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Abstract

Celocentesis represents a novel form of invasive pregnancy test that allows the genetic
material of the embryo to be tested during the embryonic stage at 6-9 weeks of gestation.
The purpose of this narrative review is to present the latest available literature on celocen-
tesis, including its biological basis, technical aspects, diagnostic performance, safety pro-
file, clinical applications, and future perspectives. Available evidence from selected stud-
ies conducted in highly specialized centers suggests that the diagnosis of monogenic dis-
eases by celocentesis can achieve high accuracy, with reported success rates ranging from
93% to 99% when combined with molecular testing and selective fetal cell isolation. Sim-
ilarly, a high level of concordance with conventional prenatal and postnatal diagnostic
methods has been reported. The pregnancy loss associated with celocentesis appears to
be low and comparable to baseline early pregnancy loss, although current evidence is de-
rived primarily from observational studies and limited clinical series. One of the main
benefits of celocentesis is the capability to perform prenatal diagnosis at an early stage of
pregnancy, which facilitates more informed decisions about treatment options, minimizes
parental anxiety, and allows earlier intervention when required. Moreover, experimental
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1. Introduction

Prenatal diagnosis plays a vital role in today’s pregnancy management, particularly
in cases at increased risk of genetic and chromosomal disorders. Diagnostic efficacy has
improved with advancements in both fetal imaging and molecular genetics; however, per-
forming tests at a particular stage in gestation presents challenges [1-3].

Conventional invasive techniques, including amniocentesis and chorionic villus sam-
pling (CVS), are typically performed at approximately 15 and 11 weeks of gestation, re-
spectively. Although these techniques are reliable and accurate, their later gestational tim-
ing limits early clinical decision-making and limits opportunities for less invasive man-
agement strategies [4,5]. Additionally, invasive operations performed earlier in pregnancy
increase the risk of congenital defects and miscarriages [6].

In prenatal medicine, a genetic diagnosis in the first several weeks of pregnancy is
still crucial. Early prenatal diagnosis may reduce emotional stress related to diagnostic
ambiguity in addition to providing a chance to apply a less invasive treatment and boost
the likelihood of successful reproduction [7,8]. Although non-invasive prenatal testing
(NIPT) has advanced in detecting common aneuploidies, it remains inadequate for diag-
nosing monogenic diseases, underscoring the need for efficient invasive diagnostic ap-
proaches [9,10].

One approach that facilitates ultra-early prenatal diagnosis is celocentesis. This
method uses ultrasound-assisted aspiration of the coelomic cavity at 6-9 weeks after con-
ception, when it is the largest extraembryonic cavity [11-13].

Cells obtained from the coelomic fluid include those of embryonic origin, mainly
erythroid precursors derived from the yolk sac. Therefore, fetal DNA can be reliably ana-
lyzed via this approach. This provides the benefit of conducting prenatal diagnosis at an
earlier stage than other available techniques [14-16].

However, early studies revealed certain shortcomings in the sensitivity of celocen-
tesis, chiefly attributed to a low number of fetal cells and a high level of maternal cell
contamination (MCC) [13]. Great strides have been made toward enhancing sensitivity in
this technique by developing more sensitive molecular technologies, such as PCR, quan-
titative fluorescent PCR (QF-PCR), and cell enrichment techniques like immunomagnetic
separation and micromanipulation [17].

Recent studies have shown that celocentesis achieves a high level of concordance
with standard prenatal and postnatal diagnostic procedures [13]. Apart from being an
effective diagnostic method, the celocentesis technique has been offered as a means for
therapeutic procedures performed directly on the fetus, as the embryo develops at a very
early stage, and the fetal immunity is still underdeveloped [11,12].

However, despite numerous achievements, celocentesis remains largely confined to
specialized centers and is still considered an experimental procedure. Its broader clinical
adoption is limited by technical complexity, operator dependence, the lack of standard-
ized protocols, and the scarcity of large multicenter studies evaluating its safety, repro-
ducibility, and diagnostic reliability. The current manuscript provides a detailed overview
of celocentesis, covering its biological basis, technical aspects, diagnostic accuracy, safety
profile, clinical applications, limitations, and future perspectives. Compared with previ-
ous reviews, this manuscript aims to provide an updated and clinically oriented synthesis
of celocentesis by integrating embryological rationale, procedural workflow, diagnostic
performance, safety evidence, current implementation barriers, and emerging therapeutic
perspectives within a single framework. In addition, it provides a structured comparison
with established prenatal diagnostic approaches and discusses the current limitations that
restrict broader clinical translation.
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2. Literature Search Strategy

A non-systematic literature review was conducted to identify relevant studies on
celocentesis and its applications in early prenatal diagnosis. Literature searches were con-
ducted in electronic bibliographic databases, such as PubMed, Scopus, and Web of Sci-
ence, for publications up to February 2026.

The literature search incorporated the following keywords and MeSH terms: “celo-
centesis,” “coelocentesis,” “coelomic fluid,” “early prenatal diagnosis,
netic testing,” and “fetal cells.” Also, the literature references in selected scientific articles
were manually studied for additional sources.

Studies considered in this review include only original articles, clinical research, and
experimental studies regarding the biology, technology, performance characteristics,

”ou i A

embryonic ge-

safety, and therapeutic possibilities of celocentesis. In addition, reference lists of relevant
articles were screened to identify additional sources.

Since this review was narrative in nature, no formal inclusion or exclusion criteria
were established, and neither a quantitative synthesis nor a meta-analysis was carried out.
The selection of studies was based on their methodological quality, usefulness, and addi-
tion to the current understanding of celocentesis.

Although no formal study selection process was performed, priority was given to
original clinical studies, methodological investigations, and recent reviews reporting di-
agnostic performance, maternal cell contamination, safety outcomes, and emerging clini-
cal or therapeutic applications of celocentesis. Small case series and case reports were in-
cluded when they provided unique information regarding rare monogenic disorders,
chromosomal abnormalities, or novel technical developments.

3. Embryological and Biological Basis of Celocentesis

During the early phases of human development, celocentesis allows access to mate-
rial obtained from the embryo inside the coelomic cavity [13,15,18]. The largest compart-
ment of the gestational sac between weeks six and nine of pregnancy is the coelomic cav-
ity, which begins to form around the fifth week of pregnancy as an extraembryonic area
within the extraembryonic mesoderm before being gradually destroyed by the growing
amniotic cavity [19-21].

A schematic representation of the anatomical relationships and temporal window
relevant to celocentesis is provided in Figure 1.

A dynamic biological environment that reflects the contributions of both the mother
and the embryo is represented by coelomic fluid. The latter is defined as an ultrafiltrate of
maternal blood, enriched with various growth factors, metabolites, placental proteins, and
embryonic cells [22-24]. The yolk sac, which is the primary site of hematopoiesis during
early embryogenesis, produces embryo—fetal erythroid precursor cells that are present
within this cellular population. These nucleated erythroblasts constitute a key biological
source for early prenatal diagnostics and provide fetal DNA for molecular analysis [25—
27].

Prior to the gestational window in which amniocentesis and chorionic villus sam-
pling can be safely performed, the presence of fetal cells in the coelomic cavity offers a
unique opportunity for ultra-early prenatal diagnosis [28,29]. However, the biological
composition of coelomic fluid poses a significant challenge due to the presence of pre-
dominantly epithelial maternal cells [22,30].

The presence of maternal cells has often posed problems to the process of celocen-
tesis, as it has been one of the key reasons behind its high failure rate. The failure rate
reached up to 40%, and, together with the low concentration of fetal cells, limits the clinical
use of the procedure [12,13].
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Figure 1. Schematic representation of celocentesis and its clinical significance. The illustration de-
picts the anatomical relationships between the embryo, amniotic cavity, yolk sac, chorionic (gesta-
tional) sac, and extraembryonic coelomic cavity during early pregnancy (6-9 weeks of gestation).
Under ultrasound guidance, a needle is introduced into the coelomic cavity while avoiding direct
puncture of the embryo and amniotic sac, allowing aspiration of coelomic fluid containing embryo-
fetal cells for genetic analysis. Compared with chorionic villus sampling (11-13 weeks) and amnio-
centesis (215 weeks), celocentesis enables ultra-early prenatal diagnosis, potentially facilitating ear-
lier clinical decision-making and reducing parental anxiety. As the procedure is technically de-
manding and operator-dependent, careful ultrasound guidance is essential to minimize procedural

risks.

Techniques for diagnosing cell and molecular biology have seen many improve-
ments, making the process of celocentesis more accurate [13]. The effective isolation of the
cells from the embryo-fetus may be attained via selective techniques that include immuno-
magnetic sorting using particular surface marker proteins (CD71-positive erythroid cells)
[31,32]. In addition, cell isolation may be accomplished through micromanipulation tech-
niques based on morphological criteria, even in the presence of MCC [16,33].

Advances in molecular diagnostics, driven by the development of PCR and QF-PCR
assays, have enhanced sensitivity. This enables analysis of genetic material from a small
number of isolated fetal cells, along with small quantities of DNA. In this regard, celocen-
tesis has progressed from an impractical method to a realistic one [33-35].

The physiological features of the coelomic cavity may facilitate its future use in ther-
apeutic therapies in addition to its diagnostic function. The immunological immaturity of
early fetal development may facilitate the engraftment of transplanted cells [36-39]. Celo-
centesis may therefore be a feasible method for intrauterine gene or cell therapy. Experi-
ments on non-human primates have shown that human hematopoietic stem cells may
survive in coelomic fluid and that aspirating and refilling fluid is safe [12].
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The diagnostic and potentially therapeutic applications of celocentesis in prenatal
medicine are based on the unique temporal and physiological characteristics of coelomic
cavity development [13].

4. Technique and Procedural Considerations

During the early stages of pregnancy, typically six to ten weeks after conception, the
coelomic fluid can be extracted using an invasive technique called celocentesis that uses
ultrasound technology (celocentesis: current evidence and future directions). With a fine
(20-gauge) needle, the treatment is most frequently carried out transvaginally, providing
direct access to the coelomic cavity under ultrasound guidance. Figure 2 shows the stages
involved in celocentesis [11,12].
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Figure 2. Schematic representation of the celocentesis procedure. During early pregnancy (6-9
weeks of gestation), a fine needle (20-gauge) is introduced under transvaginal ultrasound guidance
into the extraembryonic coelomic cavity, while avoiding the embryo and amniotic sac within the
chorionic (gestational) sac. Aspirated coelomic fluid is subsequently processed for fetal cell isolation
and molecular genetic analysis. Careful ultrasound guidance is required to minimize procedural

risks and maternal cell contamination.

After the gestational sac, amniotic cavity, and coelomic cavity have differentiated,
the needle enters the extra-amniotic area. One to two milliliters of fluid are aspirated from
the coelomic space [21]. To minimize maternal cell contamination (MCC), the first part of
aspirated coelomic fluid is usually removed since it can contain maternal blood or decid-
ual cells [40-42].

The patient tolerates this procedure really well, it causes only minor discomfort, and
general anesthesia is not necessary. The majority of treatments are finished quickly, and
real-time ultrasound guidance improves procedural accuracy and safety [43].

4.1. Sample Processing and Laboratory Workflow

Accurate diagnosis with celocentesis depends on the collected material being
properly processed [13]. Since there are usually only a few fetal cells in the coelomic fluid,
which are sometimes combined with maternal cells, the detection and isolation of fetal
cells require specific methods [33,44,45].

The initial step in sample preparation is centrifugation, which is followed by micro-
scopic analysis. The morphological characteristics of the embryo-fetal cells, such as their
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spherical shape and the nucleus’s eccentric location, are used to identify them [16,33].
They are similar to yolk sac-derived erythroid precursor cells. When there is substantial
MCC, more sophisticated cell selection methods are used [46,47].

To treat MCC, two primary strategies have been put forth. Using certain surface
markers, such as CD71, fetal erythroid precursor cells are separated by immunomagnetic
selection in the first method. The second strategy uses micromanipulation techniques that
allow for the unique isolation of each fetal cell [48,49].

After cell separation, genetic analysis is performed using extremely sensitive molec-
ular techniques such as PCR, QF-PCR, and sequencing. It enables accurate diagnosis of
monogenic disorders from minimal DNA derived from a small number of isolated cells
[31,50-52].

4.2. Technical Challenges and Pitfalls

Currently, the procedure remains highly challenging, requiring further optimization
in light of certain limitations. Firstly, samples, especially those containing little fetal ma-
terial, could be influenced by MCC [40,53,54]. Additionally, the small volume of aspirated
fluid, together with the low number of fetal cells, requires complex laboratory methods
[42,55].

Another key limitation is operator proficiency, which strongly influences the effec-
tiveness of the procedure. Moreover, differences in laboratory procedures across institu-
tions lead to variability in test results [56].

Nevertheless, due to recent developments in ultrasound technology, cell separation
procedures, and molecular diagnostics, the technique has become quite applicable. There-
fore, celocentesis has the potential for early diagnosis of disorders [15].

5. Diagnostic Accuracy and Molecular Applications
5.1. Diagnostic Performance

Advances in molecular genetics and fetal cell enrichment procedures have signifi-
cantly improved test accuracy. Early studies reported variable accuracy rates (58-95%)
due to issues in sample preparation [33,57,58].

Currently, data from experienced specialists indicate high performance, with accu-
racy rates ranging from 93% to 99%. In addition, the reliability of celocentesis has been
proven through a high degree of concordance with conventional methods for prenatal
diagnostics, including amniocentesis, chorionic villus sampling, and postnatal testing [11-
13].

5.2. Applications in Monogenic Disorders

Celocentesis is also widely utilized in diagnosing monogenic diseases at an early
stage during pregnancy. 3-thalassemia and Hb Lepore syndromes can be accurately diag-
nosed starting from 7 to 9 weeks after conception [59,60].

It enables the diagnosis of various inherited diseases depending on parental muta-
tions. The following is a list of other diseases that can be detected using this method: cystic
fibrosis and a rare disease called Cockayne syndrome [61-63].

5.3. Molecular Detection of Common Aneuploidies

In addition to the detection of monogenic disorders, celocentesis can be applied to
identify chromosomal abnormalities using molecular techniques such as QF-PCR. This
method enables the diagnosis of sex chromosome disorders, as well as common aneu-
ploidies involving chromosomes 13, 18, and 21 [64,65]. It should be noted that, during
very early gestation, chromosomal abnormalities associated with early embryonic loss,
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including triploidy and other autosomal trisomies, may be encountered more frequently
than at later stages of pregnancy due to the natural selection of affected embryos through-
out gestation.

5.4. Diagnostic Limitations and Future Genetic Applications

The efficacy of fetal cell enrichment and specimen quality, especially in early gesta-
tional samples where cellularity tends to be poor, are important considerations that im-
pact the performance of celocentesis [66,67]. An additional limitation is the potential im-
pact of embryonic mosaicism on diagnostic interpretation. Because genetic analyses may
be performed on a limited number of isolated fetal cells, or in some cases single cells, there
is a theoretical risk that the sampled cells may not fully represent the genetic constitution
of the developing embryo. Despite its high diagnostic accuracy, the widespread clinical
implementation of celocentesis has been hampered by a lack of standardization, limited
availability outside specialized centers, and the scarcity of large prospective multicenter
studies confirming its safety, reproducibility, and diagnostic reliability across different
clinical settings. The main clinical and methodological studies that form the current evi-
dence base for celocentesis are summarized in Table 1.

Table 1. Summary of key clinical and methodological studies evaluating celocentesis for ultra-early

prenatal diagnosis.

Study Country/Center Cases (n) Indication Gestational Age
Makrydimas et al., . 108 celocentesis cases; 339 Assessment of short-term safety of celocen-
Greece, single center . 6-10 weeks
2002 [68] controls tesis
-thal ia (n= ickle cell di
Makrydimas et al., ‘ [-thalassemia (n = 6), sickle ce 1seas§ (n
2004 [11] Greece, single center 9 =1), Marfan syndrome (n = 1), paternity 7-8 weeks
testing (n=2)
Jouannic et al., 2006 . Feasibility of prenatal diagnosis using coe-
(28] France, single center 14 lomic fluid DNA 8-9 weeks
Giambona et al., . Characterization of coelomic fluid cellular
Italy, single center Not reported e 7-9 weeks
2016 [16] composition
4 7 high-risk -
Giambona et al., . 89 (,3 67 high-ris < preg Hemoglobinopathies and fetal aneuploidy
Italy, single center ~ nancies; 122 elective ter- 7-9 weeks
2018 [18] . assessment
minations)
Median 8.6
Makrydimas et al., . Couples at risk for B-thalassemia or sickle edian
Italy/Single center 402 . weeks (range
2020 [12] cell disease
6.9-9.9)
i L Devel f1 flow f
Giambona etal, —ypinle studies 385 evelopment of aboratory WOrkiow fOF 71 weeks
2022 [24] prenatal diagnosis of monogenic diseases
Giamb tal., . . . .
1ar2rz)2c;r1[siz] a Italy, single center 4 pregnancies (3 couples) Prenatal diagnosis of Cockayne syndrome 8 weeks
L. Prenatal diagnosis for 3-thalassemia with
Vinciguerra et al., . .. .
2022 [52] Italy, single center 1 incidental chromosomal abnormality de- 8 weeks
tection
Giambona et al Prenatal diagnosis of cystic fibrosis (n = 4)
7 Italy, single center 5 and cystic fibrosis with B-thalassemia co- 8+2 to 9+3 weeks

2024 [15]

inheritance (n=1)

6. Safety and Complications
6.1. Procedure-Related Pregnancy Loss

Since its inception, celocentesis’s safety profile has been a major source of worry,
mainly because of the procedure’s early gestational age [68]. Initially, there was concern
about its therapeutic application because early trials revealed varying rates of fetal loss
[69,70].
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According to more current prospective data, the procedure-related risk of miscar-
riage is comparable to baseline early pregnancy loss and is comparatively low [6,71,72].
In a large cohort study, most continuing pregnancies ended in live deliveries, with a mis-
carriage rate of about 2.3% after celocentesis. With estimated procedure-related risks of
about 2%, previous comparative trials with control groups found no statistically signifi-
cant increase in fetal loss [6,73].

When considered collectively, these results suggest that celocentesis does not seem
to significantly raise the risk of pregnancy loss above expected baseline rates in early ges-
tation when carried out by skilled operators [13,68].

6.2. Maternal Safety and Procedural Tolerability

Celocentesis is typically performed without general anesthesia and is well tolerated.
Only a small percentage of patients report significant discomfort during the surgery,
whereas the majority report no or only mild discomfort [13].

The research that is now available does not regularly report any serious maternal
problems, such as bleeding or infection. The procedure’s favorable safety profile is a result
of its minimally invasive nature and real-time ultrasound guidance [74,75].

6.3. Technical and Biological Risk Factors

Despite its overall safety, procedural risk may be influenced by several factors. Since
precise needle placement within the coelomic cavity is necessary to prevent harm to the
embryo or disruption of the amniotic sac, operator experience is still a crucial factor
[76,77].

Additionally, there are intrinsic technological difficulties in the early gestational en-
vironment. Compared to later invasive procedures, the tiny size of embryonic structures
and the dynamic nature of early pregnancy enhance procedural complexity [78,79].

MCC primarily represents a diagnostic limitation but may also indicate technical dif-
ficulty during the procedure and suboptimal sampling [41,42].

6.4. Evidence from Experimental and Preclinical Studies

Further information about the safety of celocentesis and its potential for future ther-
apeutic applications is provided by experimental research conducted in non-human pri-
mate models. These studies demonstrate that coelomic fluid aspiration and replacement
can be performed without adverse effects on embryonic development, with normal fetal
and neonatal outcomes [13,80].

Additionally, human hematopoietic stem cells have been shown to remain viable
within coelomic fluid, indicating biological compatibility of the coelomic environment for
potential intrauterine interventions. These results imply that celocentesis may be a viable
option for early treatment administration in addition to being a safe diagnostic technique
[14,81].

6.5. Limitations of Current Safety Evidence

There is still little data on the safety of celocentesis, despite promising results. The
majority of studies have very modest sample sizes and come from specialist centers with
extensive procedural experience [13,68]. In addition, the lack of well-designed, large-scale
randomized trials and long-term follow-up data precludes definitive conclusions regard-
ing rare or long-term complications [82,83].

Therefore, despite encouraging safety data, celocentesis should still be considered a
developing technique that requires further validation [13].
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7. Clinical Utility and Positioning in Prenatal Diagnosis
7.1. Indications and Target Population

Pregnancies at increased risk of inherited monogenic disorders represent the primary
indication for celocentesis, particularly when the parental pathogenic variants are known
[84]. Early genetic diagnosis is essential for informed clinical decision-making in condi-
tions such as hemoglobinopathies, cystic fibrosis, and other severe autosomal recessive
disorders [85,86].

Celocentesis may also be considered in situations where early fetal genetic assess-
ment is required, such as in pregnancies with a strong family history or a history of pre-
viously affected offspring. However, its application in low-risk populations remains lim-
ited [12,60].

7.2. Clinical Advantages of Ultra-Early Diagnosis

The main clinical benefit of this approach is its ability to detect disease weeks earlier
than standard methods, during the embryonic phase of pregnancy. This time difference
can have profound implications for treatment [12,87].

In normal pregnancies, early diagnosis will help reduce the parents’ stress levels and
offer reassurance. In abnormal cases, early termination, usually done before the 10th week
of gestation, can be considered easier and less psychologically challenging than later abor-
tion procedures [88,89].

Finally, early detection may enable prenatal treatment, as the fetal immune system is
not yet fully developed [90].

7.3. Comparison with Conventional Techniques

Celocentesis should be considered within the broader context of reproductive genetic
testing strategies. In addition to conventional prenatal diagnostic procedures such as cho-
rionic villus sampling (CVS) and amniocentesis, preimplantation genetic testing (PGT)
represents an alternative approach for couples at risk of transmitting genetic disorders.
Unlike prenatal diagnostic techniques, PGT is performed in conjunction with in vitro fer-
tilization prior to embryo transfer, allowing the selection of unaffected embryos before
pregnancy is established. However, its application is limited to couples undergoing as-
sisted reproductive treatment. A quantitative comparison of the diagnostic characteristics,
procedural requirements, clinical maturity, and reported pregnancy loss rates associated
with celocentesis, CVS, amniocentesis, and PGT is presented in Table 2.

Table 2. Comparative analysis of celocentesis and conventional invasive prenatal diagnostic meth-
ods. Preimplantation genetic testing (PGT) is discussed separately because it represents a precon-

ception reproductive strategy rather than a prenatal diagnostic procedure.

Chorionic Villus Sampling

Feature Celocentesis (CVS) Amniocentesis
Gestational age
_ k >11 k >1 ki
[(11,91,02] 6-9 weeks weeks 5 weeks
Biological
10 ogl[cze;]source Coelomic fluid (embryo—fetal cells) Placental trophoblast Amniotic fluid (fetal cells)
Type of analysis Primarily molecular (monogenic + tar- Molecular + cytogenetic + ge- ~ Molecular + cytogenetic + ge-
[93,94] geted chromosomal analysis) nomic nomic
Di tic timi
1agr1[c9)55 19C 6]1m1r1g Ultra-early (embryonic period) First trimester Second trimester
Di ti
laghostic accuracy 93-99% (specialized centres) >99% >99%

[12,14]
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Time to result

[13] Potentially rapid (PCR-based) Moderate Moderate
Proced h T dominal, ult d-
rocedure approac Transvaginal, ultrasound-guided = Transabdominal or transcervical ransab ormrlla  witrasoun
[12,96,97] guided
Mat 1di fort
a er?;S_llgg]om or Minimal Mild-moderate Mild
Procedure-related mis-
carriage risk ~2-2.3% ~0.5-1% ~0.1-0.3%
[12,101]
Placental or amniotic sac
puncture No Yes (placenta) Yes (amniotic sac)
[68,102]
MCC
[40,103] High (requires active management) Low Low
Technical complexity High (operator- and laboratory-de- Moderate Moderate
[13,29] pendent)
Standardization Limited Well established Well established
[12,13]
Clinical maturity . - . . . .
[(13] Experimental/specialized centers Widely established Widely established
Primary advantage Earliest possible diagnosis; potential . . . Highly validated diagnostic
[13,102,104] therapeutic access Early, well-validated diagnosis method
Key limitati MCC, technical lexity, lack of - . .
ey[ 11?’2 2? on g ecs?;ri?iaizril;gtie;ri y,lacko Limited to 211 weeks gestation Later diagnostic timing

Established diagnostic role with Established diagnostic role with
In utero therapy, gene therapy delivery limited scope for earlier applica- limited scope for earlier applica-
tion tion

Future potential
[105,106]

Alternative reproductive PGT may be considered in IVF patients

strategy at high genetic risk before pregnancy is

established

7.4. Current Clinical Limitations and Implementation Constraints

Although celocentesis has several potential clinical applications, its use remains
largely confined to specialized centers due to its technical complexity and operator de-
pendence [13]. In addition, maternal cell contamination necessitates advanced techniques
for fetal cell isolation, further limiting its broader clinical applicability [9,107]. Moreover,
the lack of standardized protocols and the limited availability of large prospective multi-
center studies continue to hinder wider clinical adoption and underscore the need for fur-
ther validation of the procedure’s safety, reproducibility, and diagnostic performance.
Consequently, the procedure is currently available only in a limited number of highly
specialized centers with the required clinical and laboratory expertise.

7.5. Future Role in Clinical Practice

As technological and methodological advances continue, celocentesis may become a
useful tool for prenatal diagnosis in selected clinical settings. Its broader clinical applica-
tion will depend on further standardization of the procedure, improvements in fetal cell
isolation techniques, and increased operator experience [12,60,87].

In addition to its diagnostic role, celocentesis enables very early detection of mono-
genic diseases in selected high-risk pregnancies [13,15]. However, before this technique
can be routinely implemented in clinical practice, its diagnostic advantages must be care-
fully weighed against its technical limitations and procedural challenges [108,109].

The use of celocentesis also raises important ethical and organizational considera-
tions. Because testing is performed during the embryonic stage, appropriate genetic coun-
seling and informed consent are essential to support informed decision-making and to

https://doi.org/10.3390/genes17070746



Genes 2026, 17, 746

11 of 22

address the potential implications of early diagnostic findings. Particular attention should
be given to the interpretation of uncertain results, including mosaic findings or variants
of uncertain significance, which may complicate clinical decision-making at a very early
stage of pregnancy and increase parental anxiety. Furthermore, the limited availability of
specialized centers, the need for operator expertise, and the absence of standardized clin-
ical protocols may restrict equitable access to the procedure. At present, celocentesis
should be regarded as an investigational technique and its use should remain confined to
specialized centers with appropriate clinical governance and ethical oversight until fur-
ther multicenter validation becomes available.

8. Future Perspectives
8.1. Technological Advances and Standardization

Despite improvements, the adoption of this technique is hindered by a lack of stand-
ardized procedures and variability in the technology used [110,111]. Further research
should aim to improve the reproducibility of this procedure by introducing better meth-
ods for obtaining fetal cells, standardized sampling approaches, and molecular diagnos-
tics [33,112,113].

Technologies that can provide analysis of genomic data using small amounts of
DNA, such as digital PCR and NGS, may improve the effectiveness of this procedure
[114]. Finally, advances in ultrasound imaging and biopsy guidance may help mitigate
procedural risks. Importantly, large prospective multicenter studies are needed to further
establish the safety, reproducibility, and diagnostic reliability of celocentesis and to facil-
itate the development of standardized clinical protocols for broader implementation
[115,116].

8.2. Expansion of Diagnostic Applications

Celocentesis may also be used to diagnose diseases other than monogenic disorders
[15]. Genome-wide analysis, including the detection of copy number variants and chro-
mosomal abnormalities during early embryo development, may become feasible with ad-
vances in molecular biology [117,118].

Moreover, when combined with other diagnostic approaches, including the analysis
of placental cell-free DNA through non-invasive prenatal testing (NIPT), celocentesis may
contribute to a more comprehensive prenatal diagnostic framework [119]. However, un-
like celocentesis, NIPT primarily reflects placental rather than direct fetal genetic material
and may therefore be affected by biological factors such as confined placental mosaicism.
NIPT is widely used in clinical practice because it is non-invasive, scalable, and demon-
strates high sensitivity and specificity for common fetal aneuploidies. Nevertheless, it re-
mains a screening rather than a diagnostic test and may have limitations in the detection
of certain monogenic disorders and complex genomic abnormalities [9,10]. In contrast,
celocentesis provides direct access to embryo-fetal cells at an earlier gestational stage and
may offer definitive molecular diagnosis in selected high-risk pregnancies, although its
invasive nature, technical complexity, and limited availability currently restrict its
broader clinical applicability.

8.3. Therapeutic Potential of Celocentesis

While celocentesis is currently used for diagnostic purposes, its access to the early
gestational environment has prompted interest in potential future therapeutic applica-
tions. This is supported by the relative immunological immaturity of the early fetus, which
may favor engraftment of transplanted cells; however, such applications remain experi-
mental [120].
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Experimental studies in animal models have shown that human hematopoietic stem
cells can survive in the coelomic environment, and that partial aspiration and replacement
of coelomic fluid may be feasible without immediate adverse effects on embryonic devel-
opment [81,121]. However, the use of celocentesis as a route for stem cell transplantation
or gene therapy remains experimental and has not yet been established in clinical practice
[122,123].

Certain monogenic conditions, such as hemoglobinopathies and cystic fibrosis, may
benefit greatly from intervention from the embryonic stage, since it may alter the course
of the condition [124,125]. Optimizing delivery strategies, ensuring consistent engraft-
ment, reducing off-target effects, and addressing ethical issues are some of the major ob-
stacles [126,127]. The possible uses are listed in Table 2.

Celocentesis may provide a special platform for early treatment intervention, espe-
cially in the context of monogenic conditions, as shown in Table 3. Nevertheless, most
proposed applications remain at a preclinical or theoretical stage, highlighting the need
for further experimental and clinical research.

Table 3. Potential future therapeutic applications of celocentesis and their current evidence base.

Application

Biological Rationale = Supporting Evidence Potential Clinical Impact

Current Limita-
tions

Hematopoietic stem Early fetal immune im-
cell transplantation maturity may allow en-

Stem cell viability Treatment of hemoglobi- Limited clinical
data, engraft-

demonstrated in coe- . .
nopathies and immunode- .
ment efficiency

lomic fluid (preclinical

[128-130] graftment primate models) ficiencies unknown
Feasibility of coelomic

Gene therapy (in ~ Early intervention may cavity access and fluid Potential correction of ~ Safety, delivery

utero delivery) prevent disease replacement monogenic disorders (e.g., vectors, ethical
[131-133] expression demonstrated CF, thalassemia) concerns

experimentally
Cell-based therapy =~ Coelomic cavity as a Viability ° f transplfmted Targeted early treatment Lack of human
) . cells in coelomic . .. .
[37,123,134] delivery reservoir strategies clinical trials

environment

Early immunological Immature fetal immune
tolerance induction

system may reduce

Theoretical and Improved long-term Requires further

outcomes of transplanted

[130,135-137] rejection experimental support cells validation
D biologi
TUg of HIoTogic Direct access to Procedural feasibility Pharmacokinetic
delivery . . Early targeted therapy
[11,23,138] embryonic compartment established s unknown

8.4. Integration into Future Fetal Medicine

Celocentesis is a procedure that can transform prenatal diagnosis in the emerging
field of fetal medicine by providing fetal genetic material at very early stages of pregnancy
[13].

This technology can be used in combination with more advanced clinical programs
that integrate early genetic testing with intrauterine therapy when necessary [139].
Validation of this method’s effectiveness requires clinical studies, continued technological
development, and consideration of ethical implications. Although celocentesis shows
considerable potential, its future role in prenatal care will depend on further clinical
validation, standardization, and demonstration of safety and reproducibility across
diverse clinical settings [140-142].

However, the current evidence base is subject to several limitations. Most published
studies originate from a small number of highly specialized centers and involve highly
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selected high-risk populations, which may limit the generalizability of the reported
findings. Furthermore, the available literature is largely based on observational studies
and case series, while large prospective multicenter studies and randomized comparisons
are lacking. Variability in operator expertise, laboratory protocols, and fetal cell isolation
techniques may also influence diagnostic performance and reported safety outcomes.

9. Limitations

Despite its potential advantages, celocentesis has several important limitations that
currently restrict its widespread clinical use [13]. The available literature is largely based
on single-center studies, and although the reported results are promising, there is a lack
of prospective multicenter trials to support robust conclusions regarding the safety,
reproducibility, and diagnostic reliability of the procedure across different clinical settings
[143]. In addition, variability in patient selection and procedural techniques further
complicates the interpretation and generalization of findings. A key limitation is the
absence of standardized protocols for both sampling and laboratory analysis [144].

MCC remains a major technical challenge. The coexistence of maternal and fetal cells
in coelomic fluid, particularly in cases with low fetal cell counts, may compromise
diagnostic accuracy [40,145]. Although advances in cell isolation and molecular
techniques have improved detection, MCC continues to represent a significant obstacle
[146].

Celocentesis is a highly specialized and technically demanding procedure that
requires considerable operator expertise, particularly given the small size of embryonic
structures and the rapid developmental changes occurring at early gestational stages. As
a result, its use is currently limited to specialized centers [13].

At present, celocentesis is primarily applied to the early molecular diagnosis of
genetic disorders in high-risk pregnancies [59]. However, there is insufficient evidence to
support its broader application, including chromosomal analysis and genome-wide
screening, particularly in low-risk populations [147-149].

Furthermore, the long-term effects of celocentesis on pregnancy outcomes and
postnatal health have not been adequately investigated. While short-term data are
generally reassuring, the absence of long-term follow-up limits definitive conclusions
regarding safety [13].

Finally, although celocentesis has been proposed as a potential route for intrauterine
therapeutic interventions, including gene and stem cell delivery, current evidence
remains limited and largely experimental [12].

In addition to the limitations of the technique itself, the available evidence base has
important methodological constraints. Most published studies originate from a small
number of highly specialized centers and involve relatively small sample sizes and highly
selected high-risk populations. Furthermore, differences in laboratory protocols, fetal cell
isolation techniques, and outcome reporting contribute to heterogeneity across studies.
As this manuscript was designed as a narrative review, no formal study quality
assessment or quantitative synthesis was performed, and publication bias cannot be
excluded.

10. Conclusions

The procedure of celocentesis provides a means by which embryonic genetic material
can be accessed at the stage between 6 to 9 weeks of gestation. Available evidence from
specialized centers suggests that advances in fetal cell isolation and molecular diagnostic
techniques have substantially improved the diagnostic performance of celocentesis in
selected clinical settings. The main strength of celocentesis is the opportunity to make a
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diagnosis at the embryonic stage and thus help to make early decisions while reducing
stress from later-stage procedures.

While these advantages highlight the potential of celocentesis, the procedure remains
a technically demanding intervention that is currently performed primarily in specialized
centers with appropriate expertise. Its broader clinical implementation is still limited by
maternal cell contamination, the lack of standardized protocols, and the scarcity of large
prospective multicenter studies confirming its safety, reproducibility, and diagnostic
reliability.

Future research should focus on optimizing procedural and laboratory
methodologies, integrating advanced genomic technologies, and generating robust
multicenter evidence regarding clinical outcomes and safety. In parallel, continued
investigation of its therapeutic potential may open new avenues in fetal medicine.
Although further validation is required before routine clinical implementation can be
recommended, celocentesis should currently be regarded as an investigational technique
rather than a standard prenatal diagnostic procedure. Its future clinical role will depend
on the generation of robust multicenter evidence demonstrating safety, reproducibility,
and clinical utility across diverse healthcare settings.

Author Contributions: Conceptualization, SM. and E.M.; validation, N.Z,, ED.O. and LM,;
writing —original draft preparation, S.M.; writing —review and editing, E.M., N.Z., E.D.O., LM., and
G.M,; visualization, E.M.; supervision, G.M.; project administration, G.M. All authors have read and

agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study.

Acknowledgments: During the preparation of this manuscript, the authors used ChatGPT (5.5 GPT,
OpenAl) to assist with improving the clarity, grammar, and overall language of the text, as well as
to support the generation of preliminary figure content. All Al-assisted outputs were carefully
reviewed, validated, and, where necessary, modified by the authors. The authors take full

responsibility for the accuracy and integrity of all content presented in this publication.

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

References

1.

Militaru, M.S.; Babliuc, 1.-M.; Bloaje-Florica, V.-L.; Danci, V.-A; Filip-Deac, I.; Kutasi, E.; Simon, V.; Militaru, M.; Catand, A. The
Impact of Chromosomal Mosaicisms on Prenatal Diagnosis and Genetic Counseling-A Narrative Review. ]. Pers. Med. 2024, 14,
774. https://doi.org/10.3390/jpm14070774.

Shahbazian, N.; Barati, M., Arian, P.; Saadati, N. Comparison of Complications of Chorionic Villus Sampling and
Amniocentesis. Int. |. Fertil. Steril. 2012, 5, 241-244.

Makhamreh, M.M.; Chong, M.L.; Van den Veyver, I.B. Advancements in Prenatal Genetic Screening and Testing: Emerging
Technologies and Evolving Applications. Diagnostics 2025, 15, 2579. https://doi.org/10.3390/diagnostics15202579.

Maines, J.; Montero, F.J. Chorionic Villus Sampling. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2026.
Podobnik, P.; Mestrovié, T.; Podobnik, M.; Bertovié-Zunec, L; Lonéar, 1; Kurdija, K;; Jel¢i¢, D.; Srebrenikovi¢, Z.; Podobnik-
Sarkanji, S. Transcervical, Transabdominal and Transvaginal Chorionic Villus Sampling for Prenatal Diagnosis in Zagreb,
Croatia: A Prospective  Single-Operator ~ Study on 5500  Cases.  Diagnostics 2025, 15,  2750.
https://doi.org/10.3390/diagnostics15212750.

https://doi.org/10.3390/genes17070746



Genes 2026, 17, 746 15 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.
22.

23.

24.

25.
26.

Steinfort, K.; Van Houtven, E.; Jacquemyn, Y.; Blaumeiser, B.; Loquet, P. Difference in Procedure-Related Risk of Miscarriage
between Early and Mid-Trimester Amniocentesis: A Retrospective Cohort Study. Diagnostics 2021, 11, 1098.
https://doi.org/10.3390/diagnostics11061098.

Driscoll, D.A.; Gross, S.J.; Professional Practice and Guidelines Committee. First Trimester Diagnosis and Screening for Fetal
Aneuploidy. Genet. Med. 2008, 10, 73-75. https://doi.org/10.1097/GIM.0b013e31815efde8.

Allison, S.J.; Stafford, J.; Anumba, D.O.C. The Effect of Stress and Anxiety Associated with Maternal Prenatal Diagnosis on Feto-
Maternal Attachment. BMC Womens Health 2011, 11, 33. https://doi.org/10.1186/1472-6874-11-33.

Wang, C.; Hou, D.; Wang, G.; Wu, X,; Zhou, Z,; Yang, L.; Liu, Y.; Wang, X. Progress, Clinical Application and Challenges of
Non-Invasive Prenatal Testing for Monogenic Diseases. Front. Pediatr. 2026, 14, 1734842.
https://doi.org/10.3389/fped.2026.1734842.

Jayashankar, S.S.; Nasaruddin, M.L.; Hassan, M.F.; Dasrilsyah, R.A.; Shafiee, M.N.; Ismail, N.A.S.; Alias, E. Non-Invasive
Prenatal Testing (NIPT): Reliability, Challenges, and Future Directions. Diagnostics 2023, 13, 2570.
https://doi.org/10.3390/diagnostics13152570.

Makrydimas, G.; Georgiou, I.; Bouba, I; Lolis, D.; Nicolaides, K.H. Early Prenatal Diagnosis by Celocentesis. Ultrasound Obstet.
Gyne 2004, 23, 482-485. https://doi.org/10.1002/uog.1046.

Makrydimas, G.; Damiani, G.; Jakil, C.; Cigna, V.; Orlandi, M.; Picciotto, F.; Schillaci, G.; Cassara, F.; Vinciguerra, M.; Leto, F.;
et al. Celocentesis for Early Prenatal Diagnosis of Hemoglobinopathy. Ultrasound Obstet. Amp; Gyne 2020, 56, 672-677.
https://doi.org/10.1002/uo0g.22059.

Cecchini, F.; Visentin, S.; Giambona, A.; Vinciguerra, M.; Picciotto, F.; Andrisani, A.; Cassina, M.; Londero, A.P.; Nicolaides, K ;
Cosmi, E. Celocentesis: Current Evidence and Future Directions. J. Clin. Med. 2026, 15, 2196. https://doi.org/10.3390/jcm15062196.
Giambona, A.; Vinciguerra, M.; Leto, F.; Cassara, F.; Cucinella, G.; Cigna, V.; Orlandji, E.; Piccione, M.; Picciotto, F.; Maggio, A.
Very Early Prenatal Diagnosis of Cockayne’s Syndrome by Coelocentesis. J. Obstet. Gynaecol. 2022, 42, 1524-1531.
https://doi.org/10.1080/01443615.2021.2014429.

Giambona, A.; Vinciguerra, M.; Leto, F.; Cassara, F.; Marchese, G.; Cigna, V.; Orlandi, E.; Mugavero, M.E.; Cucinella, G.; Maggio,
A.; et al. Prenatal Diagnosis of Cystic Fibrosis by Celocentesis. Genes 2024, 15, 662. https://doi.org/10.3390/genes15060662.
Giambona, A.; Leto, F.; Damiani, G.; Jakil, C.; Cigna, V.; Schillaci, G.; Stampone, G.; Volpes, A.; Allegra, A.; Nicolaides, K.H.; et
al. Identification of Embryo-Fetal Cells in Celomic Fluid Using Morphological and Short-tandem Repeats Analysis. Prenat.
Diagn. 2016, 36, 973-978. https://doi.org/10.1002/pd.4922.

Mirabile, A.; Sangiorgio, G.; Bonacci, P.G.; Bivona, D.; Nicitra, E.; Bonomo, C.; Bongiorno, D.; Stefani, S.; Musso, N. Advancing
Pathogen Identification: The Role of Digital PCR in Enhancing Diagnostic Power in Different Settings. Diagnostics 2024, 14, 1598.
https://doi.org/10.3390/diagnostics14151598.

Giambona, A.; Leto, F.; Passarello, C.; Vinciguerra, M.; Cigna, V.; Schillaci, G.; Picciotto, F.; Lauricella, S.; Nicolaides, K.H.;
Makrydimas, G.; et al. Fetal Aneuploidy Diagnosed at Celocentesis for Early Prenatal Diagnosis of Congenital
Hemoglobinopathies. Acta Obstet. Gynecol. Scand. 2018, 97, 312-321. https://doi.org/10.1111/a0gs.13287.

Campbell, J.; Wathen, N.; Perry, G.; Soneji, S.; Sourial, N.; Chard, T. The Coelomic Cavity: An Important Site of Materno-fetal
Nutrient Exchange in the First Trimester of Pregnancy. BJOG: Int. ]. Obstet. Gynaecol. 1993, 100, 765-767.
https://doi.org/10.1111/j.1471-0528.1993.tb14271.x.

Dewald, O.; Hoffman, J.T. Gestational Sac Evaluation. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2026.
Fitzsimmons, E.D.; Bajaj, T. Embryology, Amniotic Fluid. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2026.
Aijello, D.; Giambona, A.; Leto, F.; Passarello, C.; Damiani, G.; Maggio, A.; Siciliano, C.; Napoli, A. Human Coelomic Fluid
Investigation: A MS-Based Analytical Approach to Prenatal Screening. Sci. Rep. 2018, 8, 10973. https://doi.org/10.1038/s41598-
018-29384-9.

Jauniaux, E.; Jurkovic, D.; Gulbis, B.; Collins, W.P.; Zaidi, J.; Campbell, S. Investigation of the Acid-Base Balance of Coelomic
and Amniotic Fluids in Early Human Pregnancy. Am. J. Obstet. Gynecol. 1994, 170, 1365-1369. https://doi.org/10.1016/50002-
9378(13)90465-8.

Giambona, A.; Vinciguerra, M.; Leto, F.; Cassara, F.; Tartaglia, V.; Cigna, V.; Orlandi, E.; Picciotto, F.; Al Qahtani, N.H.; Alsulmi,
E.S.; et al. Celomic Fluid: Laboratory Workflow for Prenatal Diagnosis of Monogenic Diseases. Mol. Diagn. Ther. 2022, 26, 239
252. https://doi.org/10.1007/s40291-022-00577-3.

Palis, J.; Yoder, M.C. Yolk-Sac Hematopoiesis. Exp. Hematol. 2001, 29, 927-936. https://doi.org/10.1016/S0301-472X(01)00669-5.
Yamane, T. Cellular Basis of Embryonic Hematopoiesis and Its Implications in Prenatal Erythropoiesis. Int. ]. Mol. Sci. 2020, 21,
9346. https://doi.org/10.3390/ijms21249346.

https://doi.org/10.3390/genes17070746



Genes 2026, 17, 746 16 of 22

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Sommer, A.; Gomez Perdiguero, E. Extraembryonic Hematopoietic Lineages — To Macrophages and Beyond. Exp. Hematol. 2024,
136, 104285. https://doi.org/10.1016/j.exphem.2024.104285.

Jouannic, J.-M.; Costa, J.-M.; Ernault, P.; Bénifla, ].-L. Very Early Prenatal Diagnosis of Genetic Diseases Based on Coelomic
Fluid Analysis: A Feasibility Study. Human. Reprod. 2006, 21, 2185-2188. https://doi.org/10.1093/humrep/del143.

Alfirevic, Z.; Navaratnam, K.; Mujezinovic, F. Amniocentesis and Chorionic Villus Sampling for Prenatal Diagnosis. Cochrane
Database Syst. Rev. 2017, 9, CD003252. https://doi.org/10.1002/14651858.CD003252.pub2.

Masserdotti, A.; Gasik, M.; Grillari-Voglauer, R.; Grillari, J.; Cargnoni, A.; Chiodelli, P.; Papait, A.; Magatti, M.; Romoli, J.; Ficai,
S.; et al. Unveiling the Human Fetal-Maternal Interface during the First Trimester: Biophysical Knowledge and Gaps. Front. Cell
Deuv. Biol. 2024, 12, 1411582. https://doi.org/10.3389/fcell.2024.1411582.

Chen, Y.; Wu, Z; Sutlive, J.; Wu, K;; Mao, L.; Nie, J.; Zhao, X.-Z.; Guo, F.; Chen, Z.; Huang, Q. Noninvasive Prenatal Diagnosis
Targeting Fetal Nucleated Red Blood Cells. ]. Nanobiotechnology 2022, 20, 546. https://doi.org/10.1186/s12951-022-01749-3.
Braun, T.W.; Kuoch, M.K,; Khandros, E.; Li, H. FACS and Immunomagnetic Isolation of Early Erythroid Progenitor Cells from
Mouse Fetal Liver. STAR Protoc. 2022, 3, 101070. https://doi.org/10.1016/j.xpro.2021.101070.

Sabbatinelli, G.; Fantasia, D.; Palka, C.; Morizio, E.; Alfonsi, M.; Calabrese, G. Isolation and Enrichment of Circulating Fetal
Cells for NIPD: An Overview. Diagnostics 2021, 11, 2239. https://doi.org/10.3390/diagnostics11122239.

Liu, Q.; Jin, X;; Cheng, J.; Zhou, H.; Zhang, Y.; Dai, Y. Advances in the Application of Molecular Diagnostic Techniques for the
Detection of Infectious Disease Pathogens (Review). Mol. Med. Rep. 2023, 27, 104. https://doi.org/10.3892/mmr.2023.12991.
Thornhill, A.R.; Snow, K. Molecular Diagnostics in Preimplantation Genetic Diagnosis. J. Mol. Diagn. 2002, 4, 11-29.
https://doi.org/10.1016/S1525-1578(10)60676-9.

Almeida-Porada, G.; Atala, A.; Porada, C.D. In Utero Stem Cell Transplantation and Gene Therapy: Rationale, History, and
Recent Advances toward Clinical Application. Mol. Ther. Methods Clin. Dev. 2016, 5, 16020. https://doi.org/10.1038/mtm.2016.20.
Renda, M.C.; Giambona, A.; Fecarotta, E.; Leto, F.; Makrydimas, G.; Renda, D.; Damiani, G.; Jakil, M.C.; Picciotto, F.; Piazza, A.;
et al. Embryo-Fetal Erythroid Megaloblasts in the Human Coelomic Cavity. ]. Cell Physiol. 2010, 225, 385-389.
https://doi.org/10.1002/jcp.22269.

Herzeg, A.; Almeida-Porada, G.; Charo, R.A.; David, A.L.; Gonzalez-Velez, ].; Gupta, N.; Lapteva, L.; Lianoglou, B.; Peranteau,
W.; Porada, C.; et al. Prenatal Somatic Cell Gene Therapies: Charting a Path Toward Clinical Applications (Proceedings of the
CERSI-FDA Meeting). J. Clin. Pharmacol. 2022, 62, S36-S52. https://doi.org/10.1002/jcph.2127.

Altyar, A.E.; El-Sayed, A.; Abdeen, A.; Piscopo, M.; Mousa, S.A.; Najda, A.; Abdel-Daim, M.M. Future Regenerative Medicine
Developments and Their Therapeutic Applications. Biomed. Pharmacother. 2023, 158, 114131. https://doi.org/10.1016/j.bio-
pha.2022.114131.

Nykel, A.; Wozniak, R.; Gach, A. The Influence of Maternal Cell Contamination on Fetal Aneuploidy Detection Using Chip-
Based Digital PCR Testing. Diagnostics 2021, 11, 1607. https://doi.org/10.3390/diagnostics11091607.

Nagan, N.; Faulkner, N.E.; Curtis, C.; Schrijver, 1., MCC Guidelines Working Group of the Association for Molecular Pathology
Clininical Practice Committee. Laboratory Guidelines for Detection, Interpretation, and Reporting of Maternal Cell Contamina-
tion in Prenatal Analyses a Report of the Association for Molecular Pathology. ]. Mol. Diagn. 2011, 13, 7-11.
https://doi.org/10.1016/j.jmoldx.2010.11.013.

Schrijver, L.; Cherny, S.C.; Zehnder, ].L. Testing for Maternal Cell Contamination in Prenatal Samples: A Comprehensive Survey
of Current Diagnostic Practices in 35 Molecular Diagnostic Laboratories. ]. Mol. Diagn. 2007, 9, 394-400.
https://doi.org/10.2353/jmoldx.2007.070017.

Mirza, F.; Brown, A.R. Ultrasound-Guided Regional Anesthesia for Procedures of the Upper Extremity. Anesthesiol. Res. Pract.
2011, 2011, 579824. https://doi.org/10.1155/2011/579824.

Edlow, A.G.; Bianchi, D.W. Tracking Fetal Development through Molecular Analysis of Maternal Biofluids. Biochim. Biophys.
Acta (BBA)—Mol. Basis Dis. 2012, 1822, 1970-1980. https://doi.org/10.1016/j.bbadis.2012.04.005.

Jouannic, J.-M.; Tachdjian, G.; Costa, J.-M.; Bénifla, J.-L. Coelomic Fluid Analysis: The Absolute Necessity to Prove Its Fetal
Origin. Reprod. Biomed. Online 2008, 16, 148-151. https://doi.org/10.1016/51472-6483(10)60568-8.

Soares-da-Silva, F.; Freyer, L.; Elsaid, R.; Burlen-Defranoux, O.; Iturri, L.; Sismeiro, O.; Pinto-do-O, P.; Gomez-Perdiguero, E.;
Cumano, A. Yolk Sac, but Not Hematopoietic Stem Cell-Derived Progenitors, Sustain Erythropoiesis throughout Murine Em-
bryonic Life. J. Exp. Med. 2021, 218, €20201729. https://doi.org/10.1084/jem.20201729.

Hong, K,; Park, H.J.; Jang, H.Y.; Shim, S.H.; Jang, Y.; Kim, S.H.; Cha, D.H. A Novel Paradigm for Non-Invasive Prenatal Genetic
Screening: Trophoblast Retrieval and Isolation from the Cervix (TRIC). Diagnostics 2023, 13, 2532. https://doi.org/10.3390/diag-
nostics13152532.

https://doi.org/10.3390/genes17070746



Genes 2026, 17, 746 17 of 22

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Nemescu, D.; Constantinescu, D.; Gorduza, V.; Carauleanu, A.; Caba, L.; Navolan, D.B. Comparison between Paramagnetic and
CD71 Magnetic Activated Cell Sorting of Fetal Nucleated Red Blood Cells from the Maternal Blood. J. Clin. Lab. Anal. 2020, 34,
€23420. https://doi.org/10.1002/jcla.23420.

Yang, H.-Y.; Lin, C.-H.; Hu, Y.-W_; Chien, C.-H.; Huang, M.-C,; Lai, C.-H.; Wu, J.-K,; Tseng, F.-G. Automatic Single-Cell Har-
vesting for Fetal Nucleated Red Blood Cell Isolation on a Self-Assemble Cell Array (SACA) Chip. Micromachines 2024, 15, 1515.
https://doi.org/10.3390/mil5121515.

Rather, R.A.; Saha, S.C. Reappraisal of Evolving Methods in Non-Invasive Prenatal Screening: Discovery, Biology and Clinical
Utility. Heliyon 2023, 9, €13923. https://doi.org/10.1016/j.heliyon.2023.e13923.

Prior-de Castro, C.; Gomez-Gonzalez, C.; Rodriguez-Lopez, R.; Macher, H.C.; Prenatal Diagnosis Commission and the Genetics
Commission of the Spanish Society of Laboratory Medicine. Prenatal Genetic Diagnosis of Monogenic Diseases. Adv. Lab. Med.
2023, 4, 28-51. https://doi.org/10.1515/almed-2023-0024.

Vinciguerra, M.; Leto, F.; Cassara, F.; Tartaglia, V.; Malacarne, M.; Coviello, D.; Cigna, V.; Orlandi, E.; Picciotto, F.; Cucinella,
G.; et al. Incidental Detection of a Chromosomal Aberration by Array-CGH in an Early Prenatal Diagnosis for Monogenic Dis-
ease on Coelomic Fluid. Life 2022, 13, 20. https://doi.org/10.3390/1ife13010020.

Alzakari, S.A.; Aldrees, A.; Umer, M.; Cascone, L.; Innab, N.; Ashraf, I. Artificial Intelligence-Driven Predictive Framework for
Early Detection of Still Birth. SLAS Technol. 2024, 29, 100203. https://doi.org/10.1016/j.slast.2024.100203.

Gonzalez-Cruz, A.D.; Anaya-Esparza, L.M.; Valenzuela-Chavira, I.; Martinez-Esquivias, F.; Ruvalcaba-Goémez, ] M.; Silva-Jara,
J.M.; Velazquez-Carriles, C.A.; Balderas-Ledn, I.; Arteaga-Garibay, R.I.; Villagran, Z. Extraction, Detection, and Quantification
Methods for Analyzing Glyphosate and AMPA in Foods: Challenges and Opportunities. Appl. Sci. 2025, 15, 6979.
https://doi.org/10.3390/app15136979.

Dubil, E.A.; Magann, E.F. Amniotic Fluid as a Vital Sign for Fetal Wellbeing. Australas. ]. Ultrasound Med. 2013, 16, 62-70.
https://doi.org/10.1002/j.2205-0140.2013.tb00167.x.

Wang, Y.; Yang, Q.; Drukker, L.; Papageorghiou, A.; Hu, Y.; Noble, J.A. Task Model-Specific Operator Skill Assessment in
Routine Fetal Ultrasound Scanning. Int. |. CARS 2022, 17, 1437-1444. https://doi.org/10.1007/s11548-022-02642-y.

Stevens, B. Impact of Emerging Technologies in Prenatal Genetic Counseling. Cold Spring Harb. Perspect. Med. 2020, 10, a036517.
https://doi.org/10.1101/cshperspect.a036517.

Giroux, S.; Daryabari, S.S.; Caron, A.; Jeukens, J.; Giguere, Y.; Forest, J.-C.; Audibert, F.; Bujold, E.; Langlois, S.; Rousseau, F.
Real-Life Implementation of Prenatal Cell-Free DNA Screening with in Vitro Fetal Enrichment Virtually Eliminates the Need
for Redraws and Improves Performance: A Cohort Study. Genet. Med. Open 2025, 3, 103458.
https://doi.org/10.1016/j.gim0.2025.103458.

Giambona, A.; Leto, F.; Cassara, F.; Tartaglia, V.; Marchese, G.; Orlandji, E.; Cigna, V.; Picciotto, F.; Maggio, A.; Vinciguerra, M.
Early Prenatal Diagnosis of Hb Lepore Boston-Washington and B-thalassemia on Fetal Celomatic DNA. Int. ]. Lab. Hematol.
2022, 44, 796-802. https://doi.org/10.1111/ijlh.13837.

Giambona, A.; Leto, F.; Cassara, F.; Tartaglia, V.; Campisi, R.; Campisi, C.; Cigna, V.; Mugavero, E.; Cucinella, G.; Orlandi, E.;
et al. Celocentesis for Early Prenatal Diagnosis in Couples At-Risk for 3-Thalassemia and Sicilian (AB)0 -Thalassemia. Hemoglo-
bin 2022, 46, 297-302. https://doi.org/10.1080/03630269.2023.2167659.

Wieacker, P.; Steinhard, J. The Prenatal Diagnosis of Genetic Diseases. Dtsch. Arztebl. Int. 2010, 107, 857-862.
https://doi.org/10.3238/arztebl.2010.0857.

Laugel, V. Cockayne Syndrome. In GeneReviews®; Adam, M.P., Bick, S., Mirzaa, G.M., Pagon, R.A., Wallace, S.E., Amemiya, A.,
Eds.; University of Washington, Seattle: Seattle, WA, USA, 1993.

Sheth, J.; Dhondekar, T.; Ajagekar, M.; Datar, C.; Kher, A.; Trivedi, J.; Thakkar, S.; Gandhi, A.; Soni, M.; Chaudhary, M.; et al.
Prenatal Diagnosis of Rare Genetic Disorders: Fourteen Years’ Experience of a Tertiary Genetic Centre from India. Orphanet ].
Rare Dis. 2025, 20, 471. https://doi.org/10.1186/s13023-025-04003-9.

Badenas, C.; Rodriguez-Revenga, L.; Morales, C.; Mediano, C.; Plaja, A.; Pérez-Iribarne, M.M.; Soler, A.; Clusellas, N.; Borrell,
A.; Sanchez, M.A.; et al. Assessment of QF-PCR as the First Approach in Prenatal Diagnosis. J. Mol. Diagn. 2010, 12, 828-834.
https://doi.org/10.2353/jmoldx.2010.090224.

Liao, C; Yang, X,; Li, F.-T.; Li, J.; Li, D.-Z. The Detection of Aneuploidy and Maternal Contamination by QF-PCR in Samples
Undergoing Prenatal Diagnosis for Thalassemia in Southern China. Eur. ]. Obstet. Gynecol. Reprod. Biol. 2009, 144, 149-152.
https://doi.org/10.1016/j.ejogrb.2009.02.051.

https://doi.org/10.3390/genes17070746



Genes 2026, 17, 746 18 of 22

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Saha, S.C.; Rather, R.A. Scope of Cell- Versus Cell-Free-Based Detection Approach in Noninvasive Prenatal Screening. In Non-
invasive Prenatal Screening (NIPS) in Clinical Practice; Rather, R.A., Saha, S.C., Eds.; Springer Nature: Singapore, 2024; pp. 79-96
ISBN 978-981-9764-01-3.

Jorgez, C.J.; Bischoff, F.Z. Improving Enrichment of Circulating Fetal DNA for Genetic Testing: Size Fractionation Followed by
Whole Gene Amplification. Fetal Diagn. Ther. 2009, 25, 314-319. https://doi.org/10.1159/000235877.

Makrydimas, G.; Kaponis, A.; Skentou, C.; Lolis, D. Short-Term Safety of Celocentesis for the Mother and the Fetus. Ultrasound
Obstet. Gynecol. 2002, 19, 243-245. https://doi.org/10.1046/j.1469-0705.2002.00646.x.

Lemmers, M.; Verschoor, M.A; Kim, B.V.; Hickey, M.; Vazquez, J.C.; Mol, B.W.].; Neilson, J.P. Medical Treatment for Early
Fetal = Death (Less  than 24  Weeks). Cochrane  Database Syst. Rev. 2019, 6, CD002253.
https://doi.org/10.1002/14651858.CD002253.pub4.

Moller, I.B.; Vomstein, K.; Krog, M.C.; Lathi, R.B.; Nielsen, H.S. The Evidence-Practice Gap in Immunotherapy for Recurrent
Pregnancy Loss: A  Critical Narrative Review of Current Treatments. FS Rev. 2025, 6, 100099.
https://doi.org/10.1016/j.xfnr.2025.100099.

Salomon, L.J.; Sotiriadis, A.; Wulff, C.B.; Odibo, A.; Akolekar, R. Risk of Miscarriage Following Amniocentesis or Chorionic
Villus Sampling: Systematic Review of Literature and Updated Meta-analysis. Ultrasound Obstet. Gyne 2019, 54, 442-451.
https://doi.org/10.1002/uog.20353.

Ogilvie, C.; Akolekar, R. Pregnancy Loss Following Amniocentesis or CVS Sampling-Time for a Reassessment of Risk. J. Clin.
Med. 2014, 3, 741-746. https://doi.org/10.3390/jcm3030741.

Likar, I.P.; Jere, K.S.; Mozina, T.; Verdenik, I.; Tul, N. Pregnancy Loss After Amniocentesis and Chorionic Villus Sampling;:
Cohort Study. Zdr. Varst. 2020, 60, 25-29. https://doi.org/10.2478/sjph-2021-0005.

éwietlicki, A.; Gutaj, P; Iciek, R.; Paluszkiewicz-Kwarcinska, A.; Wender-Ozegowska, E. Safety Profile and Risk Factors of Am-
niocentesis: Evidence from a Five-Year Single-Centre Retrospective Study. BMC Pregnancy Childbirth 2026, 26, 191.
https://doi.org/10.1186/512884-026-08686-1.

Ornellas, S.B.; Kizilaslan, B.; Shah, A.; Hou, J.F.; Shin, Y.; Moyers, A.H.; Lozano, C.; Dagdeviren, C. Ultrasound in Women’s
Health:  Mechanisms,  Applications, and Emerging Opportunities. = Adv.  Mater. 2026, 38, e20454.
https://doi.org/10.1002/adma.202520454.

Goto, M.; Nakamura, M.; Takita, H.; Sekizawa, A. Study for Risks of Amniocentesis in Anterior Placenta Compared to Placenta
of Other Locations. Taiwan. |. Obstet. Gynecol. 2021, 60, 690—-694. https://doi.org/10.1016/j.tjog.2021.05.018.

Liu, X.; Wang, J.; Luo, W.; Wang, Q.; Liu, Z.; Wang, H.; Liu, S.; Hu, T. The Risk Factors of Procedure-Related Complications
after Amniocentesis in Twin Pregnancies: A Retrospective Analysis. BMC Pregnancy Childbirth 2023, 23, 587.
https://doi.org/10.1186/512884-023-05884-z.

Rugg-Gunn, P.J.; Moris, N.; Tam, P.P.L. Technical Challenges of Studying Early Human Development. Development 2023, 150,
dev201797. https://doi.org/10.1242/dev.201797.

Lantzi, M.A.; Papakonstantinou, E.; Vlachakis, D. Bioinformatic Analysis of Complex In Vitro Fertilization Data and Predictive
Model Design Based on Machine Learning: The Age Paradox in Reproductive Health. Biology 2025, 14, 556.
https://doi.org/10.3390/biology14050556.

Shorey-Kendrick, L.E.; Crosland, B.A.; Spindel, E.R.; McEvoy, C.T.; Wilmarth, P.A.; Reddy, A.P.; Zientek, K.D.; Roberts, V.H.].;
D’Mello, R.J.; Ryan, K.S.; et al. The Amniotic Fluid Proteome Changes across Gestation in Humans and Rhesus Macaques. Sci.
Rep. 2023, 13, 17039. https://doi.org/10.1038/s41598-023-44125-3.

Santolaya-Forgas, J.; Galan, I.; Deleon-Luis, J.; Wolf, R. A Study to Determine If Human Umbilical Cord Hematopoietic Stem
Cells Can Survive in Baboon Extra-Embryonic Celomic Fluid: A Prerequisite for Determining the Feasibility of in-Utero Stem
Cell Xeno-Transplantation via Celocentesis. Fetal Diagn. Ther. 2007, 22, 131-135. https://doi.org/10.1159/000097112.

Braga, L.H.; Farrokhyar, F.; Dénmez, M.L; Nelson, C.P.; Haid, B.; Herbst, K.; Garriboli, M.; Cascio, S.; Nieuwhof-Leppink, A.;
Kaefer, M.; et al. Randomized Controlled Trials—The What, When, How and Why. J. Pediatr. Urol. 2025, 21, 397-404.
https://doi.org/10.1016/j.jpurol.2024.11.021.

Cuzick, J. The Importance of Long-Term Follow up of Participants in Clinical Trials. Br. . Cancer 2023, 128, 432-438.
https://doi.org/10.1038/s41416-022-02038-4.

Sirica, R.; Ottaiano, A.; D’Amore, L.; Ianniello, M.; Petrillo, N.; Ruggiero, R.; Castiello, R.; Mori, A.; Evangelista, E.; De Falco, L.;
et al. Advancing Non-Invasive Prenatal Screening: A Targeted 1069-Gene Panel for Comprehensive Detection of Monogenic
Disorders and Copy Number Variations. Genes 2025, 16, 427. https://doi.org/10.3390/genes16040427.

https://doi.org/10.3390/genes17070746



Genes 2026, 17, 746 19 of 22

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Basavaraj, N.; Pallathur, N.; Taha, A.G.E.; Sharma, R.; Imam, B.; Rahman, A.; Muse, R.; Sharma, S.; Shekhawat, P.; Rai, M.
Importance of Preconception Reproductive Genetic Screening in Routine Clinical Care. Cureus 2026, 18, e100572.
https://doi.org/10.7759/cureus.100572.

Giirkan, H.; Bilge Satkin, N. The Importance of Genetic Diagnosis in Rare Diseases. Balk. Med. ]. 2025, 42, 92-93.
https://doi.org/10.4274/balkanmedj.galenos.2025.2025-270125.

James, A.H.; Brancazio, L.R. Prenatal Screening for Thrombophilia: The Background and the Approach. Gynecol. Obstet. Investig.
2005, 60, 47-57. https://doi.org/10.1159/000083484.

Kamranpour, B.; Noroozi, M.; Bahrami, M. Psychological Experiences of Women with Pregnancy Termination Due to Fetal
Anomalies: A Qualitative Study from the Perspective of Women, Their Spouses, and Healthcare Providers in Iran. Reprod. Health
2020, 17, 109. https://doi.org/10.1186/s12978-020-00959-y.

Mirtabar, S.M.; Pahlavan, Z.; Aligoltabar, S.; Barat, S.; Nasiri-Amiri, F.; Nikpour, M.; Behmanesh, F.; Taheri, S.; Nasri, K.; Fara-
marzi, M. Women’s Worries about Prenatal Screening Tests Suspected of Fetal Anomalies: A Qualitative Study. BMC Women'’s
Health 2023, 23, 66. https://doi.org/10.1186/s12905-023-02211-8.

Jradi, W.; Duhm, K.; da Costa, C.P. Developmental Impact of Maternal Immune Activation on the Fetal Immune System and
Lung. Eur. J. Immunol. 2026, 56, €70138. https://doi.org/10.1002/eji.70138.

Wapner, R.J. Chorionic Villus Sampling. Obstet. Gynecol. Clin. North. Am. 1997, 24, 83-110. https://doi.org/10.1016/s0889-
8545(05)70291-6.

Wilson, R.D. Early Amniocentesis: A Clinical Review. Prenat. Diagn. 1995, 15, 1259-1273. https://doi.org/10.1002/pd.1970151307.
Jindal, A.; Sharma, M.; Karena, Z.V.; Chaudhary, C. Amniocentesis. In StatPearls; StatPearls Publishing: Treasure Island, FL,
USA, 2026.

Criiger, D.G.; Bruun-Petersen, G.; Kolvraa, S. Early Prenatal Diagnosis: Standard Cytogenetic Analysis of Coelomic Cells Ob-
tained by Coelocentesis. Prenat. Diagn. 1996, 16, 945-949. https://doi.org/10.1002/(SICI)1097-0223(199610)16:10<945::AID-
PD967>3.0.CO;2-].

Jurkovic, D.; Jauniaux, E.; Campbell, S.; Pandya, P.; Cardy, D.L.; Nicolaides, K.H. Coelocentesis: A New Technique for Early
Prenatal Diagnosis. Lancet 1993, 341, 1623-1624. https://doi.org/10.1016/0140-6736(93)90761-5.

Jenkins, T.M.; Wapner, R.J. First Trimester Prenatal Diagnosis: Chorionic Villus Sampling. Semin. Perinatol. 1999, 23, 403—413.
https://doi.org/10.1016/s0146-0005(99)80006-8.

Smith, K.C.; McGladdery, A.].; Binns, M.M.; Mumford, J.A. Use of Transabdominal Ultrasound-Guided Amniocentesis for De-
tection of Equid Herpesvirus 1-Induced Fetal Infection in Utero. Am. J. Vet. Res. 1997, 58, 997-1002.

Katrachouras, A.; Kontos, H.; Konis, K.; Skentou, C.; Makrydimas, G. Early Non-Invasive Prenatal Testing at 6-9 Weeks of
Gestation. Genes 2024, 15, 895. https://doi.org/10.3390/genes15070895.

Katsogiannou, M.; Donato, X.; Loundou, A.; Glowaczower, E.; Raffray, M.; Planchet-Barraud, B.; Quarello, E.; Brechard, M.;
Desbriere, R. Managing Pain and Anxiety during Transabdominal Chorionic Villus Sampling. A Noninferiority Randomized
Trial of Nitrous Oxide vs Local Anesthesia. Acta Obstet. Gynecol. Scand. 2019, 98, 351-358. https://doi.org/10.1111/aogs.13495.
Harris, A.; Monga, M.; Wicklund, C.A.; Robbins-Furman, P.J.; Strecker, M.N.; Doyle, N.M.; Mastrobattista, J. Clinical Correlates
of Pain with Amniocentesis. Am. ]. Obstet. Gynecol. 2004, 191, 542-545. https://doi.org/10.1016/j.ajog.2004.01.032.

Akolekar, R.; Beta, J.; Picciarelli, G.; Ogilvie, C.; D’ Antonio, F. Procedure-related Risk of Miscarriage Following Amniocentesis
and Chorionic Villus Sampling: A Systematic Review and Meta-analysis. Ultrasound Obstet. Amp;, Gyne 2015, 45, 16-26.
https://doi.org/10.1002/uog.14636.

Ciortea, R.; Malutan, A.M.; Bucuri, C.E.; Berceanu, C.; Rada, M.P.; Ormindean, C.M.; Mihu, D. Amniocentesis-When It Is Clear
That It Is Not Clear. J. Clin. Med. 2023, 12, 454. https://doi.org/10.3390/jcm12020454.

Lamb, A.N.; Rosenfeld, J.A.; Coppinger, J.; Dodge, E.T.; Dabell, M.P.; Torchia, B.S.; Ravnan, J.B.; Shaffer, L.G.; Ballif, B.C. Defin-
ing the Impact of Maternal Cell Contamination on the Interpretation of Prenatal Microarray Analysis. Genet. Med. 2012, 14, 914—
921. https://doi.org/10.1038/gim.2012.77.

Wysocka, U.; Stepniewska, J.; Koztowska, M.; Kucinska, A.; Banas-Lezanska, P.; Ataszewski, W.; Dudarewicz, L.; Kaczmarek,
P.; Grzesiak, M.S.; Gach, A. Chorjonic Villus Sampling in the Era of Genomic Medicine: A Gateway to Early and Personalized
Prenatal Diagnosis. Appl. Clin. Genet. 2026, 19, 567210. https://doi.org/10.2147/TACG.S567210.

Peranteau, W.H.; Flake, A.W. The Future of In Utero Gene Therapy. Mol. Diagn. Ther. 2020, 24, 135-142.
https://doi.org/10.1007/s40291-020-00445-y.

Peddi, N.C.; Marasandra Ramesh, H.; Gude, S.S.; Gude, S.S.; Vuppalapati, S. Intrauterine Fetal Gene Therapy: Is That the Future
and Is That Future Now? Cureus 2022, 14, e22521. https://doi.org/10.7759/cureus.22521.

https://doi.org/10.3390/genes17070746



Genes 2026, 17, 746 20 of 22

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

van 't Hof, L.J.; Kapsenberg, ].M.; Drabbels, ].J.M.; van der Meeren, L.E.; Roelen, D.L.; Eikmans, M.; van der Hoorn, M.-L.P.
Cervical EVT Isolation for Non-Invasive Fetal HLA Typing in Early Pregnancy Is Limited by Purity and Maternal Cell Contam-
ination; a Methodological Comparison. Front. Immunol. 2025, 16, 1575086. https://doi.org/10.3389/fimmu.2025.1575086.

Alcala Minagorre, P.J.; Salmerdn Fernandez, M.J.; Domingo Garau, A.; Diaz Pernas, P.; Nebot Marzal, C.M.; Pino Ramirez, R.M.;
Madrid Rodriguez, A. Strategies for Improving Diagnostic Safety and Clinical Reasoning. An. De Pediatria (Engl. Ed.) 2025, 102,
503827. https://doi.org/10.1016/j.anpede.2025.503827.

Livieri, G.; Mangina, E.; Protopapadakis, E.D.; Panayiotou, A.G. The Gaps and Challenges in Digital Health Technology Use as
Perceived by Patients: A Scoping Review and Narrative Meta-Synthesis. Front Digit Health 2025, 7, 1474956.
https://doi.org/10.3389/fdgth.2025.1474956.

Fahim, Y.A.; Hasani, LW.; Kabba, S.; Ragab, W.M. Artificial Intelligence in Healthcare and Medicine: Clinical Applications,
Therapeutic Advances, and Future Perspectives. Eur. J. Med. Res. 2025, 30, 848. https://doi.org/10.1186/s40001-025-03196-w.
Lee, A.T.; Ramasamy, R.K.; Subbarao, A. Barriers to and Facilitators of Technology Adoption in Emergency Departments: A
Comprehensive Review. Int. J. Environ. Res. Public. Health 2025, 22, 479. https://doi.org/10.3390/ijerph22040479.

Fuchs Weizman, N.; Wyse, B.A.; Antes, R,; Ibarrientos, Z.; Sangaralingam, M.; Motamedi, G.; Kuznyetsov, V.; Madjunkova, S.;
Librach, C.L. Towards Improving Embryo Prioritization: Parallel Next Generation Sequencing of DNA and RNA from a Single
Trophectoderm Biopsy. Sci. Rep. 2019, 9, 2853. https://doi.org/10.1038/s41598-019-39111-7.

Vossaert, L.; Chakchouk, I.; Zemet, R.; Van den Veyver, L.B. Overview and Recent Developments in Cell-Based Noninvasive
Prenatal Testing. Prenat. Diagn. 2021, 41, 1202-1214. https://doi.org/10.1002/pd.5957.

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. https://doi.org/10.3390/bi-
ology12070997.

Bader, K.B.; Padilla, F.; Haworth, K.J.; Ellens, N.; Dalecki, D.; Miller, D.L.; Wear, K.A.; Bioeffects Committee of the American
Institute of Ultrasound in Medicine. Overview of Therapeutic Ultrasound Applications and Safety Considerations: 2024 Update.
J. Ultrasound Med. 2025, 44, 381-433. https://doi.org/10.1002/jum.16611.

Kim, S.Y.; Chung, HW._; Oh, T.S,; Lee, ].-S. Practical Guidelines for Ultrasound-Guided Core Needle Biopsy of Soft-Tissue Le-
sions: Transformation from Beginner to Specialist. Korean J. Radiol. 2017, 18, 361-369. https://doi.org/10.3348/kjr.2017.18.2.361.
Oltramare, V.E.; McDermott, C.; Dunn, P.J. Changes in Sequencing Technology Used for Preimplantation Genetic Testing for
Aneuploidy. . Assist. Reprod. Genet. 2025, 42, 2483-2496. https://doi.org/10.1007/s10815-025-03576-5.

Cox, S.G.; Acevedo, A.; Ahuja, A.; LaBreche, H.G.; Alfaro, M.P.; Pierson, S.; Westover, T.; Ratzel, S.; Hancock, S.; Moyer, K.; et
al. Curation and Reporting of Pathogenic Genome-Wide Copy-Number Variants in a Prenatal Cell-Free DNA Screen. Genet.
Med. 2025, 27, 101223. https://doi.org/10.1016/j.gim.2024.101223.

Garg, R K.; Kumar, Y.; Niwas, R.; Singh, J. Non-Invasive Prenatal Testing (NIPT): A Paradigm Shift in Prenatal Care. Int. ]. Prev.
Med. 2025, 16, 86. https://doi.org/10.4103/ijpvm.ijpvm_266_25.

Vanover, M.; Wang, A.; Farmer, D. Potential Clinical Applications of Placental Stem Cells for Use in Fetal Therapy of Birth
Defects. Placenta 2017, 59, 107-112. https://doi.org/10.1016/j.placenta.2017.05.010.

Ishigaki, T.; Sudo, K.; Hiroyama, T.; Miharada, K.; Ninomiya, H.; Chiba, S.; Nagasawa, T.; Nakamura, Y. Human Hematopoietic
Stem Cells Can Survive in Vitro for Several Months. Adv. Hematol. 2009, 2009, 936761. https://doi.org/10.1155/2009/936761.
O’Conrell, A.E.; Guseh, S.; Lapteva, L.; Cummings, C.L.; Wilkins-Haug, L.; Chan, ].; Peranteau, W.H.; Almeida-Porada, G.;
Kourembanas, S. Gene and Stem Cell Therapies for Fetal Care: A Review. JAMA Pediatr. 2020, 174, 985-991.
https://doi.org/10.1001/jamapediatrics.2020.1519.

Santolaya-Forgas, J.; De Leon-Luis, J.; Wilkins-Haugh, L. Celocentesis for in Utero Stem Cell Therapy: Where We Now Stand
and Future Directions. Am. ]. Perinatol. 2007, 24, 277-281. https://doi.org/10.1055/s-2007-972925.

Seker-Yilmaz, B.; Hill, M.; Baranello, G.; Loukogeorgakis, S.; Coppi, P.D.; Gissen, P.; Chitty, L.S. The Evolving Landscape of
Fetal Therapy: Surgical Interventions and Emerging Biologics. Biologics 2026, 6, 11. https://doi.org/10.3390/biologics6020011.
Coverstone, A.M.; Ferkol, T.W. Early Diagnosis and Intervention in Cystic Fibrosis: Imagining the Unimaginable. Front. Pediatr.
2020, 8, 608821. https://doi.org/10.3389/fped.2020.608821.

Ortiz-Bueno, M.; Zinghirino, F.; Serra, P.P.; Paschoudi, K.; Montoliu, L.; Atilla, E.; Luo, Y.; Cavazza, A.; Lederer, C.W.; Benab-
dellah, K. From Bench to Bedside: Ethical and Clinical Best Practices for Genome Editing Applications. Int. ]. Mol. Sci. 2026, 27,
1484. https://doi.org/10.3390/ijms27031484.

https://doi.org/10.3390/genes17070746



Genes 2026, 17, 746 21 of 22

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Raigani, M.; Eftekhari, Z.; Adeli, A.; Kazemi-Lomedasht, F. Advancing Gene Editing Therapeutics: Clinical Trials and Innova-
tive  Delivery  Systems across Diverse Diseases. Mol.  Ther.  Nucleic  Acids 2025, 36, 102666.
https://doi.org/10.1016/j.omtn.2025.102666.

Pschera, H. Stem Cell Therapy in Utero. ]. Perinat. Med. 2000, 28, 346-354. https://doi.org/10.1515/JPM.2000.044.
Tai-MacArthur, S.; Lombardi, G.; Shangaris, P. The Theoretical Basis of In Utero Hematopoietic Stem Cell Transplantation and
Its Use in the Treatment of Blood Disorders. Stem Cells Dev. 2021, 30, 49-58. https://doi.org/10.1089/scd.2020.0181.

Jones, D.R.; Bui, T.H.; Anderson, E.M.; Ek, S.; Liu, D.; Ringdén, O.; Westgren, M. In Utero Haematopoietic Stem Cell Transplan-
tation: Current Perspectives and Future Potential. Bone Marrow Transplant. 1996, 18, 831-837.

Kong, C; Yin, G.; Wang, X.; Sun, Y. In Utero Gene Therapy and Its Application in Genetic Hearing Loss. Adv. Biol. 2024, 8,
€2400193. https://doi.org/10.1002/adbi.202400193.

Toelen, J.; Carlon, M.; Claus, F.; Gijsbers, R.; Sandaite, I.; Dierickx, K.; Devlieger, R.; Devriendt, K.; Debeer, A.; Proesmans, M.;
et al. The Fetal Respiratory System as Target for Antenatal Therapy. Facts Views Vis. Obgyn 2011, 3, 22-35.

Palanki, R.; Peranteau, W.H.; Mitchell, M.J. Delivery Technologies for in Utero Gene Therapy. Adv. Drug Deliv. Rev. 2021, 169,
51-62. https://doi.org/10.1016/j.addr.2020.11.002.

Jauniaux, E.; Gulbis, B. Fluid Compartments of the Embryonic Environment. Hum. Reprod. Update 2000, 6, 268-278.
https://doi.org/10.1093/humupd/6.3.268.

Rackaityte, E.; Halkias, J. Mechanisms of Fetal T Cell Tolerance and Immune Regulation. Front. Immunol. 2020, 11, 588.
https://doi.org/10.3389/fimmu.2020.00588.

Edwards, R.G.; Jauniaux, E.; Binns, R.M.; Layton, M.; Jurkovic, D.; Grillo, T.A.; Campbell, S. Induced Tolerance and Chimaerism
in Human Fetuses Using Coelocentesis: A Medical Opportunity to Avert Genetic Disease? Hum. Reprod. Update 1995, 1, 419-
427. https://doi.org/10.1093/humupd/1.4.419.

Rendell, V.; Bath, N.M.; Brennan, T.V. Medawar’s Paradox and Immune Mechanisms of Fetomaternal Tolerance. OBM Trans-
plant. 2020, 4, 26. https://doi.org/10.21926/obm.transplant.2001104.

Berkowitz, C.L.; Luks, V.L.; Puc, M.; Peranteau, W.H. Molecular and Cellular In Utero Therapy. Clin. Perinatol. 2022, 49, 811-
820. https://doi.org/10.1016/j.clp.2022.06.005.

Giuliano, R.; Maione, A.; Vallefuoco, A.; Sorrentino, U.; Zuccarello, D. Preimplantation Genetic Testing for Genetic Diseases:
Limits and Review of Current Literature. Genes 2023, 14, 2095. https://doi.org/10.3390/genes14112095.

Tacoban, S.R.; Artyomenko, V.; Piron-Dumitrascu, M.; Suciu, I.D.; Pavelescu, L.A.; Suciu, N. Designing the Future of Prenatal
Care: An Algorithm for a Telemedicine-Enhanced Team-Based Care Model. ]. Med. Life 2024, 17, 50-56.
https://doi.org/10.25122/jml-2024-0145.

Adusumalli, R.; Banala, R.R. Advancements in Prenatal Diagnostics and the Effects of EU Regulatory Frameworks, Including
the IVDR and MDR: A Systematic Review. Egypt. |. Med. Hum. Genet. 2025, 26, 164. https://doi.org/10.1186/s43042-025-00790-9.
Miskeen, E.; Alfaifi, J.; Alhuian, D.M.; Alghamdi, M.; Alharthi, M.H.; Alshahrani, N.A.; Alosaimi, G.; Alshomrani, R.A.; Hajlaa,
A.M.; Khair, N.M.; et al. Prospective Applications of Artificial Intelligence In Fetal Medicine: A Scoping Review of Recent Up-
dates. Int. |. Gen. Med. 2025, 18, 237-245. https://doi.org/10.2147/IJGM.S490261.

Jo, D. The Interpretation Bias and Trap of Multicenter Clinical Research. Korean J]. Pain 2020, 33, 199-200.
https://doi.org/10.3344/kjp.2020.33.3.199.

Zeindler, J.; Taha, A.; Ponholzer, F.; Ochs, V.; Rakhmatillokhon, K.; Soysal, S.; Kollmar, O.; Rosenberg, R. Understanding and
Applying Statistical Methods in Surgical Research: A Comprehensive Guide for Clinicians. Eur. Surg. 2026, 58, 1-13.
https://doi.org/10.1007/s10353-026-00938-w.

Nabieva, E.; Sharma, S.M.; Kapushev, Y.; Garushyants, S.K.; Fedotova, A.V.; Moskalenko, V.N.; Serebrenikova, T.; Glazyrina,
E.; Kanivets, I.V.; Pyankov, D.V.; et al. Accurate Fetal Variant Calling in the Presence of Maternal Cell Contamination. Eur. J.
Hum. Genet. 2019, 28, 1615-1623.

Hajizadeh, A.; Momeni, F.; Eslami, N.M.; Rajeh, S.M.; Parsian, A.; Birgani, R.G.; Kananpour, N.; Pourzare, P.; Aghili, A.; Samar-
jan, R.S.; et al. Clinical Applications and Future Perspectives of Circulating Tumor Cells in Solid Tumors. Discov. Oncol. 2026,
17, 571. https://doi.org/10.1007/s12672-026-04799-3.

Dungan, ].S.; Klugman, S.; Darilek, S.; Malinowski, J.; Akkari, Y.M.N.; Monaghan, K.G.; Erwin, A.; Best, R.G. Noninvasive Pre-
natal Screening (NIPS) for Fetal Chromosome Abnormalities in a General-Risk Population: An Evidence-Based Clinical Guide-
line of the American College of Medical Genetics and Genomics (ACMG). Genet. Med. 2023, 25, 100336.
https://doi.org/10.1016/j.gim.2022.11.004.

https://doi.org/10.3390/genes17070746



Genes 2026, 17, 746 22 of 22

148. Konya, M.; Czimbalmos, A.; Loczi, L.; Koi, T.; Turan, C.; Nagy, R.; Acs, N.; Hegyi, P.; Varbiro, S.; Gal, A. Genome-Wide, Non-
Invasive Prenatal Testing for Rare Chromosomal Abnormalities: A Systematic Review and Meta-Analysis of Diagnostic Test
Accuracy. PLoS ONE 2024, 19, e0308008. https://doi.org/10.1371/journal.pone.0308008.

149. Ardiles-Ruesjas, V.; Vifials, R.; Pauta, M.; Madrigal, I; Borrell, A. Prenatal Screening of Chromosomal Anomalies Using Ge-
nome-Wide or Target Cell-Free DNA: Preferences and Satisfaction of Pregnant Women. ]. Clin. Med. 2024, 13, 4888.
https://doi.org/10.3390/jcm13164888.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(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/10.3390/genes17070746



