, also significantly impact the FF. Trisomy 21 typically results in a higher FF,
improving detection accuracy, while trisomy 18 and trisomy 13 are associated with lower FF,
likely due to abnormal placental development, complicating detection and increasing the
risk of false negatives [54]. In cases of multiple pregnancies, cffDNA from each fetus enters
maternal circulation, increasing total cffDNA levels and complicating the identification of
genetic abnormalities due to difficulties in determining the origin of the genetic material.
Dilution effects, CPM, and disparities in fetal DNA contributions further elevate the risk of
false-negative or false-positive results, adding complexity to prenatal diagnostics [60].

As gestational age progresses, cffDNA concentrations exhibit a positive correlation
with pregnancy duration. The maturation of the placenta leads to the increased apoptosis
of trophoblast cells, which release more fetal DNA into maternal circulation. Studies have
shown that during early pregnancy (10 to 21 weeks), the rise in cffDNA is gradual, at
approximately 0.1% per week, which can result in insufficient cffDNA levels for early
detection. In contrast, during late pregnancy (after 21 weeks), the release of fetal DNA
accelerates, with concentrations increasing by about 1% per week, enhancing the reliability
of cffDNA-based testing in the second and third trimesters [61]. However, individual
variability in cffDNA levels during early pregnancy suggests that the optimal timing
for NIPT should be personalized. Although most research supports a general increase
in cffDNA levels as gestation progresses, insufficient fetal DNA fractions may still oc-
cur in some women during early pregnancy, underscoring the need for individualized
testing strategies.

NGS and dPCR: Addressing Maternal Interference Factors

Both NGS and dPCR face challenges when dealing with maternal interference factors
such as high BMI, smoking, and medications like LMWH. For NGS, the primary issue is the
dilution of fetal DNA signals in low-FF scenarios or high maternal cfDNA levels, which can
lead to false negatives, ambiguous results, or even test failure in some cases [62]. Although
advanced bioinformatics tools partially mitigate these issues by analyzing fragment size and
methylation patterns, they cannot completely overcome the limitations posed by significant
maternal interference. dPCR, as mentioned earlier, has advantages over NGS in handling
low-FF conditions due to its targeted approach and precise quantification of specific fetal
DNA fragments. However, it remains limited in detecting unexpected genetic variations
and addressing complex scenarios such as CPM or twin pregnancies. Although both
methods have their strengths, neither fully resolves the challenges of maternal interference,
highlighting the need for further technological advancements.

3. From Maternal Serum Screening to NIPT with NGS and dPCR
3.1. Traditional Maternal Serum Screening

Fetal chromosomal aneuploidies, such as trisomy 21, trisomy 18, and trisomy 13, are
common genetic disorders that can lead to intellectual disabilities and severe congenital
defects in newborns [63]. The early detection of these aneuploidies is crucial for guiding
prenatal care and preparing for necessary medical interventions.

Traditionally, maternal serum biochemistry screening methods, such as combined first-
trimester screening (FTS) and the second-trimester quadruple test, have been widely used
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to assess the risk of chromosomal conditions. FTS, performed between 11 and 13 + 6 weeks
of gestation, evaluates factors like maternal age, nuchal translucency (NT), pregnancy-
associated plasma protein-A (PAPP-A), and free beta human chorionic gonadotropin
(free B-hCG), achieving a sensitivity of 83-90% with a 5% false-positive rate for trisomy
21 [64]. The second-trimester quadruple test (15-18 weeks) includes measurements of
alpha-fetoprotein (AFP), free 3-hCG, unconjugated estriol (uE3), and inhibin A, with a
sensitivity of 81-83% and a 5% false-positive rate for trisomy 21 [65]. Sensitivities for
trisomy 18 and trisomy 13 are lower, ranging from 60 to 80% and 50 to 75%, respectively,
with higher false-positive rates [66,67]. These limitations, coupled with the reliance on
invasive confirmatory procedures like amniocentesis, have underscored the need for more
accurate and less invasive screening methods.

3.2. NIPT with NGS

The advent of NIPT has revolutionized prenatal screening by directly analyzing
cffDNA in maternal plasma, offering higher sensitivity and specificity. Among NIPT
technologies, NGS is the most widely adopted approach, enabling the high-throughput
sequencing of cffDNA. NGS begins with the extraction of cfDNA from maternal plasma,
followed by library preparation and massively parallel sequencing (MPS). Millions of
DNA fragments are sequenced simultaneously, generating vast data for bioinformatics
analysis. Statistical models, such as z-score calculations, are applied to detect chromosomal
aneuploidies with high precision [68]. NGS-based NIPT achieves remarkable accuracy, as
demonstrated in a large-scale study in China involving 282,911 pregnancies, which reported
a sensitivity and specificity of 99.25% and 99.98% for trisomy 21 and 98.33% and 99.98% for
trisomy 18. However, for trisomy 13, the positive predictive value (PPV) is significantly
lower (18.18%) due to its rarity, despite similar sensitivity and specificity [69]. With the
accumulation of clinical experience and ongoing advancements in algorithms, expanded
NGS-based NIPT (NIPT-plus) has been developed, enhancing its detection capabilities
to include sex chromosomal aneuploidies (SCAs), rare autosomal trisomies (RATs), and
copy number variations (CNVs), in addition to the common aneuploidies such as trisomy
21, trisomy 18, and trisomy 13 [70,71]. However, the low incidence of these syndromes
limits their PPV, posing challenges for clinical application. To date, NGS remains the
most comprehensive and reliable technique for NIPT, setting a high standard for emerging
alternatives such as dPCR.

3.3. NIPT with dPCR

Compared to NGS, dPCR offers simpler workflows, faster data analysis, and shorter
turnaround times. Its growing accuracy and the ability to operate without centralized
laboratory facilities make it a promising tool for clinical departments. dPCR is particularly
well suited for NIPT after the 10th week of gestation. The latest systematic review and
meta-analysis [72] reported that dPCR achieved a sensitivity of 98% and specificity of 99%
for detecting trisomy 21, demonstrating excellent discriminative ability (positive LR: 84.60;
negative LR: 0.05). For trisomy 18, the sensitivity was 90%, and the specificity was 99.6%,
indicating some challenges associated with lower FF. In the case of trisomy 13, although
data were limited, dPCR showed a sensitivity of 100% and specificity of 98.2%. Despite
its high accuracy in detecting specific chromosomal abnormalities, dPCR’s current clinical
use remains focused on targeted testing, with broader genetic screening applications still
being explored.

3.4. Cost-Effectiveness Comparison of NGS and dPCR

The cost of NGS-based NIPT is influenced by sequencing depth and laboratory in-
frastructure, typically averaging USD 570 per test, with a range of USD 200 to 1100 per
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test [73-76]. Key cost contributors include sequencing reagents, high-throughput sequenc-
ing platforms, bioinformatics processing, and skilled personnel.

dPCR-based NIPT remains in the research phase, with costs staying high due to the
small sample size. Current estimates suggest a per-sample cost of between EUR 30 and 40,
depending on the number of PCR reactions required to obtain 5900 positive droplets [77].
Running eight samples on the RainDance platform costs approximately USD 600 per run,
with potential cost reductions on other dPCR platforms [78].

With large-scale implementation, the cost per dPCR test could drop below USD 100,
potentially reaching the price of traditional serum biochemical tests (SBTs), which currently
cost around USD 53 per test [73,79].

3.5. Limitations in Detecting Certain Genetic Variations

NGS is a powerful tool for broad genetic screening but has inherent limitations in
detecting certain genetic variations. Standard short-read sequencing has limited sensitivity
in detecting balanced translocations and inversions, as these structural variants do not
involve copy number changes and are challenging to identify. While paired-end mapping
and split-read analysis can provide some insights, their effectiveness is limited in complex
genomic regions. Utilizing advanced structural variant detection algorithms and long-read
sequencing technologies may further enhance detection accuracy [80,81]. Low-coverage
sequencing approaches in NGS often struggle to detect small CNVs (<1 Mb), as these may
fall below the resolution threshold of standard analytical pipelines. Increasing sequencing
depth and utilizing specialized bioinformatics tools can enhance sensitivity, though these
refinements are not yet standard in clinical NIPT [82]. Another limitation is the challenge
in phasing alleles directly using short-read NGS, which is crucial for identifying com-
pound heterozygous mutations in recessive diseases. Trio-based sequencing and haplotype
inference methods can help address this limitation, while long-read sequencing offers
direct phasing capabilities but remains costly and is not yet widely used in routine NIPT
practice [83]. Complex structural variations, such as segmental duplications and rearrange-
ments with undefined breakpoints, also pose challenges. Misalignment of sequencing reads
in repeat-rich regions can lead to false variant calls, further complicating accurate variant
interpretation [84-87].

Similarly, dPCR is constrained in its ability to detect genetic variations beyond prede-
fined loci. It is unsuitable for genome-wide screening or identifying novel mutations and is
primarily used for detecting large CNVs at predefined loci, particularly those associated
with known microdeletion and microduplication syndromes [88]. However, it cannot
reliably assess CNVs with undefined breakpoints or unbalanced translocations [89,90].
Additionally, dPCR does not provide phased allele information, which is necessary for
distinguishing compound heterozygous variants in recessive conditions. Allele dropout
(ADO) increases the risk of false negatives in heterozygous mutation detection, particularly
when DNA input is low or degraded. This phenomenon arises from biased amplification
during PCR, but optimizing DNA purification, increasing template input, and refining
assay design can help mitigate its impact [91,92].

4. The Working Principle of dPCR Technology for NIPT

dPCR uses endpoint detection to calculate the copy number of target sequences, en-
abling precise absolute quantification without the need for reference genes or standard
curves. Unlike traditional PCR, it bypasses the cycle threshold (Ct values), thereby minimiz-
ing the impact of amplification efficiency on the final results [21]. Its high tolerance to PCR
inhibitors, achieved through reaction partitioning and optimized systems, further enhances
accuracy and reproducibility, even in challenging sample matrices. Based on the form of
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the reaction unit, dPCR systems can be divided into three main categories, microfluidic,
droplet-based and chip-based dPCR systems, each with distinct benefits suited to specific
applications [93].

4.1. Microfluidic Digital PCR (mdPCR)

mdPCR leverages microfluidic channel partitioning to separate DNA templates into
nanoliter or smaller reaction units, enabling precise absolute quantification. Although
microfluidic technology allows for precise control, managing and processing droplets,
especially integrating them with the PCR reaction system, remains challenging. Alternative
methods with simpler workflows and improved scalability are gaining traction, gradually
reducing the reliance on mdPCR in some applications [94]. Moreover, the commercial
prominence of mdPCR has declined over time, with systems like RainDrop being integrated
into broader platforms following the acquisition of RainDance Technologies by Bio-Rad.
As a result, mdPCR is now primarily referenced as a foundational technology rather than a
widely used platform.

4.2. Droplet-Based Digital PCR (ddPCR)

ddPCR utilizes an oil-in-water technique to partition samples into thousands of
nanoliter-sized droplets. Each droplet may contain zero, one, or multiple target nucleic
acid molecules [95].

Taking Bio-Rad’s QX200 ddPCR system (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) as an example [96], the main steps are as follows: (1) Sample preparation and
droplet generation: Samples and oil are loaded into an 8 x 3 droplet generation cartridge,
with one row containing the sample and another containing the oil. A droplet generator
produces approximately 20,000 droplets per sample. (2) Oil-in-water PCR amplification:
The generated droplets are transferred to a microplate. The microplate is then placed into
a PCR amplification machine, where each droplet undergoes 40 cycles of thermal cycling
for PCR amplification. (3) Signal detection and analysis: The droplets are transferred to
a droplet reader, which employs flow cytometry to detect fluorescence signals after PCR
amplification. The results are then quantified using the Poisson distribution principle. The
procedure is represented in Figure 2.

(1) Sample preparation and droplet generation

Qil

ddPCR supermix = v

DNA or RNA (—7 — — Q — Samples o

sample \\ —a Droplets o
Qil

Droplet Generator Uniform droplet generation

(2) Oil-in-water PCR amplification

— —
l l l l I l I l l Transfer emulsion to >
96-well PCR plate 8 to 96 samples \/

per PCR plate Heat-sealed Thermal Cycler

(3) Signal detection and analysis

Sample1 Sample 2 Sample 3 Sample 4
7 ' : ; 2
ee
| e
Droplet reader No target Low

Figure 2. Overview of Bio-Rad’s QX200 digital droplet PCR (ddPCR) system (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) workflow. Redrawn based on content from Droplet DigitalTM PCR
Applications Guide and QX200TM Droplet Generator Instruction Manual.
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4.3. Chip-Based Digital PCR (cdPCR)

c¢dPCR utilizes integrated fluidic circuit technology, where numerous microchannels
and microchambers are etched onto silicon wafers or quartz glass. By controlling various
valves, the flow of solutions is precisely regulated within these microstructures, dividing
the sample liquid into uniform nanoliter-sized reaction wells for digital PCR. This process
enables the absolute quantification of target molecules [97].

Taking Stilla Technologies” Naica Crystal Digital PCR system (Stilla Technologies,
Villejuif, France) as an example [98], the main steps are as follows: (1) Sample preparation:
the sample and PCR reaction mixture are added to the microfluidic chip. (2) Droplet
generation and PCR amplification: The Naica Geode system generates an array of 20,000
to 30,000 uniform droplets within microfluidic channels, each serving as an individual
reaction compartment. The system then performs automated PCR amplification on these
droplets, with precise control over temperature cycling to maintain stable and consistent
droplet formation. Droplet generation and thermal cycling are integrated into a single,
streamlined workflow. (3) Signal detection: the chip is placed in the Prism system, which
uses six-channel fluorescence detection to count positive and negative droplets. (4) Analysis:
the Poisson distribution is used to calculate the absolute copy number of the target gene.
The procedure is represented in Figure 3.

1. Sample loading 2. Automatic droplet array generation and PCR amplification

Sapphire and Ruby Chip Naica Geode droplet generation and amplification system

4. Analysis

3. Signal detection v

l —_— ‘ Ao 550

Alto 700

Crystal Miner data analysis Naica Prism droplet reading and analysis system

Figure 3. Overview of the Stilla Technologies” Naica Crystal Digital PCR system (Stilla Technologies,
Villejuif, France) workflow. Adapted from the Stilla Naica System Brochure, with permission from
Stilla Technologies.

cdPCR supports high-level multiplex PCR technology, allowing the detection of up
to eight copy number variations (CNVs), five mutations, or four gene expressions in a
single reaction.

5. The Role of dPCR in Prenatal Testing

The application of dPCR in prenatal testing can be categorized as either NIPT/NIPS or
Non-Invasive Prenatal Diagnosis (NIPD), depending on the target being analyzed. When
dPCR is used to detect chromosomal aneuploidies or microdeletions/microduplications,
it functions primarily as a screening tool to assess whether the fetus may have an ab-
normal number of chromosomes. This testing is categorized as screening rather than
diagnostic because it analyzes a mixture of maternal and fetal cfDNA, which can result
in false-positive or false-negative outcomes. Biological factors such as the proportion
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of fetal to maternal cfDNA, or placental mosaicism, may affect the accuracy of chromo-
somal abnormality detection. As a result, even if dPCR indicates a risk of aneuploidy
or microdeletion/microduplication, confirmatory tests like amniocentesis or CVS are re-
quired for diagnosis. Therefore, in these cases, dPCR serves as a screening tool, known as
NIPT/NIPS.

When dPCR is used to detect monogenic diseases, it analyzes specific gene mutations
in fetal cfDNA to distinguish fetal from maternal genetic material. For paternal mutations
or de novo variants, detection is relatively straightforward. In contrast, detecting mater-
nally inherited mutations often relies on the quantitative analysis of allelic ratios using
methods like the relative mutation dosage (RMD). Combined with the ability to identify
fetal-specific variants, such as paternal alleles and de novo mutations, dPCR enables the
precise evaluation of fetal genetic material. Unlike chromosomal aneuploidy detection,
which heavily relies on fetal cfDNA proportion, monogenic disease detection focuses on
identifying specific genetic changes, reducing the need for invasive confirmation in most
cases. This precision makes dPCR a valuable tool for NIPD, offering reliable insights into
fetal genetic conditions.

6. Applications of dPCR in NIPT for Chromosomal Aneuploidy
6.1. Early Applications of dPCR in NIPT (2007-2015)

Between 2007 and 2015, dPCR made significant strides in detecting chromosomal
aneuploidies. Lo YM et al. (2007) demonstrated dPCR’s ability to precisely quantify
chromosomal imbalances by using digital RNA SNP analysis combined with the relative
chromosomal dosage (RCD) to detect trisomy 21 through the analysis of SNPs in the
PLAC4 gene [99]. Fan HC et al. (2007) further validated dPCR’s potential for large-scale
testing using a high-throughput microfluidic chip capable of 9180 parallel nanoliter-scale
reactions. They applied this method to mixed DNA samples with varying proportions of
trisomy 21 (30-60%) and normal DNA, achieving 95% confidence in distinguishing trisomy
21 samples with as low as 40% trisomy DNA from normal samples [16]. Lun FM et al.
(2008) demonstrated that mdPCR could accurately quantify fetal DNA in maternal plasma
when its fractional concentration was as low as 5% [100]. These early studies established
dPCR as a reliable tool for trisomy 21 detection, laying the foundation for broader NIPT
applications (Table 1).

Table 1. Summary of dPCR studies on NIPT for detection of chromosomal aneuploidies.

Method Sample s s oo Diagnostic . o e e
Author (Year) Focus of Study Used Information Key Findings/Implications Accuracy Major Limitations
Normal =9, T21 Identified chromosomal The RNA and DNA Requires high FF (>25%);
plasma = 4; . . from both plasma .
Lo YM et al. 21 ddPCR normal =2, T21 imbalances through SNPs in nd placental applicable only to
(2007) [99] ormat = < the PLAC4 gene and and placenta SNP-based detection;
placenta = 2; hromosome dos: samples were all labor-intensive process
GA:NA ¢ 080 age correctly classified © enstve proce
. T21 can be . . 3
Human genomic Detected T21 by amplifying distinguished with ngh. DNA nput (=10
Fan HC et al. T21 mdPCR DNA from normal and quantifvine sinele DNA maternal copies required); low
(2007) [16] and T21 cell lines; lq 1 ymsg dg 1 taminati sensitivity (>10% fetal
GA: NA molecules in mixed samples contamination or DNA needed)
fetal mosaicism
Exclusion of 9 low-quality
. Normal =192, 1 o e o0 samples (4 T21) may
ftlalflzg? 2)1 [[%?] T21 ddPCR T21=21; Detedg&ityﬁ;ﬁ 7 fetal ‘ier;illtfll\g:y - ggﬂf’/ overestimate sensitivity; no
) GA: 9-37 weeks P y=7e% FF estimation (impacts
reliability)
Xu Setal. Normal =12, Quantified small increases in Irnfl?rrbeiilitFl-::Sll‘;iucmdg
(2016) T21 cdPCR T21=3; Chr21 with 10% fetal DNA Accuracy = 100% 21 abiity; ase
[101] GA: NA content etection prone to

amplification bias
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Table 1. Cont.

Method Sample A s Diagnostic . e
Author (Year) Focus of Study Used Information Key Findings/Implications Accuracy Major Limitations
Normal =78, ddPCR with HLCS gene and Euploid: Only second trimester
Li Wetal. 21 ddPCR T21 =28; SNP rs6636 differentiates accuracy = 100%; samples; unverified BstUL
(2018) [102] GA: second euploid from T21, showing T21: false digestion; ethnic variability
trimester significant ratio differences negative = 2 cases in SNP rs663
cdPCR shows no Cut-off: empirical
Low-risk cross-reactivity in T21 and . —ono/. . L
LeeSY et al. samples = 28, T18 detection, enabling T21: accuracy = 90%; threshold, r}ot statistically
T21,T18 cdPCR . X T18: validated;
(2015) [103] T21=10,T18 =5; detection of chromosomal accuracy = 100% FF: qPCR-based. lacks fetal
GA: 10-35 weeks abnormalities at a 1.38% y= ° q i :
fra t rati specificity
gment ratio
LeeSY et al Normal = 827, Targeted four sites on Chr21, sensitiv?tz 1:7 100%;
(2018) [10 4]' T21 ddPCR T21 =50; using size selection to enrich ove};aEl o7 No direct FF measurement
GA: 10-22*3 weeks smaller fetal DNA fragments o
accuracy = 99.7%
Cl;\té;—r(;filvzag.t)e.: Detected ratios of Chr21/18
Tan C et al. T21, T18 ddPCR validation: with 20 loci probes, using Accuracy = 100% No T18 validation; no
(2019) [105] . LNA probes for better direct FF measurement
normal =26, T21 = 4; accurac
GA: 12-252 weeks y
Cut-off value: .
normal =50, T21 =5, t“fféﬁ?g? el
Haidong W T18=2,T13=1; § deIECeR roaction a11121 i;“gee T21: No T18 or T13 validation
et al. (2020) T21, T18, T13 ddPCR validation: . . . sensitivity = 100%; samples; no direct FF
_ implemented in decentralized e 0 1000
[106] normal = 201, . . ; specificity = 100% measurement
T21 = 10; labs, offering a rapid solution
GA: 11-27 weeks within 2.5 h
A computational program ddPCR complexity requires
Chen X et al. . A4PCR No]{;nlalzz .13, was 1gsed to deslgrél hlg}gy To1: 8 pre—gmp?lél]:c)alt.lor.\s a}nd '8
(2021) [107] 21 =2; specitic primers and probes accuracy = 100% reactions; imitation:
GA: 14-20 weeks targeting SD on Chr21, for the SNPs/CNVs affect
detection of T21 using ddPCR amplification
A 120-plex assay for
aneuploidy detection and a Demonstrated
S 60-plex assay for fetal fraction ~ strong concordance
Ramesh M et al. Aneuploidies in 2 .
(2023) [108] Chr13,1821,22.X.Y ddPCR NA quantification successfully with NC_;S_, although NA
detected chromosomal no specific accuracy
aneuploidies at fetal fractions rate was provided
as low as 4%
Cut-off value:
ngl;?gi\t:iolrzo; 10 sets of primers and probes High ¢fDNA input
Dai P et al. T21, T18, T13 ddPCR normal = 2 4'7, were used for Chr_21,18,1_3, Sensiti\./i.ty = 10(1%; requirement (>0.2 ng/ L
(2022) [73] T21 = 25. T18 = 10 with dPCR calculating ratios specificity = 95% cfDNA); no clear cost
_Tl 3-1. o in reference to each other analysis
GA: 12-36 weeks
Cut-off value:
Lassakova S normal = 26, 16 amplicons from Chr21 and Reaction complexity
T21 =16; Chr18 (as a reference), with 2 Sensitivity = 100%; .
etal. (2023) 21 ddPCR validation: LNA probes to accurately specificity = 100% (12/sample): high droplet

[109]

normal = 24, T21 = 6;
GA: 13-18 weeks

detect reaction products

count (~240 K) for accuracy

Abbreviations: BstUI, Bacillus stearothermophilus U458; cdPCR, chip-based digital polymerase chain reaction;
cfDNA, cell-free DNA; Chr, chromosome; CNVs, copy number variations; ddPCR, droplet-based digital poly-
merase chain reaction; dPCR, digital polymerase chain reaction; FF, fetal fraction; GA, gestational age; HLCS,
holocarboxylase synthetase; LNA, locked nucleic acid; mdPCR, microfluidic digital polymerase chain reaction;
NA, not available; NIPT, non-invasive prenatal testing; qPCR, quantitative PCR; RCD, relative chromosome
dosage; SD, segmental duplication; SNP, single nucleotide polymorphism; T13, trisomy 13; T18, trisomy 18; T21,

trisomy 21.

6.2. Advances in dPCR and the Development of Multiplex Detection (2015-2019)

From 2015 to 2019, major improvements were achieved in dPCR technology, partic-

ularly in multiplex detection. Researchers began detecting multiple chromosomal loci

simultaneously, improving efficiency and cost effectiveness. El Khattabi LA et al. (2016)

used multiplex dPCR to detect chromosome 21 copy numbers, achieving 94% sensitivity
and 98% specificity [77]. This mirrored earlier findings by Lun FM et al. (2008) but marked
a significant improvement in multiplex capabilities. Xu S et al. (2016) detected trisomy 21

by quantifying segmental duplication (SD) markers, detecting fetal DNA concentrations as
low as 10% [101]. Additionally, Li W et al. (2018) analyzed the ratios of the HLCS gene and
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rs6636 SNDP, correctly identifying all euploid cases while misclassifying only two trisomy 21
cases [102].

Lee SY et al. (2015) detected trisomy 21 and 18 using just 1 to 2 mL of maternal
plasma, with accuracy rates comparable to NGS [103]. By 2018, Lee SY et al. had improved
their method by incorporating a size-selection technique to enrich smaller fetal DNA
fragments, achieving 100% sensitivity for trisomy 21 and 99.64% specificity for trisomy-
negative samples [104]. These advancements significantly improved the overall accuracy
and sensitivity of dPCR, positioning it as a strong contender for clinical application in NIPT
(Table 1).

6.3. Clinical Validation of APCR in NIPT (2019-2021)

Between 2019 and 2021, dPCR underwent extensive clinical validation. Tan C et al.
(2019) used multiplex dPCR to test 60 clinical plasma samples for trisomy 21 and 18,
achieving 100% concordance with NGS results [105]. Haidong W et al. (2020) developed the
iSAFE NIPT method, which applied dPCR to 269 plasma samples, detecting trisomy 13, 18,
and 21 with 100% sensitivity and specificity for trisomy 21 [106]. Chen X et al. (2021) further
optimized probe design by combining segmental duplication markers with computational
techniques, enhancing accuracy even in low-fetal-DNA samples [107]. These studies
showed that dPCR is comparable to NGS in sensitivity and specificity, but with faster
processing time and lower costs, making it ideal for resource-limited clinical environments
(Table 1).

6.4. Technological Innovations and Future Directions of APCR (2022—Present)

Since 2022, dPCR technology has focused on further innovations, including enhanced
multiplex detection, improved sample handling, and cost efficiency. These advancements
aim to address existing limitations and broaden dPCR’s applications in chromosomal
screening. Ramesh M et al. (2023) employed the QX600 multiplex ddPCR system to detect
aneuploidies across multiple chromosomes, achieving high concordance with NGS and
detecting aneuploidies at fetal fractions as low as 4% [108]. Dai P et al. (2022) demonstrated
that ddPCR achieved high sensitivity for detecting trisomy 21, 18, and 13. However, false
positives, particularly for trisomy 21 and 13, affected the overall specificity. Despite this,
the test showed strong performance, but further refinement is required to minimize false
positives and improve accuracy [73]. Lassakova S et al. (2023) validated ddPCR with locked
nucleic acid (LNA) probes for low-fetal-DNA samples, achieving 100% sensitivity and
specificity for trisomy 21 [109] (Table 1).

Although dPCR offers advantages in cost and speed, further development is needed
to extend its application to comprehensive chromosomal aneuploidy screening. Priorities
include standardizing detection methods, expanding multiplex capabilities, improving
sample handling, and integrating bioinformatics for better probe design. These advance-
ments could establish dPCR as a reliable complement to NGS in clinical chromosomal
screening, especially in underfunded regions.

Table 1 summarizes the key characteristics and findings of dPCR studies on NIPT for
chromosomal aneuploidies.

7. Clinical Applications of dPCR in NIPT for Chromosomal
Microdeletions and Microduplications

Chromosomal microdeletions and microduplications involve the loss or duplication
of small chromosomal segments, typically ranging from 1 kilobase pair (kb) to 5 megabase
pairs (Mb). These subtle genetic alterations, known as copy number variations (CNVs),
can affect one or more genes, leading to a broad spectrum of clinical disorders with phe-
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notypes ranging from mild to severe [110]. CNVs are implicated in various syndromes,
including 22q11.2 deletion syndrome (also known as DiGeorge syndrome, velocardiofacial
syndrome, and CATCH-22) [111], as well as Prader-Willi, Angelman, and 1q21.1 microdu-
plication syndromes, etc. [112,113]. These examples illustrate the broad clinical spectrum
of CNVs, emphasizing the need for accurate detection methods for effective diagnosis
and management.

Among these conditions, 22q11.2 deletion syndrome has received the most research
attention, partly due to its higher prevalence—approximately 1 in 4000 live births—making
it the most common microdeletion syndrome [111]. The broad and well-characterized
phenotypic spectrum of 22q11.2 deletion syndrome has established it as a reference point
for CNV research. In contrast, rarer syndromes such as 1q21.1 microduplication and
Prader-Willi syndrome exhibit more variable or subtle clinical manifestations, complicat-
ing diagnosis and limiting the number of systematic studies, particularly in the context
of NIPT.

Although detecting microdeletions and microduplications is clinically important, the
use of dPCR in NIPT for this purpose remains limited. One key challenge is detecting
these small genetic changes in the low concentrations of cffDNA in maternal plasma.
Additionally, the variability in clinical outcomes complicates prenatal decision-making, as
not all cases result in severe conditions. This variability often leads to diverse decisions
about pregnancy continuation, shifting the research focus to postnatal populations, where
the disorders are more readily observable in newborns and children.

The survival of many individuals with disorders like 22q11.2 deletion syndrome into
childhood provides researchers with larger cohorts to study, enabling the validation of
detection methodologies [114]. While dPCR has shown exceptional performance in the
postnatal detection of aneuploidies and CNVs, its application in NIPT for detecting chro-
mosomal microdeletions and microduplications is still in the early stages of development.

In the study by Wang J et al., a dPCR-based NIPT was developed to detect fetal 22q11.2
microdeletion/duplication syndrome. Six detection sites were targeted with corresponding
probes, and a blind test was conducted on 130 maternal plasma samples, 15 of which
were confirmed to carry fetal 22q11.2 microdeletion/duplication [115]. The dPCR method
successfully detected eleven out of the fifteen affected samples, while four cases were
missed. Among the 115 normal samples, 111 were accurately identified as unaffected. The
assay demonstrated a sensitivity of 73.3% and a specificity of 96.5%, with positive and
negative predictive values of 73.3% and 96.5%, respectively. These results suggest that
although the assay shows potential in detecting 22q11.2 microdeletion/duplication, further
optimization is required to improve its sensitivity.

Several issues were identified in the study that contributed to detection failures, in-
cluding low concentrations of cffDNA, which reduced detection accuracy, and confined
placental mosaicism (CPM), where differences between placental and fetal DNA led to both
false positives (FPs) and false negatives (FNs). Technical limitations, such as suboptimal
probe design, target site selection, and variations in sample quality and cffDNA micro-
heterogeneity, also played a role. To improve detection rates, advancements like enhanced
cffDNA extraction techniques, improved probe designs, regular calibration of dPCR instru-
ments, and comprehensive studies to address CPM are recommended to increase sensitivity
and reliability (Table 2).
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Table 2. Summary of dPCR Studies on NIPT for detection of chromosomal microdeletions and

microduplications.
Author (Year) Focus of Stud Method Used Sample Information = Key Findings/Implications = Diagnostic Accurac
y P y g P g y
Six detection sites in the

qqE. 22q11.2 region A-D were s o .
Wang J et al. (2023) 22q11.2 dNoiil;tli;nlisé- targeted, using z-scores to ieﬁiiﬁﬂy - 972 5?//
8 [11 ,;]' deletion/duplication c¢dPCR lépl i _g. ’ differentiate normal from P PPV _y7g 30/‘. o

- syndrome ¢ Ellon T affected samples by It

GA: 17+ -27 weeks NPV = 96.5%

comparing copy
number ratios

Abbreviations: cdPCR, chip-based digital polymerase chain reaction; GA, gestational age; NPV, negative predictive
value; PPV, positive predictive value.

Table 2 summarizes the key characteristics and findings of dPCR studies on NIPT for
chromosomal microdeletions and microduplications.

8. Practical Applications of dPCR in NIPT for Monogenetic Disease

Monogenic diseases, caused by mutations in a single gene, affect approximately 2% of
individuals and can be inherited in various ways, including autosomal dominant, autoso-
mal recessive, and X-linked patterns [116]. dPCR provides precise allele discrimination,
enabling accurate differentiation between maternal and paternal mutations, and is particu-
larly effective in detecting rare and low-frequency mutations. This makes it a promising
tool for NIPT. The following sections will focus on dPCR’s clinical applications in NIPT
across different fetal systems, illustrating its potential in prenatal diagnosis.

8.1. Fetal Blood System Monogenetic Diseases

Fetal blood system monogenetic diseases are caused by genetic mutations or hereditary
factors and can result in conditions such as severe anemia, jaundice, heart problems, and
impaired growth. For example, severe cases of thalassemia can lead to heart failure, while
untreated hemophilia can cause life-threatening bleeding. Early diagnosis is critical for
managing these conditions to prevent complications and improve the quality of life for
affected individuals [117-119].

8.1.1. Thalassemia

Thalassemia is a hereditary blood disorder caused by mutations in the x-globin or
[3-globin chains, resulting in impaired hemoglobin production and severe anemia. Inherited
in an autosomal recessive manner, the disease is particularly prevalent in regions such as
Southeast Asia and the Mediterranean, where carrier rates can reach up to 30% [120-122].

Research studies have steadily advanced the application of dPCR in NIPT for tha-
lassemia. Charoenkwan P et al. conducted an early study employing nanoplate-based
dPCR to diagnose 3-thalassemia in 35 at-risk couples between 12 and 18 weeks of preg-
nancy [123]. The technique achieved a sensitivity of 100% and specificity of 92.3% in
detecting paternal mutant alleles in affected fetuses. Notably, the ratio of mutant to wild-
type B-globin alleles in maternal plasma served as a reliable indicator for diagnosing fetal
inheritance of maternal mutations. Subsequent research by Sawakwongpra K et al. ex-
panded the use of ddPCR to detect both «- and (3-thalassemia [124]. Although the study
demonstrated high accuracy for the -SEA deletion, it faced challenges in detecting variants
such as hemoglobin E (HbE) and the codon 41/42 (-CTTT) mutation, indicating that further
assay refinements are needed for broader application.

Building on these advancements, Suwannakhon N et al. applied ddPCR to detect
-thalassemia mutations in 42 at-risk couples [125]. In addition to identifying paternal
mutations in fetal DNA, the study provided insights into maternal inheritance patterns,
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with 10 of 22 paternally inherited 3-thalassemia-positive cases identified as compound
heterozygotes or homozygotes for 3-thalassemia. D’Aversa E et al. conducted a study using
52 maternal plasma samples (5th to 39th week) to detect f+IVSI-110 and 3039 mutations.
The analysis successfully identified paternally inherited mutations in 23 samples and
classified maternally inherited mutations in 30 heterozygous mothers (N/M) based on M/N
allelic ratios. The method accurately classified 51 of 52 samples, showing suitability for the
prenatal detection of 3-thalassemia mutations as early as the 7th gestational week [126].

These studies highlight the advancements in dPCR technology for non-invasive tha-
lassemia screening, offering increased accuracy and potential for routine clinical use, re-
ducing the need for invasive procedures, and paving the way for broader clinical adoption
(Table 3).



Biomolecules 2025, 15, 360

18 of 33

Table 3. Summary of dPCR studies on NIPT or NIPD for monogenetic diseases.

Reason/Potential Risk for Low

Author (Year) Focus of Study Method Used Sample Information Key Findings/Implications Diagnostic Accuracy Specificity
Charoenkwan P et al 35 carriers at risk of having severe The MIB-M/MIB-N ratio was For PIB: sensitivity = 100%; ~ Maternal DNA interference; low
(2022) [123] ) [3-thalassemia cdPCR (3-thalassemia fetuses; effectively used to differentiate for MIB: sensitivity = 100%; FF; overlapping of
GA: 12-18 weeks between fetal and maternal DNA specificity = 92.3% MIB-M/MIB-N ratios
For SEA deletion:
S o
sensitivity = gf 'g‘,,//;’f For SEA: low FF (3%) and
46 carriers (22 cases with SEA fobeE 15(; cormect. 3 fDNA instability in SEA region;
Sawakwongpra K « and B-thalassemia ddPCR deletion, 16 cases with HbE, 8 cases ~ High accuracy for «-thalassemia; less incor.mlusive 3 ’ for CD41/42 mutation: high
etal. (2021) [124] with CD41/42 mutation); reliable for 3-thalassemia misclassifie él ddPCR variability, low positive
GA: 17-27 weeks for CD41,/42 mu ta{ion: 2 droplet count, poor probe
correct, 4 inconclusive, 2 binding
misclassified
Negative PIB indicates that the fetus is
unaffected; positive PIB but negative
42 carriers with common mutations MIB indicates that the fetus is Potential false-positive risks:
Suwannakhon N et al. B-thalassemia ddPCR (CD41/42, CD17, IVS1-1, CD26); heterozygous; positive PIB and 100% concordance with maternal DNA interference;
(2023) [125] GA' 71 6, weeks ! ! positive MIB indicates that there is an those of amniocentesis ddPCR allelic imbalance; low
’ over-representation of MIBs, and the cffDNA concentration
fetus has compound heterozygous
B-thalassemia
52 maternal plasma samples o . .
(PIB =23, p+IVSI-110/N, B039/N; Idgntlﬁ.ed paternally inherited . M/N ratio at the boundary;
, mutations in 23 samples; M/N allelic i e
D’Aversa E. et al. ) MIB = 30, heterozygous N/M . L Classified 51 of 52 samples limitations of the z-score
f-thalassemia ddPCR ratio used to distinguish fetal o
(2022) [126] mothers; homozygous enotvpes for maternally inherited correctly classification method;
B+IVSI-110/B+IVSI-110 fetus = 1); genotyp mutations y statistical method errors
GA: 5-39 weeks
The RMD method detected mutations; The classification rate was n[zaeii}éif;g:?s;glge tflgtlsg;;gii
Barrett AN et al 65 maternal plasma samples in female fetuses, indel markers were 82% for male fetuses and less effective: lone amplicons
(2012) [127] : Sickle cell anemia cdPCR (45 male and 20 female fetuses); informative in 65% of cases; allelic 75% for female fetuses; with reduce DN A me%a sur(}:ment
GA: 11*3-165 weeks ratio analysis distinguished fetal DNA > 7%, dPCR accuracy: DYS14 copy number
homozygous from heterozygous cases accuracy = 100% sy Py
differences cause errors
12 samples from 7 hemophilia The fetal genotypes in the Potential false-positive risks:
carriers with male fetuses The RMD method combined with 12 plasma samples were PCR probe cross-hybridization;
Tsui NB et al. (2011) Hemophilia A and B mdPCR (hemophilia A = 3, hemophilia dPCR accurately detected hemophilia  detected by dPCR and were cffDNA fraction below 10%;

[128]

B =4), 20 samples from non-carriers
with healthy male fetuses;
GA: >11 weeks

A and B in male fetuses as early as
11 weeks of gestation

found to be consistent with
the classifications by the
SPRT algorithm

SPRT method’s inability to
accurately classify borderline
cases
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Table 3. Cont.

Reason/Potential Risk for Low

Author (Year) Focus of Study Method Used Sample Information Key Findings/Implications Diagnostic Accuracy Specificity
Family—spe.ciﬁc assays targeted F8/F9 In 15 pregnancies, 12 were ~ For 3 unclassified: 2 had low FF
mutations; ZFY/ZFX assays preg
Hudecovaletal. H hilia A and B ddPCR 15 carriers of F8 or F9 gene variants; determined fet,a ] sex and DNA: RMD accurately determined, and  (0.8%, 4.0%); 1 had much lower
(2017) [129] emophutia A an GA: 8-42 weeks with SPRT classified hemo hiliz; status 3 were unclassified, but no total DNA; SPRT failed due to
by allele balancIZ misclassifications occurred low fetal DNA or few wells
26 samples from women at risk of . The Combl.n ation of ddPCR and e o . Potential false-positive risks:
Orhant L et al. (2016 fetal achondroplasia. 2 les £ mini-sequencing can accurately detect Sensitivity = 100%; low cfDNA fragmentation:
rhant L et al. ( ) Achondroplasia ddPCR ctal achondroplasia, = samp-es from single-point mutations (c.1138G>A specificity = 100% (95% CI, i & ’
[130] normal women and fetuses; and ¢.1138G>C) in the FGFR3 gene 84.5-100%) competition with maternal
GA: third trimester : : DNA; low FF
from maternal plasma
For achondroplasia, TD,
and FGFR3 gene mutation:
ddPCR detected specific FGFR3 gene 19 cases had the. FGFR3
. . . ¢.1138G>A mutation, 1 had
mutations linked to achondroplasia c1138G>C. and no TD
(c.1138G>A, ¢.1138G>C) and TD niutationS"r esults full
Achondroplasi (c.742C>T, c.1118A>G, c.1948A>G) o s
th ? 0;1 rhopfiasml, . 202 tests from 175 families at risk for from maternal plasma; ddPCR renatal testing and no
an?T(g) orie dyspiasia single-gene disorders distinguished closely located CFTR Ii)nconclusive 0%1 teomes: For CF: egg donor’s genetic
Pacault M et al. (2022 . common achondroplasia = 54, TD =1, all mutations (¢.1519_1521del and o ’ status was unknown; for NF1:
mutations of the FGFR3 ddPCR P for CF: 56% of samples were
[131] fib tosi common mutations of the FGFR3 ¢.1521_1523del), overcoming the de.tec ted as paternal technical limitations caused by a
gene,ln(ell;;c;)l rordna Oi.ls gene = 4, CF = 69, NF1 = 24); challenge of genomic proximity; mutation. 1 Ease was polyC region
typel Jrahe Cystice GA: >8 weeks assays for NF1 were designed to . .
fibrosis (CF) o . . inconclusive, and results
distinguish between wild-type and ;
. O were completely consistent
mutant alleles for the identification with those of invasive
and quantification of paternal NF1 1 )
mutations prenatal tests;
for NF1: 1 assay for
¢.2033dup could not be
designed
The concordance rates with
Set A: 17 SMA carriers with male The 6th nucleotide of SMN1 exon 7 MLPA for Set A and Set B
Wei X et al. (2020) fetuses, Set B: randomly selected was targeted, enabling precise were 94.1% and 90%,
et e7;1 - SMA (SMNT1) ddPCR 10 women from Set A and analyzed detection of SMIN1 deletions and respectively, and in all Low FF and concentration
78] under blinding; SMN1-to-SMN?2 conversions, both classifiable tests, ddPCR
GA: 1622 weeks major causes of SMA achieved 100% concordance
with MLPA
Picodroplet 3 famili ith known autosomal Chi-squared and Bayesian analysis Successfully predicted fetal Potential false-positive risks:
jeocropte amiiies with «n predicted fetal genotypes using yP o1 borderline mutant allele
Chang MY et al. . . dPCR and recessive mutations (GJB2 c.235delC, el . b > genotypes in all families f . 1DNA
2018) [132] Hereditary hearing loss dPCR (used SLC26A4 TVS7-2A5G); mutant allele proportions, bypassing with high accuracy using requencies; matern.a
( ) ’ the need for fetal DNA fraction or control limitations; inherent
separately) GA: 1627 weeks both dPCR methods

paternal SNPs

dPCR error rates
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Table 3. Cont.

Author (Year)

Focus of Study

Method Used

Sample Information

Key Findings/Implications

Diagnostic Accuracy

Reason/Potential Risk for Low
Specificity

Gruber A et al. (2018)
[133]

NF1 and CF

ddPCR

8 families (NF1 =4, CF = 4);
GA: 8-15 weeks

Identified paternal mutations in NF1
and CFTR mutations

Paternal mutation results
were completely consistent
with those of invasive
prenatal tests

Potential false-positive risks:
due to sequence complexity or
probe issues; challenges in rare

event detection

Debrand E et al.
(2015) [134]

CF ddPCR

1 couple (3 pregnancies) carrying
different mutated CFTR alleles,

6 normal;
GA: 11-12 weeks

Exon 11 of the CFTR gene was
targeted to quantify the mutant
(AF508-MUT; FAM) and normal

(AF508-NOR; VIC) alleles at position
¢.1521_1523, enabling the detection of
paternal CFTR mutations

The AF508 CFTR mutant
allele was correctly
identified in the three
fetuses affected by CF, and
it was not detected in the six
control fetuses; consistent
with traditional invasive
testing

Potential false-positive risks:
droplet carry-over
contamination; low background
noise

Abbreviations: cdPCR, chip-based digital polymerase chain reaction; CF, cystic fibrosis; cfDNA, cell-free DNA; cffDNA, cell-free fetal DNA; ddPCR, droplet digital polymerase chain
reaction; dPCR, digital polymerase chain reaction; FF, fetal fraction; GA, gestational age; HbE, hemoglobin E; mdPCR, microfluidic digital polymerase chain reaction; MIB, maternally
inherited beta-thalassemia allele; MIB-M, MIB mutant allele; MIB-N, MIB wild-type allele; MLPA, multiplex ligation-dependent probe amplification; NF1, neurofibromatosis type 1; PIB,
paternally inherited beta-thalassemia allele; RMD, relative mutation dosage; SMA, spinal muscular atrophy; SPRT, sequential probability ratio test; TD, thanatophoric dysplasia.
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8.1.2. Sickle Cell Anemia

Sickle cell anemia is a hereditary blood disorder caused by a mutation in the (3-globin
gene, resulting in the production of abnormal hemoglobin S (HbS) [135]. This leads to
rigid, sickle-shaped red blood cells, causing vessel blockages, pain, and increased infection
risk. The condition is inherited in an autosomal recessive manner and is prevalent among
populations of African, Mediterranean, Middle Eastern, and Indian descent [136].

Barrett AN et al. utilized cdPCR with Minor Groove Binder (MGB) TagMan probes
to distinguish between normal hemoglobin A and mutated HbS alleles [127]. For male
fetuses, the Y chromosome-specific marker DYS14 was used, while a biallelic indel marker
was employed for female fetuses. The study accurately identified the sickle cell genotype
in 82% of male and 75% of female fetuses when fetal DNA concentrations were at least 7%.
Although promising, the method requires further refinement in fetal DNA measurement
and marker development, particularly for female fetuses (Table 3).

8.1.3. Hemophilia

Hemophilia is a hereditary bleeding disorder caused by mutations in the genes re-
sponsible for producing clotting factors, primarily factor VIII (hemophilia A) or factor IX
(hemophilia B). These mutations lead to prolonged bleeding and spontaneous bleeding
episodes, particularly in joints and muscles. Hemophilia is inherited in an X-linked reces-
sive manner, predominantly affecting males, while females are typically carriers [137]. Early
diagnosis and treatment with clotting factor concentrates are crucial for managing bleeding
episodes, preventing joint damage, and improving the quality of life for individuals with
hemophilia [138].

Tsui NB et al. used microfluidic dPCR and the relative mutation dosage (RMD)
method to determine whether fetuses had inherited hemophilia mutations by measuring
the overexpression of either the mutant or wild-type allele [128]. In plasma samples from
twelve pregnant women, including seven hemophilia carriers with male fetuses (three
carriers of hemophilia A, four carriers of hemophilia B), the test accurately identified fetal
hemophilia genotypes as early as the 11th week of gestation. Hudecova I et al. further
advanced this approach by combining ddPCR with targeted massive parallel sequencing
(MPS) to assess (Factor VIII) F8 and (Factor IX) F9 gene mutations in 15 fetuses from
hemophilia carriers [129]. Their study successfully identified known sequence variants and,
using MPS with haplotype analysis, non-invasively detected complex intron 22 homolog-
related (int22h-related) inversions in the F8 gene, broadening the diagnostic capabilities for
hemophilia (Table 3).

8.2. Fetal Skeletal Muscle System Monogenetic Diseases

Fetal skeletal muscle system genetic diseases, such as Duchenne muscular dystrophy
(DMD), spinal muscular atrophy (SMA), achondroplasia, and osteogenesis imperfecta,
are inherited disorders that affect muscle and bone development, leading to conditions
like muscle weakness and skeletal deformities. While NIPT technologies are increasingly
being applied for detecting these conditions, progress is still ongoing. Notably, dPCR has
shown potential in NIPT for diseases like achondroplasia and SMA, offering early, accurate
detection through cffDNA analysis in maternal plasma [139].

8.2.1. Achondroplasia

Achondroplasia is the most common form of dwarfism, characterized by short stature,
disproportionately short limbs, and a larger forehead. It is caused by a mutation in the
FGFR3 gene, which affects bone and cartilage growth. Inherited in an autosomal dominant
manner, only one copy of the mutated gene is needed for the condition to occur [140].
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With proper medical care and support, individuals with achondroplasia can lead healthy,
productive lives [141].

Orhant L et al. employed ddPCR combined with mini-sequencing to target specific
mutations in the FGFR3 gene, which are known to cause achondroplasia [130]. The study
included 26 maternal plasma samples from women identified as high-risk due to third-
trimester ultrasound findings. The method successfully identified five fetuses affected
by achondroplasia. Pacault M et al. tested fifty-nine cases with ultrasound findings
suggestive of skeletal dysplasia, resulting in the detection of nineteen cases with the FGFR3
¢.1138G>A mutation and one case with the rarer ¢.1138G>C mutation, both associated
with achondroplasia [131]. No FGFR3 mutations c.742C>T, c.1118A>G, or c.1948A>G,
which are linked to thanatophoric dysplasia (TD), were detected. The dPCR results were
fully consistent with those from invasive prenatal testing, with no inconclusive outcomes
(Table 3).

8.2.2. Spinal Muscular Atrophy (SMA)

Spinal muscular atrophy (SMA) is a genetic disorder characterized by progressive
muscle weakness and wasting, resulting from the loss of motor neurons in the spinal cord.
It is mainly caused by mutations in the SMN1 gene, which lead to insufficient production
of the survival motor neuron (SMN) protein essential for motor neuron function. SMA is
inherited in an autosomal recessive manner, meaning a child must inherit a copy of the
mutated gene from both parents to be affected [142].

Wei X et al. accurately detected fetal SMIN1 copy number by targeting the sixth
nucleotide in exon 7, the most common deletion mutation associated with SMA, achiev-
ing 100% concordance with traditional multiplex ligation-dependent probe amplification
(MLPA) testing [78] (Table 3). Building on this, Tan C et al. developed a single-tube multi-
plex dPCR assay that simultaneously detects SMN1 and SMN2 copy numbers, targeting
deletions in exons 7 and 8, which are critical for determining SMA severity [143]. Tested
on various clinical samples, including peripheral blood, amniotic fluid, and buccal swabs,
the assay demonstrated high accuracy and reliability across all sample types. Although
this assay was not directly applied in NIPT, it shows significant potential for future NIPD
applications, given its ability to accurately detect genetic variations in different sample
types relevant to prenatal diagnostics.

Notably, the ability to predict disease severity based on the SMN2 copy number adds
valuable prognostic insight. Both studies underscore the potential of dPCR as a highly
accurate, non-invasive diagnostic tool for SMA, capable of detecting both SMN1 deletions
and SMN2 copy number variations. The technology offers a safer and faster alternative to
invasive methods like amniocentesis, making it highly suitable for broader clinical use in
SMA diagnosis and carrier screening.

8.3. Fetal Auditory System Monogenetic Disorders
Genetic Deafness

Fetal auditory system monogenetic disorders primarily involve inherited hearing
loss caused by single-gene mutations, with genetic deafness being the most prevalent
example. Mutations in genes like GJB2, MYO7A, and OTOF commonly lead to partial or
profound hearing loss, which can affect one or both ears. These disorders follow different
inheritance patterns, such as autosomal recessive, autosomal dominant, and X-linked. The
early detection of genetic deafness is crucial, as timely interventions, including the use of
cochlear implants or hearing aids, can significantly enhance the quality of life for affected
individuals [144].
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Chang MY et al. developed a method for detecting autosomal recessive homozygous
point mutations, specifically targeting mutations linked to congenital hearing loss, such as
GJB2 and SLC26A4 [132]. Their one-step protocol, which removes the need to estimate fetal
DNA fraction, integrates chi-squared analysis with Bayesian statistical methods for accurate
fetal genotype prediction. The approach was successfully applied to three families carrying
hearing-loss-related mutations (GJ/B2 c.235delC and SLC26A4 IVS7-2A>G), demonstrating
its effectiveness in NIPD (Table 3).

8.4. Fetal Respiratory and Digestive System Monogenetic Diseases

Fetal respiratory and digestive system monogenetic diseases include conditions such
as cystic fibrosis (CF), alpha-1 antitrypsin deficiency, and congenital diaphragmatic her-
nia [145-147]. Among them, CF is the most extensively studied using dPCR due to its
well-characterized CFTR gene mutations, allowing for precise targeted detection. In con-
trast, other conditions are either rarer or involve more complex genetic mechanisms, which
limits the current application of dPCR in their diagnosis.

Cystic Fibrosis

Cystic fibrosis (CF) is a genetic disorder affecting the lungs and digestive system. It
causes thick, sticky mucus buildup, leading to respiratory infections and digestive issues.
CF is caused by mutations in the CFTR gene and is inherited in an autosomal recessive
manner. Management includes medications, physiotherapy, and nutritional support to
improve quality of life [148].

Gruber A et al. successfully detected paternally inherited CFTR mutations in fetal
DNA by analyzing cffDNA from maternal plasma [133]. Using ddPCR, they differentiated
fetal DNA from maternal DNA based on the unique paternal allele, accurately counting
mutant and wild-type alleles in individual droplets. This method detected only the paternal
CFTR mutation, excluding maternal DNA, and demonstrated 100% accuracy in identifying
the mutation in 15 high-risk pregnancies. The results confirmed the reliability of ddPCR
for NIPD compared to traditional invasive testing methods.

Pacault M et al. investigated pregnancies at risk of CF by detecting specific CFTR
mutations as ¢.1521_1523del (AF508) [131]. Tagman probes were used to differentiate
between mutant and normal alleles. The study accurately identified CFTR mutations,
with fetal DNA fractions ranging from 1.6% to 16.4%. ddPCR showed high specificity
in distinguishing between overlapping CFTR mutations, making it a reliable method for
NIPD. Similarly, Debrand E et al. conducted a study focusing on the detection of the AF508
mutation in three pregnancies at high risk for CF due to compound heterozygosity [134].
Tagman probes targeting exon 11 of the CFTR gene were used to quantify the ratio of
mutant to normal alleles. When the proportion of mutant alleles exceeded background
levels (typically 0.1% or lower), it indicated that the fetus had inherited the paternal
mutation. ddPCR accurately identified the AF508 mutation in all three cases, detecting fetal
DNA fractions as low as 1% of the total DNA in maternal plasma.

Both studies utilized ddPCR with Tagman probes to detect CFTR mutations, partic-
ularly the AF508 mutation, through quantitative analysis of mutant and normal alleles
in cffDNA. Although both employed similar methods, Pacault’s study involved a larger
sample size and focused on distinguishing overlapping mutations, whereas Debrand’s
study optimized the detection sensitivity for low fetal DNA fractions (Table 3).

8.5. Fetal Nervous System Monogenetic Diseases

Fetal nervous system monogenetic diseases include conditions such as neurofibro-
matosis type 1 (NF1), Tay—Sachs disease, and Rett syndrome [149]. These disorders disrupt
neural development, leading to significant neurological impairments that may manifest
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prenatally or in early childhood. Currently, only NF1 has been studied using dPCR. NF1 is
an autosomal dominant monogenic disorder caused by mutations in the NF1 gene [150].

Neurofibromatosis Type 1 (NF1)

Research studies detected NF1 mutations through NIPD by targeting paternally in-
herited mutations in maternal blood, allowing for a clear distinction between fetal and
maternal DNA [131,133]. This approach is particularly crucial for autosomal dominant
conditions like NF1, where the paternal allele can be traced in at-risk pregnancies.

Gruber A et al. studied four pregnancies at risk for NF1 using hydrolysis probes
targeting the paternal NFI mutation [133]. This method accurately distinguished between
paternal mutations and maternal DNA by counting mutant and wild-type alleles separately,
achieving high sensitivity in detecting NF1 mutations in fetal fractions as low as 1.5%.

Pacault M et al. conducted a three-year study using ddPCR to test 24 samples for
paternal autosomal dominant single-gene disorders, including NF1 [131]. By designing
probes to differentiate between mutant and wild-type alleles, they successfully detected
paternal NF1 mutations, with fetal DNA fractions ranging from 1.8% to 12.5%. Despite
challenges in detecting the NF1 c.2033dup variant due to assay design difficulties, ddPCR
proved highly feasible and accurate for NF1 testing (Table 3).

Table 3 summarizes the key characteristics and findings of dPCR studies on NIPT and
NIPD for monogenetic diseases.

9. Challenges in Detecting Maternally Inherited Mutations and the Role
of dPCR

Detecting maternally inherited monogenic diseases through NIPT is particularly
challenging due to the shared genetic information between mother and fetus. In maternal
blood, cffDNA is mixed with a large amount of maternal cfDNA, and the low proportion
of cffDNA complicates distinguishing fetal mutations from the maternal background. This
challenge becomes even more pronounced when the mother carries the same genetic
mutation, as both maternal and fetal cfDNA contribute identical copies of the mutation,
making differentiation highly complex.

To address these complexities, NGS has incorporated advanced methods like the Rela-
tive Haplotype Dosage (RHDO), which improves the ability to differentiate fetal-specific
alleles from the maternal background. The RHDO achieves this by constructing parental
haplotype maps, performing deep sequencing of cfDNA in maternal plasma, and analyzing
the relative abundance of haplotypes. By detecting shifts in haplotype representation
caused by fetal contributions, the RHDO enables the precise identification of haplotypes
inherited by the fetus. This method is particularly effective in distinguishing shared mu-
tations between the mother and fetus, significantly improving detection sensitivity and
accuracy despite the challenges posed by low fetal fractions and overlapping genetic
material [151].

In contrast, dPCR provides a more targeted and efficient solution for detecting mater-
nally inherited mutations in certain scenarios. Using the RMD method, it compares the
abundance of wild-type and mutant alleles in maternal plasma by analyzing shifts caused
by fetal cfDNA. If the fetus inherits the wild-type allele, its proportion increases due to
additional fetal cfDNA. Conversely, if the fetus inherits the mutant allele, the proportion of
mutant alleles rises accordingly. The RMD accurately quantifies these changes in allele pro-
portions to determine which allele the fetus has inherited from the mother [152]. Although
dPCR is highly effective for detecting single mutations, the RMD method is less suitable
for screening multiple mutations simultaneously and may face difficulties with very low
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fetal fractions. More comprehensive methods like the RHDO offer broader detection but
are more complex and expensive.

10. Prospects

dPCR is set to transform NIPT and NIPD by advancing early disease detection and
fetal health monitoring. Future developments will aim to expand its detection range and
accuracy, enabling more precise personalized prenatal care.

Integrating dPCR with NGS, artificial intelligence (Al), and machine learning will
further enhance diagnostic precision. Al-driven analysis can facilitate automated data
interpretation, may reduce false positives and negatives, and can optimize FF assessment,
ultimately improving the clinical utility of dPCR in NIPT [153]. Moreover, Al-based
predictive models could aid in stratifying high-risk pregnancies by integrating genomic,
clinical, and imaging data, thereby enhancing risk assessment and personalized patient
management. The integration of Al with dPCR could also contribute to the development of
real-time, automated decision-support tools for obstetricians, reducing reliance on invasive
procedures and improving overall prenatal diagnostic efficiency [154,155].

Beyond detecting genetic disorders, dPCR has the potential to identify fetal-specific
biomarkers, such as cfDNA and microRNA, providing deeper insights into fetal responses
to maternal health conditions. Building on existing research, these advancements could
improve the prediction and management of maternal—fetal complications, such as placental
dysfunction, fetal growth restriction, and preeclampsia, by enabling earlier detection, more
precise monitoring, and targeted interventions.

Integrating dPCR with advanced microfluidic systems has the potential to streamline
NIPT workflows by automating cfDNA processing and improving reaction efficiency [156].
Additionally, combining dPCR with microfluidics and Al-driven automation may enhance
sample throughput, minimize handling errors, and reduce turnaround times, making
high-precision NIPT more accessible and scalable. These innovations could also enable
continuous fetal health monitoring, allowing real-time assessments and early intervention
for conditions like intrauterine infections and immune-related disorders. Furthermore,
microfluidic platforms integrated with Al-assisted analytics could improve cfDNA en-
richment efficiency, allowing for lower input sample requirements and enhancing the
sensitivity of dPCR for detecting rare fetal genetic abnormalities [157].

Further advancements in single-cell dPCR have enhanced precision in detecting rare
fetal genetic variations and mosaicism by analyzing fetal DNA at the single-cell level [158].
Unlike conventional dPCR, which measures cfDNA in maternal plasma, single-cell dPCR
reduces maternal DNA interference and improves the detection of low-abundance variants,
monogenic disorders, and confined placental mosaicism [159,160]. These improvements
make single-cell dPCR a promising tool for increasing the accuracy of NIPT. Looking
forward, the integration of single-cell dPCR with Al-driven bioinformatics and microfluidic-
based single-cell isolation could further refine NIPT accuracy, particularly for complex
genetic conditions such as de novo mutations and low-level fetal mosaicism. This combined
approach may also expand the clinical applicability of dPCR by enhancing sensitivity in
detecting fetal abnormalities that might be missed by conventional NIPT.

Ultimately, dPCR’s future aligns with personalized medicine, offering precise genetic
insights to tailor prenatal care and improve outcomes for both mothers and their babies.
The convergence of dPCR with Al, microfluidics, and other emerging technologies will
likely drive the next generation of NIPT, making it more efficient, cost-effective, and
clinically actionable.
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11. Conclusions

This review consolidates existing research on the applications of dPCR in NIPT, pro-
viding a comprehensive and structured summary of its current strengths and limitations.
By systematically categorizing its utility across chromosomal aneuploidies, microdele-
tions/duplications, and monogenic diseases, it lays a robust foundation for understanding
the clinical potential of dPCR. It highlights the continuous advancements in technologies
aimed at addressing challenges such as the detection of low-abundance fetal DNA, the
precise quantification of rare mutations, and the integration of dPCR with computational
tools to enhance assay design. These developments underscore the intricacies of the field
while unveiling opportunities for further innovations to improve diagnostic accuracy and
broaden clinical applications.

Looking ahead, dPCR’s high sensitivity, specificity, and multiplexing capabilities
position it as a transformative tool in NIPT. Its ability to handle complex samples while
minimizing false positives and negatives enhances its reliability, making it an essential
component of personalized prenatal care. With continued refinements in technology and
expanded clinical validation, dPCR is poised to set a new benchmark in NIPT, advancing
maternal-fetal healthcare and addressing the limitations of current diagnostic approaches.

Author Contributions: Conceptualization, ET. and Y.G.; investigation, Y.G.; writing—original draft,
Y.G.; writing—review and editing, P.C., K.T., WP, and ET,; visualization, Y.G.; supervision, ET. All
authors have read and agreed to the published version of the manuscript.

Funding: The APC was funded by Chiang Mai University, Thailand.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Lo, YM,; Corbetta, N.; Chamberlain, PF,; Rai, V.; Sargent, I.L.; Redman, C.W.; Wainscoat, ].S. Presence of fetal DNA in maternal
plasma and serum. Lancet 1997, 350, 485-487. [CrossRef] [PubMed]

2. 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 Obs. Gynecol. 2015, 45, 16-26. [CrossRef]

3. Lo, YM.; Hjelm, N.M,; Fidler, C.; Sargent, I.L.; Murphy, M.E; Chamberlain, P.E; Poon, PM.; Redman, C.W.; Wainscoat, J.S.
Prenatal diagnosis of fetal RhD status by molecular analysis of maternal plasma. N. Engl. ]. Med. 1998, 339, 1734-1738. [CrossRef]
[PubMed]

4.  Costa, ].M,; Benachi, A.; Gautier, E. New strategy for prenatal diagnosis of X-linked disorders. N. Engl. ]. Med. 2002, 346, 1502.
[CrossRef]

5. Fan, H.C,; Blumenfeld, YJ.; 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] [PubMed]

6.  Chiu, RW,; Akolekar, R.; Zheng, YW.,; Leung, T.Y; Sun, H.; Chan, K.C.; Lun, EM,; Go, A.T,; Lau, E.T; To, W.W.; et al. Non-invasive
prenatal assessment of trisomy 21 by multiplexed maternal plasma DNA sequencing: Large scale validity study. BMJ. 2011, 342, c7401.
[CrossRef] [PubMed]

7. Lau, TK,; Chan, M.K;; Lo, PS.; Chan, H.Y.; Chan, W.S.; Koo, T.Y.; Ng, H.Y,; Pooh, R.K. Clinical utility of noninvasive fetal trisomy
(NIFTY) test-—early experience. J. Matern. Fetal Neonatal Med. 2012, 25, 1856-1859. [CrossRef] [PubMed]

8.  Agarwal, A; Sayres, L.C.; Cho, M.K.; Cook-Deegan, R.; Chandrasekharan, S. Commercial landscape of noninvasive prenatal
testing in the United States. Prenat. Diagn. 2013, 33, 521-531. [CrossRef] [PubMed]

9. Chandrasekharan, S.; Minear, M.A.; Hung, A.; Allyse, M. Noninvasive prenatal testing goes global. Sci. Transl. Med. 2014, 6, 231{s215.

[CrossRef]


https://doi.org/10.1016/S0140-6736(97)02174-0
https://www.ncbi.nlm.nih.gov/pubmed/9274585
https://doi.org/10.1002/uog.14636
https://doi.org/10.1056/NEJM199812103392402
https://www.ncbi.nlm.nih.gov/pubmed/9845707
https://doi.org/10.1056/NEJM200205093461918
https://doi.org/10.1073/pnas.0808319105
https://www.ncbi.nlm.nih.gov/pubmed/18838674
https://doi.org/10.1136/bmj.c7401
https://www.ncbi.nlm.nih.gov/pubmed/21224326
https://doi.org/10.3109/14767058.2012.678442
https://www.ncbi.nlm.nih.gov/pubmed/22471583
https://doi.org/10.1002/pd.4101
https://www.ncbi.nlm.nih.gov/pubmed/23686656
https://doi.org/10.1126/scitranslmed.3008704

Biomolecules 2025, 15, 360 27 of 33

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

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]
Xue, Y;; Zhao, G.; Qiao, L.; Lu, J.; Yu, B.; Wang, T. Sequencing Shorter cfDNA Fragments Decreases the False Negative Rate of
Non-invasive Prenatal Testing. Front. Genet. 2020, 11, 280. [CrossRef] [PubMed]

Vogelstein, B.; Kinzler, K.W. Digital PCR. Proc. Natl. Acad. Sci. USA 1999, 96, 9236-9241. [CrossRef] [PubMed]

Hindson, B.J.; Ness, K.D.; Masquelier, D.A.; Belgrader, P; Heredia, N.J.; Makarewicz, A.].; Bright, L].; Lucero, M.Y.; Hiddessen,
A.L.; Legler, T.C; et al. High-throughput droplet digital PCR system for absolute quantitation of DNA copy number. Anal. Chem.
2011, 83, 8604-8610. [CrossRef] [PubMed]

Sancha Dominguez, L.; Cotos Suarez, A.; Sanchez Ledesma, M.; Munoz Bellido, J.L. Present and Future Applications of Digital
PCR in Infectious Diseases Diagnosis. Diagnostics 2024, 14, 931. [CrossRef] [PubMed]

Olmedillas-Lopez, S.; Olivera-Salazar, R.; Garcia-Arranz, M.; Garcia-Olmo, D. Current and Emerging Applications of Droplet
Digital PCR in Oncology: An Updated Review. Mol. Diagn. Ther. 2022, 26, 61-87. [CrossRef]

Fan, H.C.; Quake, S.R. Detection of aneuploidy with digital polymerase chain reaction. Anal. Chem. 2007, 79, 7576-7579.
[CrossRef] [PubMed]

Villa, C.; Costa, ].; Mafra, I. First nanoplate digital PCR method to trace allergenic foods: Improved sensitivity for the detection of
sesame. Food Chem. 2024, 444, 138650. [CrossRef]

Tan, L.L.; Loganathan, N.; Agarwalla, S.; Yang, C.; Yuan, W.; Zeng, J.; Wu, R.; Wang, W.; Duraiswamy, S. Current commercial
dPCR platforms: Technology and market review. Crit. Rev. Biotechnol. 2023, 43, 433-464. [CrossRef]

Wang, K.; Li, B.; Guo, Y.; Wu, Y,; Li, Y.; Wu, W. An integrated digital PCR system with high universality and low cost for nucleic
acid detection. Front. Bioeng. Biotechnol. 2022, 10, 947895. [CrossRef]

Tong, Y.; Shen, S.; Jiang, H.; Chen, Z. Application of Digital PCR in Detecting Human Diseases Associated Gene Mutation. Cell
Physiol. Biochem. 2017, 43, 1718-1730. [CrossRef]

Li, Y.Q.; Tan, G.J.; Zhou, Y.Q. Digital PCR and its applications in noninvasive prenatal testing. Brief. Funct. Genom. 2022, 21,
376-386. [CrossRef]

Shekhawat, D.S.; Sharma, C.; Singh, K.; Singh, P.; Bhardwaj, A.; Patwa, P. Critical appraisal of droplet digital polymerase chain
reaction application for noninvasive prenatal testing. Congenit. Anom. 2022, 62, 188-197. [CrossRef] [PubMed]

Ding, S.C.; Lo, YM.D. Cell-Free DNA Fragmentomics in Liquid Biopsy. Diagnostics 2022, 12, 978. [CrossRef] [PubMed]

Stanley, K.E.; Jatsenko, T.; Tuveri, S.; Sudhakaran, D.; Lannoo, L.; Van Calsteren, K.; de Borre, M.; Van Parijs, I.; Van Coillie, L.;
Van Den Bogaert, K.; et al. Cell type signatures in cell-free DNA fragmentation profiles reveal disease biology. Nat. Commun.
2024, 15, 2220. [CrossRef] [PubMed]

An, Y,; Zhao, X.; Zhang, Z.; Xia, Z.; Yang, M.; Ma, L.; Zhao, Y.; Xu, G.; Du, S.; Wu, X,; et al. DNA methylation analysis explores the
molecular basis of plasma cell-free DNA fragmentation. Nat. Commun. 2023, 14, 287. [CrossRef] [PubMed]

Qi, T.,; Pan, M,; Shi, H.; Wang, L.; Bai, Y.; Ge, Q. Cell-Free DNA Fragmentomics: The Novel Promising Biomarker. Int. |. Mol. Sci.
2023, 24, 1503. [CrossRef]

Han, D.S.C.; Ni, M.; Chan, RW.Y,; Chan, VW.H.; Lui, K.O.; Chiu, RW.K,; Lo, YM.D. The Biology of Cell-free DNA Fragmentation
and the Roles of DNASE1, DNASE1L3, and DFFB. Am. |. Hum. Genet. 2020, 106, 202-214. [CrossRef]

Jiang, P; Xie, T.; Ding, S.C.; Zhou, Z.; Cheng, S.H.; Chan, RW.Y.; Lee, W.S.; Peng, W.; Wong, ].; Wong, VW.S,; et al. Detection and
characterization of jagged ends of double-stranded DNA in plasma. Genome Res. 2020, 30, 1144-1153. [CrossRef]

Bai, K.; Lee, C.L; Liu, X; Li, J.; Cao, D.; Zhang, L.; Hu, D.; Li, H.; Hou, Y,; Xu, Y.; et al. Human placental exosomes induce
maternal systemic immune tolerance by reprogramming circulating monocytes. J. Nanobiotechnol. 2022, 20, 86. [CrossRef]

Yuen, N.; Lemaire, M.; Wilson, S.L. Cell-free placental DNA: What do we really know? PLoS Genet. 2024, 20, €1011484. [CrossRef]
Bronkhorst, A.J.; Holdenrieder, S. A pocket companion to cell-free DNA (cfDNA) preanalytics. Tumour Biol. 2024, 46, S297-5308.
[CrossRef] [PubMed]

Diaz, LM.; Nocon, A.; Held, S.A.E.; Kobilay, M.; Skowasch, D.; Bronkhorst, A.].; Ungerer, V.; Fredebohm, J.; Diehl, F.; Holdenrieder,
S.; et al. Pre-Analytical Evaluation of Streck Cell-Free DNA Blood Collection Tubes for Liquid Profiling in Oncology. Diagnostics
2023, 13, 1288. [CrossRef] [PubMed]

Krasic, J.; Abramovic, I; Vrtaric, A.; Nikolac Gabaj, N.; Kralik-Oguic, S.; Katusic Bojanac, A.; Jezek, D.; Sincic, N. Impact of
Preanalytical and Analytical Methods on Cell-Free DNA Diagnostics. Front. Cell Dev. Biol. 2021, 9, 686149. [CrossRef] [PubMed]
Peng, H.; Pan, M.; Zhou, Z.; Chen, C.; Xing, X.; Cheng, S.; Zhang, S.; Zheng, H.; Qian, K. The impact of preanalytical variables on
the analysis of cell-free DNA from blood and urine samples. Front. Cell Dev. Biol. 2024, 12, 1385041. [CrossRef] [PubMed]

Luo, J.; Wang, S.; Zhang, S.; He, Y.; Li, S.; Han, J.; Xu, M.; Deng, G. Performance of ImproGene Cell-Free DNA Tubes for
Stabilization and Analysis of cfDNA in Blood Samples. Fetal Pediatr. Pathol. 2022, 41, 771-780. [CrossRef]

Wreczycka, K.; Gosdschan, A.; Yusuf, D.; Gruning, B.; Assenov, Y.; Akalin, A. Strategies for analyzing bisulfite sequencing data. J.
Biotechnol. 2017, 261, 105-115. [CrossRef] [PubMed]


https://doi.org/10.1186/s13039-019-0459-8
https://doi.org/10.3389/fgene.2020.00280
https://www.ncbi.nlm.nih.gov/pubmed/32273885
https://doi.org/10.1073/pnas.96.16.9236
https://www.ncbi.nlm.nih.gov/pubmed/10430926
https://doi.org/10.1021/ac202028g
https://www.ncbi.nlm.nih.gov/pubmed/22035192
https://doi.org/10.3390/diagnostics14090931
https://www.ncbi.nlm.nih.gov/pubmed/38732345
https://doi.org/10.1007/s40291-021-00562-2
https://doi.org/10.1021/ac0709394
https://www.ncbi.nlm.nih.gov/pubmed/17715994
https://doi.org/10.1016/j.foodchem.2024.138650
https://doi.org/10.1080/07388551.2022.2037503
https://doi.org/10.3389/fbioe.2022.947895
https://doi.org/10.1159/000484035
https://doi.org/10.1093/bfgp/elac024
https://doi.org/10.1111/cga.12481
https://www.ncbi.nlm.nih.gov/pubmed/35662261
https://doi.org/10.3390/diagnostics12040978
https://www.ncbi.nlm.nih.gov/pubmed/35454026
https://doi.org/10.1038/s41467-024-46435-0
https://www.ncbi.nlm.nih.gov/pubmed/38472221
https://doi.org/10.1038/s41467-023-35959-6
https://www.ncbi.nlm.nih.gov/pubmed/36653380
https://doi.org/10.3390/ijms24021503
https://doi.org/10.1016/j.ajhg.2020.01.008
https://doi.org/10.1101/gr.261396.120
https://doi.org/10.1186/s12951-022-01283-2
https://doi.org/10.1371/journal.pgen.1011484
https://doi.org/10.3233/TUB-230011
https://www.ncbi.nlm.nih.gov/pubmed/37840517
https://doi.org/10.3390/diagnostics13071288
https://www.ncbi.nlm.nih.gov/pubmed/37046506
https://doi.org/10.3389/fcell.2021.686149
https://www.ncbi.nlm.nih.gov/pubmed/34552921
https://doi.org/10.3389/fcell.2024.1385041
https://www.ncbi.nlm.nih.gov/pubmed/38784382
https://doi.org/10.1080/15513815.2021.1979143
https://doi.org/10.1016/j.jbiotec.2017.08.007
https://www.ncbi.nlm.nih.gov/pubmed/28822795

Biomolecules 2025, 15, 360 28 of 33

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Satam, H.; Joshi, K.; Mangrolia, U.; Waghoo, S.; Zaidi, G.; Rawool, S.; Thakare, R.P.; Banday, S.; Mishra, A.K,; Das, G.; et al.
Next-Generation Sequencing Technology: Current Trends and Advancements. Biology 2023, 12, 997. [CrossRef]

Chan, K.C.; Ding, C.; Gerovassili, A.; Yeung, SW.; Chiu, RW.; Leung, T.N.; Lau, TK,; Chim, S.S.; Chung, G.T.; Nicolaides, K.H.;
et al. Hypermethylated RASSF1A in maternal plasma: A universal fetal DNA marker that improves the reliability of noninvasive
prenatal diagnosis. Clin. Chem. 2006, 52, 2211-2218. [CrossRef]

Lo, YM.; Zhang, ].; Leung, T.N.; Lau, TK.; Chang, A.M.; Hjelm, N.M. Rapid clearance of fetal DNA from maternal plasma. Am. .
Hum. Genet. 1999, 64, 218-224. [CrossRef]

Chiu, RWK.; Lo, YM.D. Cell-free fetal DNA coming in all sizes and shapes. Prenat. Diagn. 2021, 41, 1193-1201. [CrossRef]
Schneider, L.; Tripathi, A. Sequence to size-based separation using microfluidic electrophoresis for targeted cell-free DNA analysis.
Anal. Biochem. 2022, 649, 114691. [CrossRef] [PubMed]

Breveglieri, G.; D’Aversa, E.; Finotti, A.; Borgatti, M. Non-Invasive Prenatal Testing Using Fetal DNA. Mol. Diagn. Ther. 2019, 23,
291-299. [CrossRef] [PubMed]

Tsang, ].C.H.; Vong, ].S.L.; Ji, L.; Poon, L.C.Y,; Jiang, P; Lui, K.O.; Ni, Y.B.; To, K.E; Cheng, YK.Y.; Chiu, RW.K,; et al. Integrative
single-cell and cell-free plasma RNA transcriptomics elucidates placental cellular dynamics. Proc. Natl. Acad. Sci. USA 2017, 114,
E7786-E7795. [CrossRef] [PubMed]

Taglauer, E.S.; Wilkins-Haug, L.; Bianchi, D.W. Review: Cell-free fetal DNA in the maternal circulation as an indication of
placental health and disease. Placenta. 2014, 35, S64-5S68. [CrossRef] [PubMed]

Farah, O.; Nguyen, C.; Tekkatte, C.; Parast, M.M. Trophoblast lineage-specific differentiation and associated alterations in
preeclampsia and fetal growth restriction. Placenta 2020, 102, 4-9. [CrossRef]

Bouvier, S.; Mousty, E.; Fortier, M.; Demattei, C.; Mercier, E.; Nouvellon, E.; Chea, M.; Grosjean, F.; Letouzey, V.; Gris, J.C.
Placenta-mediated complications: Nucleosomes and free DNA concentrations differ depending on subtypes. J. Thromb. Haemost.
2020, 18, 3371-3380. [CrossRef]

Neofytou, M. Predicting fetoplacental mosaicism during cfDNA-based NIPT. Curr. Opin. Obs. Gynecol. 2020, 32, 152-158.
[CrossRef]

Pittalis, M.C.; Dalpra, L.; Torricelli, F; Rizzo, N.; Nocera, G.; Cariati, E.; Santarini, L.; Tibiletti, M.G.; Agosti, S.; Bovicelli, L.; et al.
The predictive value of cytogenetic diagnosis after CVS based on 4860 cases with both direct and culture methods. Prenat Diagn.
1994, 14, 267-278. [CrossRef]

Levy, B.; Hoffmann, E.R.; McCoy, R.C.; Grati, ER. Chromosomal mosaicism: Origins and clinical implications in preimplantation
and prenatal diagnosis. Prenat. Diagn. 2021, 41, 631-641. [CrossRef]

Eggenhuizen, G.M.; Go, A.T.; Sauter, Z.; Hoffer, M.].; Haak, M.C.; Geeven, G.; Diderich, K.E.; Joosten, M.; van den Born, M;
Srebniak, MLI. The role of confined placental mosaicism in fetal growth restriction: A retrospective cohort study. Prenat. Diagn.
2024, 44, 289-296. [CrossRef]

Grati, ER. Implications of fetoplacental mosaicism on cell-free DNA testing: A review of a common biological phenomenon.
Ultrasound Obs. Gynecol. 2016, 48, 415-423. [CrossRef] [PubMed]

Chang, J.; Qi, Q.; Zhou, X,; Jiang, Y.; Hao, N.; Liu, J. Factors associated with test failure in pregnant women undergoing cell-free
DNA-based testing for fetal trisomy. J. Med. Screen. 2021, 28, 411-418. [CrossRef] [PubMed]

Zaki-Dizaji, M.; Shafiee, A.; Kohandel Gargari, O.; Fathi, H.; Heidary, Z. Maternal and Fetal Factors Affecting Cell-Free Fetal
DNA (cffDNA) Fraction: A Systematic Review. J. Reprod. Infertil. 2023, 24, 219-231. [CrossRef]

Hou, Y,; Yang, J.; Deng, F.; Wang, F.; Peng, H.; Guo, E;; Wang, D.; Yin, A. Association between cell-free DNA fetal fraction and
pregnant character: A retrospective cohort study of 27,793 maternal plasmas. Sci. Rep. 2023, 13, 11420. [CrossRef]

Stupak, A.; Kwasniewski, W.; Gozdzicka-Jozefiak, A.; Kwasniewska, A. The Influence of Maternal Obesity on Cell-Free Fetal
DNA and Blood Pressure Regulation in Pregnancies with Hypertensive Disorders. Medicina 2021, 57, 962. [CrossRef] [PubMed]
Wu, C,; Li, L,; Zhang, ]J.; Song, Y. Efficacy and safety of low-dose aspirin combined with low-molecular-weight heparin in
treatment of preeclampsia: A meta-analysis and systematic review. Arch. Med. Sci. 2022, 18, 1525-1534. [CrossRef] [PubMed]
Burns, W.; Koelper, N.; Barberio, A.; Deagostino-Kelly, M.; Mennuti, M.; Sammel, M.D.; Dugoff, L. The association between
anticoagulation therapy, maternal characteristics, and a failed cfDNA test due to a low fetal fraction. Prenat. Diagn. 2017, 37,
1125-1129. [CrossRef] [PubMed]

Gromminger, S.; Erkan, S.; Schock, U.; Stangier, K.; Bonnet, J.; Schloo, R.; Schubert, A.; Prott, E.C.; Knoll, U.; Stumm, M.; et al. The
influence of low molecular weight heparin medication on plasma DNA in pregnant women. Prenat. Diagn. 2015, 35, 1155-1157.
[CrossRef]

Rink, B.D.; Stevens, B.K.; Norton, M.E. Incidental Detection of Maternal Malignancy by Fetal Cell-Free DNA Screening. Obs.
Gynecol. 2022, 140, 121-131. [CrossRef]

Schwaerzler, P. Controversies in Pregnancy Management after Prenatal Diagnosis of a Twin Pregnancy Discordant for Trisomy 21
Diagnosed by Cell-Free Fetal DNA Testing. SOJ Gynecol. Obstet. Women’s Health 2017, 3, 1-3. [CrossRef]


https://doi.org/10.3390/biology12070997
https://doi.org/10.1373/clinchem.2006.074997
https://doi.org/10.1086/302205
https://doi.org/10.1002/pd.5952
https://doi.org/10.1016/j.ab.2022.114691
https://www.ncbi.nlm.nih.gov/pubmed/35526559
https://doi.org/10.1007/s40291-019-00385-2
https://www.ncbi.nlm.nih.gov/pubmed/30712216
https://doi.org/10.1073/pnas.1710470114
https://www.ncbi.nlm.nih.gov/pubmed/28830992
https://doi.org/10.1016/j.placenta.2013.11.014
https://www.ncbi.nlm.nih.gov/pubmed/24388429
https://doi.org/10.1016/j.placenta.2020.02.007
https://doi.org/10.1111/jth.15105
https://doi.org/10.1097/GCO.0000000000000610
https://doi.org/10.1002/pd.1970140406
https://doi.org/10.1002/pd.5931
https://doi.org/10.1002/pd.6533
https://doi.org/10.1002/uog.15975
https://www.ncbi.nlm.nih.gov/pubmed/27240559
https://doi.org/10.1177/09691413211009940
https://www.ncbi.nlm.nih.gov/pubmed/33884933
https://doi.org/10.18502/jri.v24i4.14149
https://doi.org/10.1038/s41598-023-38151-4
https://doi.org/10.3390/medicina57090962
https://www.ncbi.nlm.nih.gov/pubmed/34577885
https://doi.org/10.5114/aoms/136518
https://www.ncbi.nlm.nih.gov/pubmed/36457979
https://doi.org/10.1002/pd.5152
https://www.ncbi.nlm.nih.gov/pubmed/28881030
https://doi.org/10.1002/pd.4668
https://doi.org/10.1097/AOG.0000000000004833
https://doi.org/10.15226/2381-2915/3/2/00122

Biomolecules 2025, 15, 360 29 of 33

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Wang, E.; Batey, A.; Struble, C.; Musci, T.; Song, K.; Oliphant, A. Gestational age and maternal weight effects on fetal cell-free
DNA in maternal plasma. Prenat. Diagn. 2013, 33, 662—666. [CrossRef] [PubMed]

Hudecova, I; Sahota, D.; Heung, M.M,; Jin, Y.; Lee, W.S; Leung, T.Y.; Lo, YM.; Chiu, R.W. Maternal plasma fetal DNA fractions
in pregnancies with low and high risks for fetal chromosomal aneuploidies. PLoS ONE 2014, 9, e88484. [CrossRef]

Findley, T.O.; Parchem, J.G.; Ramdaney, A.; Morton, S.U. Challenges in the clinical understanding of genetic testing in birth
defects and pediatric diseases. Transl. Pediatr. 2023, 12, 1028-1040. [CrossRef] [PubMed]

Wongkrajang, P.; Jittikoon, J.; Sangroongruangsri, S.; Talungchit, P.; Ruangvutilert, P.; Panchalee, T.; Chaikledkaew, U. Prenatal
screening tests and prevalence of fetal aneuploidies in a tertiary hospital in Thailand. PLoS ONE 2023, 18, e0284829. [CrossRef]
Praikaew, P; Traisrisilp, K.; Wanapirak, C.; Sekararithi, R.; Tongsong, T. Ethnicity-Specific Normative Models of Quadruple Test
as a Screening Test for Down Syndrome. Medicina 2021, 57, 651. [CrossRef] [PubMed]

Chen, Y.; Ning, W.; Shi, Y.; Chen, Y.; Zhang, W.; Li, L.; Wang, X. Maternal prenatal screening programs that predict trisomy 21,
trisomy 18, and neural tube defects in offspring. PLoS ONE 2023, 18, €0281201. [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] [PubMed]

Jensen, T.J.; Zwiefelhofer, T.; Tim, R.C.; Dzakula, Z.; Kim, S.K.; Mazloom, A.R.; Zhu, Z.; Tynan, J.; Lu, T.; McLennan, G.; et al.
High-throughput massively parallel sequencing for fetal aneuploidy detection from maternal plasma. PLoS ONE 2013, 8, e57381.
[CrossRef] [PubMed]

Lu, YS.; Chen, Y.Y;; Ding, S.Y.; Zeng, L.; Shi, L.C.; Li, Y.J.; Zhang, ].].; Fu, J.; Zhou, S.H.; He, ]. Performance analysis of non-invasive
prenatal testing for trisomy 13, 18, and 21: A large-scale retrospective study (2018-2021). Heliyon 2024, 10, e33437. [CrossRef]
Li, C.; Xiong, M.; Zhan, Y.; Zhang, J.; Qiao, G.; Li, J.; Yang, H. Clinical Potential of Expanded Noninvasive Prenatal Testing for
Detection of Aneuploidies and Microdeletion/Microduplication Syndromes. Mol. Diagn. Ther. 2023, 27, 769-779. [CrossRef]
Zheng, J.; Lu, H,; Li, M,; Guan, Y.; Yang, F.; Xu, M.; Dong, J.; Zhang, Q.; An, N.; Zhou, Y. The Clinical Utility of Non-invasive
Prenatal Testing for Pregnant Women With Different Diagnostic Indications. Front. Genet. 2020, 11, 624. [CrossRef] [PubMed]
Parsaei, M.; Dashtkoohi, M.; Salmani, T.A.; Najafi, M.S.; Haddadi, M.; Ghaemi, M.; Hantoushzadeh, S. Potential efficacy of digital
polymerase chain reaction for non-invasive prenatal screening of autosomal aneuploidies: A systematic review and meta-analysis.
BMC Pregnancy Childbirth 2024, 24, 472. [CrossRef] [PubMed]

Dai, P; Yang, Y.; Zhao, G.; Gu, Z.; Ren, H.; Hu, S.; Liu, N; Jiao, W.; Li, J.; Kong, X. A dPCR-NIPT assay for detections of trisomies
21, 18 and 13 in a single-tube reaction-could it replace serum biochemical tests as a primary maternal plasma screening tool? J.
Transl. Med. 2022, 20, 269. [CrossRef] [PubMed]

Bayon, J.C.; Orruno, E.; Portillo, M.L; Asua, J. The consequences of implementing non-invasive prenatal testing with cell-free
foetal DNA for the detection of Down syndrome in the Spanish National Health Service: A cost-effectiveness analysis. Cost. Eff.
Resour. Alloc. 2019, 17, 6. [CrossRef] [PubMed]

Zhang, W.; Mohammadi, T.; Sou, J.; Anis, A.H. Cost-effectiveness of prenatal screening and diagnostic strategies for Down
syndrome: A microsimulation modeling analysis. PLoS ONE 2019, 14, e0225281. [CrossRef]

Shang, W.; Wan, Y.; Chen, ].; Du, Y.; Huang, J. Introducing the non-invasive prenatal testing for detection of Down syndrome in
China: A cost-effectiveness analysis. BM] Open 2021, 11, e046582. [CrossRef]

El Khattabi, L.A.; Rouillac-Le Sciellour, C.; Le Tessier, D.; Luscan, A.; Coustier, A.; Porcher, R.; Bhouri, R.; Nectoux, J.; Serazin, V.;
Quibel, T,; et al. Could Digital PCR Be an Alternative as a Non-Invasive Prenatal Test for Trisomy 21: A Proof of Concept Study.
PLoS ONE 2016, 11, e0155009. [CrossRef]

Wei, X.; Lv, W.; Tan, H.; Liang, D.; Wu, L. Development and validation of a haplotype-free technique for non-invasive prenatal
diagnosis of spinal muscular atrophy. J. Clin. Lab. Anal. 2020, 34, €23046. [CrossRef]

Evans, M.L; Sonek, ].D.; Hallahan, T.W.; Krantz, D.A. Cell-free fetal DNA screening in the USA: A cost analysis of screening
strategies. Ultrasound Obs. Gynecol. 2015, 45, 74-83. [CrossRef]

Hu, L,; Liang, F; Cheng, D.; Zhang, Z; Yu, G.; Zha, ].; Wang, Y.; Xia, Q.; Yuan, D.; Tan, Y;; et al. Location of Balanced Chromosome-
Translocation Breakpoints by Long-Read Sequencing on the Oxford Nanopore Platform. Front. Genet. 2019, 10, 1313. [CrossRef]
Rausch, T.; Zichner, T.; Schlattl, A.; Stutz, A.M.; Benes, V.; Korbel, ].O. DELLY: Structural variant discovery by integrated
paired-end and split-read analysis. Bioinformatics 2012, 28, i333-i339. [CrossRef] [PubMed]

Schuler, B.A.; Nelson, E.T.; Koziura, M.; Cogan, ].D.; Hamid, R.; Phillips, J.A., 3rd. Lessons learned: Next-generation sequencing
applied to undiagnosed genetic diseases. J. Clin. Investig. 2022, 132, e154942. [CrossRef] [PubMed]

Wenger, A.M.; Peluso, P.; Rowell, W.J.; Chang, P.C.; Hall, R.].; Concepcion, G.T.; Ebler, J.; Fungtammasan, A.; Kolesnikov, A.;
Olson, N.D.; et al. Accurate circular consensus long-read sequencing improves variant detection and assembly of a human
genome. Nat. Biotechnol. 2019, 37, 1155-1162. [CrossRef] [PubMed]


https://doi.org/10.1002/pd.4119
https://www.ncbi.nlm.nih.gov/pubmed/23553731
https://doi.org/10.1371/journal.pone.0088484
https://doi.org/10.21037/tp-23-54
https://www.ncbi.nlm.nih.gov/pubmed/37305724
https://doi.org/10.1371/journal.pone.0284829
https://doi.org/10.3390/medicina57070651
https://www.ncbi.nlm.nih.gov/pubmed/34202807
https://doi.org/10.1371/journal.pone.0281201
https://doi.org/10.1186/s40246-020-00268-2
https://www.ncbi.nlm.nih.gov/pubmed/32503639
https://doi.org/10.1371/journal.pone.0057381
https://www.ncbi.nlm.nih.gov/pubmed/23483908
https://doi.org/10.1016/j.heliyon.2024.e33437
https://doi.org/10.1007/s40291-023-00674-x
https://doi.org/10.3389/fgene.2020.00624
https://www.ncbi.nlm.nih.gov/pubmed/32695138
https://doi.org/10.1186/s12884-024-06655-0
https://www.ncbi.nlm.nih.gov/pubmed/38992581
https://doi.org/10.1186/s12967-022-03455-y
https://www.ncbi.nlm.nih.gov/pubmed/35706031
https://doi.org/10.1186/s12962-019-0173-8
https://www.ncbi.nlm.nih.gov/pubmed/30867656
https://doi.org/10.1371/journal.pone.0225281
https://doi.org/10.1136/bmjopen-2020-046582
https://doi.org/10.1371/journal.pone.0155009
https://doi.org/10.1002/jcla.23046
https://doi.org/10.1002/uog.14693
https://doi.org/10.3389/fgene.2019.01313
https://doi.org/10.1093/bioinformatics/bts378
https://www.ncbi.nlm.nih.gov/pubmed/22962449
https://doi.org/10.1172/JCI154942
https://www.ncbi.nlm.nih.gov/pubmed/35362483
https://doi.org/10.1038/s41587-019-0217-9
https://www.ncbi.nlm.nih.gov/pubmed/31406327

Biomolecules 2025, 15, 360 30 of 33

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Lincoln, S.E.; Hambuch, T.; Zook, ].M.; Bristow, S.L.; Hatchell, K.; Truty, R.; Kennemer, M.; Shirts, B.H.; Fellowes, A.; Chowdhury,
S.; et al. One in seven pathogenic variants can be challenging to detect by NGS: An analysis of 450,000 patients with implications
for clinical sensitivity and genetic test implementation. Genet. Med. 2021, 23, 1673-1680. [CrossRef]

La Cognata, V.; Cavallaro, S. Detection of Structural Variants by NGS: Revealing Missing Alleles in Lysosomal Storage Diseases.
Biomedicines 2022, 10, 1836. [CrossRef] [PubMed]

Hiatt, S.M.; Lawlor, ]. M.].; Handley, L.H.; Latner, D.R.; Bonnstetter, Z.T.; Finnila, C.R.; Thompson, M.L.; Boston, L.B.; Williams, M.;
Rodriguez Nunez, I; et al. Long-read genome sequencing and variant reanalysis increase diagnostic yield in neurodevelopmental
disorders. Genome Res. 2024, 34, 1747-1762. [CrossRef]

Newman, S.; Hermetz, K.E.; Weckselblatt, B.; Rudd, M.K. Next-generation sequencing of duplication CNVs reveals that most are
tandem and some create fusion genes at breakpoints. Am. J. Hum. Genet. 2015, 96, 208-220. [CrossRef]

Quan, PL.; Sauzade, M.; Brouzes, E. dPCR: A Technology Review. Sensors 2018, 18, 1271. [CrossRef]

Tamura, T.; Imaizumi, T.; Shimojima Yamamoto, K.; Yamamoto, T. Genomic Copy Number Analysis Using Droplet Digital PCR:
A Simple Method with EvaGreen Single-Color Fluorescent Design. Methods Mol. Biol. 2024, 2794, 293-304. [CrossRef]
Wainman, L.M.; Sathyanarayana, S.H.; Lefferts, ].A. Applications of Digital Polymerase Chain Reaction (dPCR) in Molecular and
Clinical Testing. J. Appl. Lab. Med. 2024, 9, 124-137. [CrossRef]

Shestak, A.G.; Bukaeva, A.A.; Saber, S.; Zaklyazminskaya, E.V. Allelic Dropout Is a Common Phenomenon That Reduces the
Diagnostic Yield of PCR-Based Sequencing of Targeted Gene Panels. Front. Genet. 2021, 12, 620337. [CrossRef] [PubMed]
Zaytseva, M.; Usman, N.; Salnikova, E.; Sanakoeva, A.; Valiakhmetova, A.; Chervova, A.; Papusha, L.; Novichkova, G.; Druy, A.
Methodological Challenges of Digital PCR Detection of the Histone H3 K27M Somatic Variant in Cerebrospinal Fluid. Pathol.
Oncol. Res. 2022, 28, 1610024. [CrossRef] [PubMed]

Hou, Y.; Chen, S.; Zheng, Y.; Zheng, X.; Lin, J.-M. Droplet-based digital PCR (ddPCR) and its applications. TrAC Trends Anal.
Chem. 2023, 158, 116897. [CrossRef]

Ren, Y.; Ji, J.; Zhang, H.; Cao, L.; Hu, J; Xu, E; Li, Z. A three-in-one microfluidic droplet digital PCR platform for absolute
quantitative analysis of DNA. Lab. Chip. 2023, 23, 2521-2530. [CrossRef] [PubMed]

Ding, Y.; Howes, PD.; deMello, A.]J. Recent Advances in Droplet Microfluidics. Anal. Chem. 2020, 92, 132-149. [CrossRef]
Jennings, L.J.; George, D.; Czech, J.; Yu, M.; Joseph, L. Detection and quantification of BCR-ABL1 fusion transcripts by droplet
digital PCR. J. Mol. Diagn. 2014, 16, 174-179. [CrossRef] [PubMed]

Gou, T;; Hu, J.; Wu, W,; Ding, X.; Zhou, S.; Fang, W.; Mu, Y. Smartphone-based mobile digital PCR device for DNA quantitative
analysis with high accuracy. Biosens. Bioelectron. 2018, 120, 144-152. [CrossRef]

Madic, J.; Zocevic, A.; Senlis, V.; Fradet, E.; Andre, B.; Muller, S.; Dangla, R.; Droniou, M.E. Three-color crystal digital PCR. Biormol.
Detect. Quantif. 2016, 10, 34—46. [CrossRef] [PubMed]

Lo, YM.; Lun, EM.; Chan, K.C.; Tsui, N.B.; Chong, K.C.; Lau, TK.; Leung, T.Y.; Zee, B.C.; Cantor, C.R.; Chiu, R.W. Digital PCR for
the molecular detection of fetal chromosomal aneuploidy. Proc. Natl. Acad. Sci. USA 2007, 104, 13116-13121. [CrossRef]

Lun, EM.; Chiu, RW,; Chan, K.C.; Leung, T.Y,; Lau, TK,; Lo, Y.M. Microfluidics digital PCR reveals a higher than expected
fraction of fetal DNA in maternal plasma. Clin. Chem. 2008, 54, 1664-1672. [CrossRef]

Xu, S.; Zou, B.; Xiang, Z.; Miao, M.; Song, Q.; Huang, H.; Wu, H.; Zhou, G. Non-invasive prenatal detection of trisomy 21 by
quantifying segmental duplication in maternal plasma with digital PCR. Anal. Methods 2016, 8, 2138-2143. [CrossRef]

Li, W; Qian, L.; Qian, F; Yu, X,; Yang, Z.; Wu, M. Application of droplet digital PCR for prenatal screening of Down syndrome.
Clin. Exp. Obstet. Gynecol. 2018, 45, 231-236. [CrossRef]

Lee, S.Y.; Shim, S.H.; Youn, J.-P.,; Kim, S.J.; Kim, J.H.; Jung, S.A.; Choi, H.J.; Oh, M.].; Lee, K.-R.; Cha, D.H.; et al. New application
methods for chromosomal abnormalities screening test using digital PCR. BioChip |. 2015, 9, 339-352. [CrossRef]

Lee, S.Y;; Kim, S.J.; Han, S.H.; Park, J.S.; Choi, H.].; Ahn, ].].; Oh, M.]; Shim, S.H.; Cha, D.H.; Hwang, S.Y. A new approach of
digital PCR system for non-invasive prenatal screening of trisomy 21. Clin. Chim. Acta 2018, 476, 75-80. [CrossRef] [PubMed]
Tan, C.; Chen, X.; Wang, F.; Wang, D.; Cao, Z.; Zhu, X,; Lu, C.; Yang, W.; Gao, N.; Gao, H.; et al. A multiplex droplet digital PCR
assay for non-invasive prenatal testing of fetal aneuploidies. Analyst 2019, 144, 2239-2247. [CrossRef]

Haidong, W.; Zhijie, Y.; Picchiassi, E.; Tarquini, E; Coata, G.; You, W.; Youxiang, W.; Yu, C.; Di Renzo, G.C. Non-invasive prenatal
testing of fetal aneuploidies using a new method based on digital droplet PCR and cell free fetal DNA. medRxiv, 2020. [CrossRef]
Chen, X,; Li, Y.; Huang, Q.; Lin, X.; Wang, X.; Wang, Y; Liu, Y.; He, Q.; Liu, Y.; Wang, T.; et al. Segmental duplication as potential
biomarkers for non-invasive prenatal testing of aneuploidies. EBioMedicine 2021, 70, 103535. [CrossRef] [PubMed]

Ramesh, M.; Warczak, T.; Dzvova, N.; Abayan, R.; Gencoglu, M.; Riel, T.; Henriquez, A.; Markose, P.; Loomis, K.; Mikhaylichenko,
O,; etal. P626: A novel, iteratively designed and highly multiplexed droplet digital PCR assay for non-invasive prenatal screening.
Genet. Med. Open 2023, 1, 100682. [CrossRef]

Lassakova, S.; Senkyrik, P.; Pazourkova, E.; Horinek, A.; Calda, P,; Brestak, M.; Svetnicova, K.; Neuzil, P.; Korabecna, M. Rapid
non-invasive prenatal screening test for trisomy 21 based on digital droplet PCR. Sci. Rep. 2023, 13, 22948. [CrossRef]


https://doi.org/10.1038/s41436-021-01187-w
https://doi.org/10.3390/biomedicines10081836
https://www.ncbi.nlm.nih.gov/pubmed/36009380
https://doi.org/10.1101/gr.279227.124
https://doi.org/10.1016/j.ajhg.2014.12.017
https://doi.org/10.3390/s18041271
https://doi.org/10.1007/978-1-0716-3810-1_24
https://doi.org/10.1093/jalm/jfad103
https://doi.org/10.3389/fgene.2021.620337
https://www.ncbi.nlm.nih.gov/pubmed/33633783
https://doi.org/10.3389/pore.2022.1610024
https://www.ncbi.nlm.nih.gov/pubmed/35498161
https://doi.org/10.1016/j.trac.2022.116897
https://doi.org/10.1039/D3LC00107E
https://www.ncbi.nlm.nih.gov/pubmed/37183971
https://doi.org/10.1021/acs.analchem.9b05047
https://doi.org/10.1016/j.jmoldx.2013.10.007
https://www.ncbi.nlm.nih.gov/pubmed/24389534
https://doi.org/10.1016/j.bios.2018.08.030
https://doi.org/10.1016/j.bdq.2016.10.002
https://www.ncbi.nlm.nih.gov/pubmed/27990348
https://doi.org/10.1073/pnas.0705765104
https://doi.org/10.1373/clinchem.2008.111385
https://doi.org/10.1039/C6AY00122J
https://doi.org/10.12891/ceog4101.2018
https://doi.org/10.1007/s13206-015-9410-1
https://doi.org/10.1016/j.cca.2017.11.015
https://www.ncbi.nlm.nih.gov/pubmed/29170101
https://doi.org/10.1039/C8AN02018C
https://doi.org/10.1101/2020.12.19.20248553
https://doi.org/10.1016/j.ebiom.2021.103535
https://www.ncbi.nlm.nih.gov/pubmed/34391089
https://doi.org/10.1016/j.gimo.2023.100682
https://doi.org/10.1038/s41598-023-50330-x

Biomolecules 2025, 15, 360 31 of 33

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

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]

Cillo, F.,; Coppola, E.; Habetswallner, E; Cecere, F,; Pignata, L.; Toriello, E.; De Rosa, A.; Grilli, L.; Ammendola, A.; Salerno, P; et al.
Understanding the Variability of 22q11.2 Deletion Syndrome: The Role of Epigenetic Factors. Genes. 2024, 15, 321. [CrossRef]
Iordanescu, LI.; Catana, A.; Cuzmici, Z.B.; Chelu, I.; Dragomir, C.; Militaru, M.; Severin, E.; Militaru, M.S. Microduplication
and Microdeletion Syndromes Diagnosed Prenatally Using Single Nucleotide Polymorphism Array. J. Pers. Med. 2024, 14, 290.
[CrossRef] [PubMed]

Zhang, H.; Yue, F.; Zhang, X.; He, J; Jiang, Y.; Liu, R.; Yu, Y. Prenatal detection of distal 1q21.1q21.2 microduplication with
abnormal ultrasound findings: Two cases report and literature review. Medicine 2021, 100, e24227. [CrossRef] [PubMed]
Zodanu, G.K.E.; Oszlanczi, M.; Havasi, K.; Kalapos, A.; Racz, G.; Katona, M.; Ujfalusi, A.; Nagy, O.; Szell, M.; Nagy, D. Systemic
Screening for 22q11.2 Copy Number Variations in Hungarian Pediatric and Adult Patients With Congenital Heart Diseases
Identified Rare Pathogenic Patterns in the Region. Front. Genet. 2021, 12, 635480. [CrossRef] [PubMed]

Wang, J.; Wang, W.; Zhou, W.; Zhou, Y.; Zhou, L.; Wang, X.; Yu, B.; Zhang, B. Preliminary study of noninvasive prenatal screening
for 22q11.2 deletion/duplication syndrome using multiplex dPCR assay. Orphanet |. Rare Dis. 2023, 18, 278. [CrossRef] [PubMed]
Boycott, K.; Hartley, T.; Adam, S.; Bernier, F.; Chong, K.; Fernandez, B.A.; Friedman, ].M.; Geraghty, M.T.; Hume, S.; Knoppers,
B.M.; et al. The clinical application of genome-wide sequencing for monogenic diseases in Canada: Position Statement of the
Canadian College of Medical Geneticists. . Med. Genet. 2015, 52, 431-437. [CrossRef] [PubMed]

Jackson, M.E.; Baker, ].M. Hemolytic Disease of the Fetus and Newborn: Historical and Current State. Clin. Lab. Med. 2021, 41,
133-151. [CrossRef]

Patel, P; Risler, Z.; Hobbib, G. Life threatening hemorrhage in hemophilia A. Vis. |. Emerg. Med. 2023, 31, 101660. [CrossRef]
Vlachodimitropoulou, E.; Mogharbel, H.; Kuo, K.H.M.; Hwang, M.; Ward, R.; Shehata, N.; Malinowski, A.K. Pregnancy outcomes
and iron status in beta-thalassemia major and intermedia: A systematic review and meta-analysis. Blood Adv. 2024, 8, 746-757.
[CrossRef]

Lippi, G.; Mattiuzzi, C. Updated Worldwide Epidemiology of Inherited Erythrocyte Disorders. Acta Haematol. 2020, 143, 196-203.
[CrossRef]

Jaing, T.H.; Chang, T.Y.; Chen, S.H.; Lin, CW.; Wen, Y.C.; Chiu, C.C. Molecular genetics of beta-thalassemia: A narrative review.
Medicine 2021, 100, e27522. [CrossRef]

Musallam, K.M.; Lombard, L.; Kistler, K.D.; Arregui, M.; Gilroy, K.S.; Chamberlain, C.; Zagadailov, E.; Ruiz, K.; Taher, A.T.
Epidemiology of clinically significant forms of alpha- and beta-thalassemia: A global map of evidence and gaps. Am. ]. Hematol.
2023, 98, 1436-1451. [CrossRef] [PubMed]

Charoenkwan, P.; Traisrisilp, K.; Sirichotiyakul, S.; Phusua, A.; Sanguansermsri, T.; Tongsong, T. Noninvasive Prenatal Diagnosis
of Beta-Thalassemia Disease by Using Digital PCR Analysis of Cell-Free Fetal DNA in Maternal Plasma. Fetal Diagn. Ther. 2022,
49, 468-478. [CrossRef] [PubMed]

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 alpha and
beta-thalassemia. Biomed. Rep. 2021, 15, 82. [CrossRef] [PubMed]

Suwannakhon, N.; Hemvuthiphan, J.; Pangeson, T.; Mahingsa, K.; Pingyod, A.; Bumrungpakdee, W.; Sanguansermsri, T. Non-
invasive prenatal screening & diagnosis of beta-thalassaemia in an affected foetus. Indian. |. Med. Res. 2023, 157, 447-452.
[CrossRef]

D’Aversa, E.; Breveglieri, G.; Boutou, E.; Balassopoulou, A.; Voskaridou, E.; Pellegatti, P.; Guerra, G.; Scapoli, C.; Gambari, R,;
Borgatti, M. Droplet Digital PCR for Non-Invasive Prenatal Detection of Fetal Single-Gene Point Mutations in Maternal Plasma.
Int. ]. Mol. Sci. 2022, 23, 2819. [CrossRef]

Barrett, A.N.; McDonnell, T.C.; Chan, K.C.; Chitty, L.S. Digital PCR analysis of maternal plasma for noninvasive detection of
sickle cell anemia. Clin. Chem. 2012, 58, 1026-1032. [CrossRef]

Tsui, N.B.; Kadir, R.A.; Chan, K.C.; Chi, C.; Mellars, G.; Tuddenham, E.G.; Leung, T.Y.; Lau, TK.; Chiu, RW.; Lo, YM. Noninvasive
prenatal diagnosis of hemophilia by microfluidics digital PCR analysis of maternal plasma DNA. Blood 2011, 117, 3684-3691.
[CrossRef]

Hudecova, I; Jiang, P; Davies, ].; Lo, YM.D.; Kadir, R.A.; Chiu, R W.K. Noninvasive detection of F§ int22h-related inversions and
sequence variants in maternal plasma of hemophilia carriers. Blood 2017, 130, 340-347. [CrossRef]

Orhant, L.; Anselem, O.; Fradin, M.; Becker, PH.; Beugnet, C.; Deburgrave, N.; Tafuri, G.; Letourneur, F.; Goffinet, F.; Allach El
Khattabi, L.; et al. Droplet digital PCR combined with minisequencing, a new approach to analyze fetal DNA from maternal
blood: Application to the non-invasive prenatal diagnosis of achondroplasia. Prenat. Diagn. 2016, 36, 397-406. [CrossRef]


https://doi.org/10.1186/s40246-019-0198-2
https://doi.org/10.3390/genes15030321
https://doi.org/10.3390/jpm14030290
https://www.ncbi.nlm.nih.gov/pubmed/38541032
https://doi.org/10.1097/MD.0000000000024227
https://www.ncbi.nlm.nih.gov/pubmed/33429818
https://doi.org/10.3389/fgene.2021.635480
https://www.ncbi.nlm.nih.gov/pubmed/33995479
https://doi.org/10.1186/s13023-023-02903-2
https://www.ncbi.nlm.nih.gov/pubmed/37684689
https://doi.org/10.1136/jmedgenet-2015-103144
https://www.ncbi.nlm.nih.gov/pubmed/25951830
https://doi.org/10.1016/j.cll.2020.10.009
https://doi.org/10.1016/j.visj.2023.101660
https://doi.org/10.1182/bloodadvances.2023011636
https://doi.org/10.1159/000502434
https://doi.org/10.1097/MD.0000000000027522
https://doi.org/10.1002/ajh.27006
https://www.ncbi.nlm.nih.gov/pubmed/37357829
https://doi.org/10.1159/000528033
https://www.ncbi.nlm.nih.gov/pubmed/36574763
https://doi.org/10.3892/br.2021.1458
https://www.ncbi.nlm.nih.gov/pubmed/34512970
https://doi.org/10.4103/ijmr.IJMR_3226_20
https://doi.org/10.3390/ijms23052819
https://doi.org/10.1373/clinchem.2011.178939
https://doi.org/10.1182/blood-2010-10-310789
https://doi.org/10.1182/blood-2016-12-755017
https://doi.org/10.1002/pd.4790

Biomolecules 2025, 15, 360 32 of 33

131.

132.

133.

134.

135.

136.

137.

138.
139.

140.

141.

142.
143.

144.

145.

146.

147.

148.

149.
150.

151.

152.

153.

154.

155.

156.

Pacault, M.; Verebi, C.; Lopez, M.; Vaucouleur, N.; Orhant, L.; Deburgrave, N.; Leturcq, F; Vidaud, D.; Girodon, E.; Bienvenu, T.;
et al. Non-invasive prenatal diagnosis of single gene disorders by paternal mutation exclusion: 3 years of clinical experience.
BJOG 2022, 129, 1879-1886. [CrossRef]

Chang, M.Y,; Ahn, S.; Kim, M.Y; Han, ].H; Park, HR.; Seo, HK.; Yoon, J.; Lee, S.; Oh, D.Y; Kang, C.; et al. One-step noninvasive
prenatal testing (NIPT) for autosomal recessive homozygous point mutations using digital PCR. Sci. Rep. 2018, 8, 2877. [CrossRef]
[PubMed]

Gruber, A.; Pacault, M.; El Khattabi, L.A.; Vaucouleur, N.; Orhant, L.; Bienvenu, T.; Girodon, E.; Vidaud, D.; Leturcq, E; Costa,
C.; et al. Non-invasive prenatal diagnosis of paternally inherited disorders from maternal plasma: Detection of NF1 and CFTR
mutations using droplet digital PCR. Clin. Chem. Lab. Med. 2018, 56, 728-738. [CrossRef] [PubMed]

Debrand, E.; Lykoudi, A.; Bradshaw, E.; Allen, S.K. A Non-Invasive Droplet Digital PCR (ddPCR) Assay to Detect Paternal CFTR
Mutations in the Cell-Free Fetal DNA (cffDNA) of Three Pregnancies at Risk of Cystic Fibrosis via Compound Heterozygosity.
PLoS ONE 2015, 10, €0142729. [CrossRef] [PubMed]

Arishi, W.A.; Alhadrami, H.A.; Zourob, M. Techniques for the Detection of Sickle Cell Disease: A Review. Micromachines 2021, 12, 519.
[CrossRef]

Serjeant, G.R. The geography of sickle cell disease: Opportunities for understanding its diversity. Ann. Saudi Med. 1994, 14,
237-246. [CrossRef] [PubMed]

Peyvandi, F.; Kunicki, T; Lillicrap, D. Genetic sequence analysis of inherited bleeding diseases. Blood 2013, 122, 3423-3431.
[CrossRef]

Zimmerman, B.; Valentino, L.A. Hemophilia: In review. Pediatr. Rev. 2013, 34, 289-294; quiz 295. [CrossRef] [PubMed]

Liu, W,; Cao, J.; Shi, X,; Li, Y.; Qiao, F; Wu, Y. Genetic testing and diagnostic strategies of fetal skeletal dysplasia: A preliminary
study in Wuhan, China. Orphanet ]. Rare Dis. 2023, 18, 336. [CrossRef]

Tripathi, N.; Singh, A.; Agarwal, P. Worsening anasarca on a child with severe steroid-dependent nephrotic syndrome without
proteinuria: Answers. Pediatr. Nephrol. 2021, 36, 4019-4020. [CrossRef]

Savarirayan, R. Advances in the management of achondroplasia. Nat. Rev. Endocrinol. 2024, 20, 443—444. [CrossRef]

Lunn, M.R.; Wang, C.H. Spinal muscular atrophy. Lancet 2008, 371, 2120-2133. [CrossRef] [PubMed]

Tan, C; Yan, Y.,; Guo, N.; Wang, F; Wang, S.; Zhu, L.; Wang, Y.; Ma, Y.; Guo, Y. Single-Tube Multiplex Digital Polymerase Chain
Reaction Assay for Molecular Diagnosis and Prediction of Severity of Spinal Muscular Atrophy. Anal. Chem. 2022, 94, 3517-3525.
[CrossRef]

Wener, E.R.; McLennan, J.D.; Papsin, B.C.; Cushing, S.L.; Stavropoulos, D.J.; Mendoza-Londono, R.; Quercia, N.; Gordon, K.A.
Variants in Genes Associated with Hearing Loss in Children: Prevalence in a Large Canadian Cohort. Laryngoscope 2024, 134,
3832-3838. [CrossRef] [PubMed]

Fromme, M.; Schneider, C.V.; Trautwein, C.; Brunetti-Pierri, N.; Strnad, P. Alpha-1 antitrypsin deficiency: A re-surfacing adult
liver disorder. J. Hepatol. 2022, 76, 946-958. [CrossRef] [PubMed]

Zani, A.; Chung, WK_; Deprest, J.; Harting, M.T.; Jancelewicz, T.; Kunisaki, S.M.; Patel, N.; Antounians, L.; Puligandla, P.S.;
Keijzer, R. Congenital diaphragmatic hernia. Nat. Rev. Dis. Primers 2022, 8, 37. [CrossRef] [PubMed]

Pletcher, B.A.; Turcios, N.L. Pulmonary Manifestations of Genetic Disorders in Children. Pediatr. Clin. N. Am. 2021, 68, 1-24.
[CrossRef]

Lopez-Valdez, J.A.; Aguilar-Alonso, L.A.; Gandara-Quezada, V.; Ruiz-Rico, G.E.; Avila-Soledad, ].M.; Reyes, A.A.; Pedroza-
Jimenez, ED. Cystic fibrosis: Current concepts. Bol. Med. Hosp. Infant. Mex. 2021, 78, 584-596. [CrossRef]

Vgontzas, A.; Renthal, W. Introduction to Neurogenetics. Am. J. Med. 2019, 132, 142-152. [CrossRef]

Gutmann, D.H.; Ferner, R.E.; Listernick, R.H.; Korf, B.R.; Wolters, P.L.; Johnson, K.J. Neurofibromatosis type 1. Nat. Rev. Dis.
Primers 2017, 3, 17004. [CrossRef]

Ye, J.; Chen, C,; Yuan, Y.; Han, L.; Wang, Y.; Qiu, W.,; Zhang, H.; Asan; Gu, X. Haplotype-based Noninvasive Prenatal Diagnosis of
Hyperphenylalaninemia through Targeted Sequencing of Maternal Plasma. Sci. Rep. 2018, 8, 161. [CrossRef]

Han, D.S.C.; Lo, YM.D. Non-invasive prenatal testing of monogenic fetal characteristics by maternal plasmaDNAanalysis. ISBT
Sci. Ser. 2015, 10, 197-205. [CrossRef]

Tsui, W.H.A; Ding, S.C,; Jiang, P.; Lo, Y.M.D. Artificial intelligence and machine learning in cell-free-DNA-based diagnostics.
Genome Res. 2025, 35, 1-19. [CrossRef] [PubMed]

Lee, J.; Lee, S.M.; Ahn, ] M.,; Lee, T.R.; Kim, W.; Cho, E.H.; Ki, C.S. Development and performance evaluation of an artificial
intelligence algorithm using cell-free DNA fragment distance for non-invasive prenatal testing (aiD-NIPT). Front. Genet. 2022, 13,
999587. [CrossRef] [PubMed]

Liscovitch-Brauer, N.; Mesika, R.; Rabinowitz, T.; Volkov, H.; Grad, M.; Matar, R.T.; Basel-Salmon, L.; Tadmor, O.; Beker, A.;
Shomron, N. Machine learning-enhanced noninvasive prenatal testing of monogenic disorders. Prenat. Diagn. 2024, 44, 1024-1032.
[CrossRef] [PubMed]

Xu, Z.; Qiao, Y.; Tu, ]. Microfluidic Technologies for cfDNA Isolation and Analysis. Micromachines 2019, 10, 672. [CrossRef]


https://doi.org/10.1111/1471-0528.17201
https://doi.org/10.1038/s41598-018-21236-w
https://www.ncbi.nlm.nih.gov/pubmed/29440752
https://doi.org/10.1515/cclm-2017-0689
https://www.ncbi.nlm.nih.gov/pubmed/29613853
https://doi.org/10.1371/journal.pone.0142729
https://www.ncbi.nlm.nih.gov/pubmed/26561302
https://doi.org/10.3390/mi12050519
https://doi.org/10.5144/0256-4947.1994.237
https://www.ncbi.nlm.nih.gov/pubmed/17586900
https://doi.org/10.1182/blood-2013-05-505511
https://doi.org/10.1542/pir.34.7.289
https://www.ncbi.nlm.nih.gov/pubmed/23818083
https://doi.org/10.1186/s13023-023-02955-4
https://doi.org/10.1007/s00467-021-05124-6
https://doi.org/10.1038/s41574-024-00994-w
https://doi.org/10.1016/S0140-6736(08)60921-6
https://www.ncbi.nlm.nih.gov/pubmed/18572081
https://doi.org/10.1021/acs.analchem.1c04403
https://doi.org/10.1002/lary.31373
https://www.ncbi.nlm.nih.gov/pubmed/38426810
https://doi.org/10.1016/j.jhep.2021.11.022
https://www.ncbi.nlm.nih.gov/pubmed/34848258
https://doi.org/10.1038/s41572-022-00362-w
https://www.ncbi.nlm.nih.gov/pubmed/35650272
https://doi.org/10.1016/j.pcl.2020.09.010
https://doi.org/10.24875/BMHIM.20000372
https://doi.org/10.1016/j.amjmed.2018.07.041
https://doi.org/10.1038/nrdp.2017.4
https://doi.org/10.1038/s41598-017-18358-y
https://doi.org/10.1111/voxs.12131
https://doi.org/10.1101/gr.278413.123
https://www.ncbi.nlm.nih.gov/pubmed/39843210
https://doi.org/10.3389/fgene.2022.999587
https://www.ncbi.nlm.nih.gov/pubmed/36523771
https://doi.org/10.1002/pd.6570
https://www.ncbi.nlm.nih.gov/pubmed/38687007
https://doi.org/10.3390/mi10100672

Biomolecules 2025, 15, 360 33 of 33

157.

158.

159.

160.

Guo, K,; Song, Z.; Zhou, |.; Shen, B.; Yan, B.; Gu, Z.; Wang, H. An artificial intelligence-assisted digital microfluidic system for
multistate droplet control. Microsyst. Nanoeng. 2024, 10, 138. [CrossRef] [PubMed]

Bellair, M.; Amaral, E.; Ouren, M.; Roark, C.; Kim, J.; O’Connor, A.; Soriano, A.; Schindler, M.L.; Wapner, R.J.; Stone, ].L.; et al.
Noninvasive single-cell-based prenatal genetic testing: A proof of concept clinical study. Prenat. Diagn. 2024, 44, 304-316.
[CrossRef] [PubMed]

Fang, W.; Liu, X,; Maiga, M.; Cao, W.; Mu, Y.; Yan, Q.; Zhu, Q. Digital PCR for Single-Cell Analysis. Biosensors 2024, 14, 64.
[CrossRef]

Wang, C.; Qiu, J.; Liu, M.,; Wang, Y.; Yu, Y.; Liu, H.; Zhang, Y.; Han, L. Microfluidic Biochips for Single-Cell Isolation and
Single-Cell Analysis of Multiomics and Exosomes. Adv. Sci. 2024, 11, e2401263. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41378-024-00775-5
https://www.ncbi.nlm.nih.gov/pubmed/39327465
https://doi.org/10.1002/pd.6529
https://www.ncbi.nlm.nih.gov/pubmed/38411249
https://doi.org/10.3390/bios14020064
https://doi.org/10.1002/advs.202401263

	Introduction 
	The Role of cffDNA in NIPT: Biological Insights, Applications, and Technological Comparisons 
	Fragmentation Characteristics and Molecular Stability of cffDNA 
	Preanalytical Factors Affecting cffDNA Quality and Detection 
	Comparison of NGS and dPCR in Utilizing cffDNA Characteristics 

	Placental Heterogeneity and the Regulation of cffDNA Release 
	Trophoblast Apoptosis and Oxygenation Impact on cffDNA Release 
	Role of Confined Placental Mosaicism (CPM) 
	Overcoming CPM Challenges with NGS and dPCR 

	Maternal Influences and Gestational Dynamics in cffDNA Release 

	From Maternal Serum Screening to NIPT with NGS and dPCR 
	Traditional Maternal Serum Screening 
	NIPT with NGS 
	NIPT with dPCR 
	Cost-Effectiveness Comparison of NGS and dPCR 
	Limitations in Detecting Certain Genetic Variations 

	The Working Principle of dPCR Technology for NIPT 
	Microfluidic Digital PCR (mdPCR) 
	Droplet-Based Digital PCR (ddPCR) 
	Chip-Based Digital PCR (cdPCR) 

	The Role of dPCR in Prenatal Testing 
	Applications of dPCR in NIPT for Chromosomal Aneuploidy 
	Early Applications of dPCR in NIPT (2007–2015) 
	Advances in dPCR and the Development of Multiplex Detection (2015–2019) 
	Clinical Validation of dPCR in NIPT (2019–2021) 
	Technological Innovations and Future Directions of dPCR (2022–Present) 

	Clinical Applications of dPCR in NIPT for Chromosomal Microdeletions and Microduplications 
	Practical Applications of dPCR in NIPT for Monogenetic Disease 
	Fetal Blood System Monogenetic Diseases 
	Thalassemia 
	Sickle Cell Anemia 
	Hemophilia 

	Fetal Skeletal Muscle System Monogenetic Diseases 
	Achondroplasia 
	Spinal Muscular Atrophy (SMA) 

	Fetal Auditory System Monogenetic Disorders 
	Fetal Respiratory and Digestive System Monogenetic Diseases 
	Fetal Nervous System Monogenetic Diseases 

	Challenges in Detecting Maternally Inherited Mutations and the Role of dPCR 
	Prospects 
	Conclusions 
	References

