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Abstract: The rapid progress of the technologies applied to laboratory diagnostics allows several diagnostic
and screening options for the identification of genetic diseases and chromosomal alterations in the antenatal
age. Couples at risk to have a child with a chromosomal or genetic illness (i.e., carriers of previously
identified genetic alterations, a previous child with a genetic condition, and/or a positive family history)
should receive personalized genetic counselling, preferably before the pregnancy. In this way, couples will
be able to receive appropriate information about the best diagnostic option based on their personal and
familial history. Taking into account that prenatal diagnostic options are rapidly changing with the emerging
of more sensitive technologies and that, consequently, the offer for diagnostic tests in reproductive medicine
is increased, in this review we discuss about the diagnostic indications for each test in antenatal age, such
as preimplantation, invasive prenatal and non-invasive prenatal diagnosis (PND). In addition, sampling
and the laboratory techniques are well represented. Rapid progress of modern high-throughput molecular
technologies, largely based on next generation sequencing, has required clinical validation studies. The most
representative studies were included in order to better characterize the technology used for each diagnostic
test. Therefore, the combination of innovative diagnostic technologies with the increase in demand (also
related to the increased age of both partners facing the first pregnancy) has contributed to the practice of

antenatal diagnosis and non-invasive prenatal screening (NIPT).
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Introduction molecular biology methods, the number and quality

of tests available for antenatal identification of genetic

. . 4o : . _ _
Congenital anomalies occur in 2-4% of all newborns diseases greatly increased; the options now available range

and cause 20.4% of perinatal deaths (1). Several technics from non-invasive prenatal screening (NIPT) to targeted

have been developed and used over time to detect
chromosomal alterations or single gene variants to optimize

the reproductive outcome. Thanks to the advances in
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assessment of at-risk couples (2). In addition, the genetic
carrier screening, an option prior to conception, allows
each partners to obtain information about their genotype

7 Lab Precis Med 2020;5:6 | http://dx.doi.org/10.21037/jlpm.2019.11.02


https://crossmark.crossref.org/dialog/?doi=10.21037/jlpm.2019.11.02

Page 2 of 10

in relation to autosomal recessive, dominant or X-linked
diseases; therefore, the purpose of genetic carrier screening
is to plan following reproductive choices (i.e., traditional
prenatal diagnosis (PND), preimplantation genetic
diagnosis, egg or sperm donation or adoption).

Antenatal genetic tests aim to provide information on
the genotype of the embryo [pre-implantation genetic
testing (PGT)] or fetus (traditional PND, NIPT). These
tests are voluntary and should only be undertaken after
genetic counselling to inform about the nature of the test,
the possible results and the options available (2). Antenatal
diagnostic strategies are triggered by parents’ risk factors
and/or genetic diseases previously identified in the family
and/or ultrasound alterations recognized in the fetus. The
outcome of preimplantation or prenatal genetic diagnosis
is an informed reproductive decision-making starting from
the analysis of family history, ethnic origin, past obstetric
history and parents’ carrier status, up to molecular analysis
on an embryonic or fetal biological sample (3). The most
common genetic conditions for which antenatal genetic tests
are required include cystic fibrosis, thalassemia, Duchenne/
Becker muscular dystrophy and Fragile X syndrome: these
tests allow to identify the genetic alterations previously
described in the father and in the mother, therefore, an
absence of those specific genetic alterations does not
exclude the possibility that the child may have others (3).

It should be noted that prenatal diagnostic strategies
have different aims than those of NIPT and genetic carrier
screening. NIPT is applied to pregnant women, through
the sequencing of maternal cell free DNA (cfDNA) and
analysis of free fetal DNA (cffDNA), for the detection
of fetal trisomy 13, 18, 21, sex chromosomes alterations,
CNVs, and microdeletions (4).

"This review will focus on analysing the tests in use when
the reproductive path is already underway, with the aim of
providing advice to optimize the molecular diagnosis for
chromosomal and genetic conditions detectable in antenatal
age thanks to the most innovative available technologies.
The specialist in laboratory medicine and in health
reproduction can benefit from this update, especially, when
they have to manage couples who are planning a pregnancy,
or who are pregnant, and couple at risk of genetic alteration
transmission to the offspring with associated morbidity and/
or mortality.

Methods

This review reflects emerging clinical and scientific
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advances as of the issued date and is subject to change. The
paper takes into account the current scientific literature. In
particular, Medline was conducted on PubMed, in a period
between 2010 to 2019, using the following keywords:
antenatal diagnosis, preimplantation diagnosis, PND,
NIPT, antenatal age.

Antenatal genetic diagnosis

Antenatal genetic diagnosis is defined as a process that
excludes or detects embryonic and fetal diseases. In
addition, results provide information to parents and doctors
focused on improving pregnancy outcomes and the well-
being of the family (3) (Figure I).

Since the termination of pregnancy was an option in case
of a negative outcome of the prenatal genetic diagnosis,
many efforts have been made to obtain a diagnosis as soon
as possible: indeed, pre-implantation genetic diagnosis
protocols have been developed as an alternative to
traditional prenatal genetic diagnosis (3). In addition, an
increasing number of prenatal and perinatal treatments
are now available thanks to the development of in-utero
therapies and the identification of pathologies sensitive to
therapy during prenatal age or immediately after birth (5,6).

Diagnostic indications

Two main diagnostic indications from antenatal tests can be
identified:

(I) patients or couples before the conception awareness
about the risk of transmitting a genetic pathology
to their offspring, since in their familial or personal
medical history there are known factors that could
cause genetically detectable pathologies, or even
preventable. For example, couples with previous
children affected by genetically determined
disorders, couples in which one of the partners has
blood relatives affected by genetically determined
disorders, families of specific ethnic origin associated
with an increased risk of abnormal pregnancy
outcomes. In these cases, the couples can decide
between the traditional PND (Figure 14) and the
pre-implantation genetic diagnosis (Figure 1B);

(II) patients or couples without known or previously
recognizable risk factors, in which a routine
blood test or a prenatal ultrasound scan reveals
an unexpected abnormal finding during a routine
pregnancy check (Figure 14). Examples include
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* Couples at-risk to transmit genetic

pathologies based on familial or personal
positive history

* Risk of genetic diseases identified during
pregnancy

Condition

Timing Prenatal age

Sample Chorionic villus; amniocytes; amniotic liquid

« Direct identification or linkage analysis of
mutations previously identified in parents

* Biochemical analysis of amniotic liquid /

Method

o

Couples at-risk to transmit familial E

genetic pathologies or personal positive
history
HLA-typing

Condition

Timing Preimplantation age

Sample Blastomere; trophectoderm cells
Direct identification or linkage analysis of

Method previously identified mutations in parents

Requirement Assisted reproductive technique /

Figure 1 Main features of the antenatal genetic diagnosis in the case of: (A) couples/individuals previously identified as at risk for a particular

genetic condition or couples/individuals in whom risk factors have been identified during pregnancy; (B) couples/individuals previously

identified as at risk for a particular genetic condition that present infertility or who decide to undergo assisted reproductive technologies.

cystic fibrosis mutation panel screening and CFTR
gene sequencing for fetal echogenic bowel, FGFR
gene sequencing for possible fetal achondroplasia or
craniosynostosis, and targeted testing for mutations
in genes causing genetic syndrome (7-11).

Family bistory and genetic counselling

The collection of family history is an essential tool for
assessing the risk of genetic diseases, since the identification
of risk factors related to genetic diseases and genetic
diseases known in the family, allows the stratification of
reproductive risk and the organization of targeted diagnostic
approaches (2). Therefore, in all couples intending to have
children, the family history should be carefully collected in
order to identify the possible presence of hereditary genetic
diseases in blood relatives. When the suspicion of a specific
hereditary disease emerges from the family history, it would
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be necessary to deep investigate with genetic counselling.
Genetic counselling should be carried out, preferably in
the preconception period, to partner/couples identified as
being at risk of transmission of an inherited condition based
on a three-generation pedigree review, ethnic background,
personal manifestations or obstetrical/past medical history
(intellectual disability, muscular dystrophy or bleeding
disorders). Here, information on carrier screening and
prenatal/preimplantation genetic diagnosis must be
provided. Information on ethnic origin may be helpful
in choosing appropriate screening studies. Direct gene
mutation or expanded next-generation gene sequencing
(NGS) testing should be discussed as part of the informed

consent process.

Sampling techniques

A brief overview of the well-known conventional
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techniques is provided below, taking into account that, after
fertilization, the zygote differs first in the blastomere and
then in blastocyst, which contains an internal cellular mass
that develops in the fetus and an external trophoblastic layer
that develops in non-fetal structures such as the amnion, the
chorion and the placenta (12,13). The genetic complement
of the external cell mass almost always reflects the genetic
constitution of the internal cell mass (i.e., the fetus) because
both are derived from the same zygote.

Blastomere (6-8 cells) biopsy

Blastomere biopsy was the first technique developed for
embryo sampling. It is carried out 3 days post-fertilization
by aspirating 1-2 cells after the mechanical or chemical
dissociation of the zona pellucida; therefore, in this case
the sample for diagnosis is represented by a single cell or,
occasionally, two (12).

Blastocyst (trophectoderm) biopsy

This sampling strategy is similar to blastomere biopsy but
allows to obtain, 5 days post-fertilization, a sample with a
greater number of cells (up to 10 cells) (12).

Chorionic villus sampling

Chorionic villus sampling allows to analyze fetal DNA
between 11-14 weeks’ gestation. This procedure is carried
out under ultrasound guidance, both transabdominally if the
placenta is located anteriorly or transcervically if the placenta
is positioned posteriorly, and is based on the sampling of
chorionic villi. The DNA obtained from this fetal tissue, after
maternal contamination exclusion, can be used for cytogenetics
and molecular biology tests. Since it is an invasive procedure, a
risk of miscarriage is present, being 1/400 (13).

Ammniocentesis

Amniocentesis is carried out between 16-20 weeks’ gestation,
but can be performed also later. This procedure is carried
out under ultrasound guidance to collect amniotic fluid and
then isolate fetal cells. Thus, it can be used for cytogenetics
and molecular biology tests (analyzing the DNA of the
isolated and cultured fetal cells), and also for biochemical
evaluation directly on the amniotic fluid. In this case, the risk
of miscarriage ranges from 1/500 to 1/900 (13).

Single gene disorders detectable by molecular analysis

Molecular analysis allows to identify an ever-increasing
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number of genetic pathologies in the antenatal age. The
diagnostic strategy is based on the direct identification
of the mutation or on the linkage analysis, in any case
the prerequisite is the genotypic characterization of the
parents and the family index case. Therefore, this type of
investigation is indicated for couples in which there is a risk
for a known genetic disorder. The molecular diagnosis must
be preceded by a thorough genetic consultation, aimed at
informing the couple about the implications of potential
results (i.e., the result is relative to the specific pathology
under examination, but does not exclude the presence
of other genetic pathologies) as well as complications
(spontaneous abortion related to sampling procedures,
in the case of traditional PND) and requirements (use of
assisted procreation techniques, even in couples able to
conceive naturally) (3,8).

For couples at risk of transmitting a hereditary disorder
specific to their offspring there are two diagnostic options,
PGT or PND. These two diagnostic procedures share the
same diagnostic purpose, but differ in diagnostic time, type
of sampling and laboratory procedures (Figure 1). PGT has
the advantage of anticipating the timing of the diagnosis
thus avoiding the use of therapeutic abortion, but it presents
the disadvantage to recognize as a complementary test not a
substitute for PND (3).

Molecular techniques

Currently, the most recent PND strategies to detect
chromosomal alterations, when the pregnancy is in
progress, are based on echography coupled with karyotype
and microarray (14). Karyotype, carried out by analyzing
cultured fetal cells obtained from both chorionic villus
sampling or amniocentesis, allows to analyze all the 23 pairs
of chromosomes, including sex chromosomes. Therefore,
the advantage is that it allows to identify chromosomal
alterations, such as trisomy, monosomy, large deletions and
duplications, translocations, inversions, and mosaic; while,
the disadvantages are that it requires cell culture, the time
of the analysis is long (up to 2 weeks).

Microarray-based chromosomal evaluation has shown
a higher sensitivity; thus, it is recommended as a first-
level test when ultrasound alterations are detected (15).
This technic allows the identification of chromosomal
aneuploidy, microdeletions and microduplications within a
chromosome not detectable by a standard karyotype due to
their size. Several platforms can be used for chromosome
microarray including the array-based comparative genomic
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hybridization (aCGH). Even if the balanced chromosomal
translocations are not detectable, the microarray platforms
present some advantages such as the absence of cells culture
and reduction of the turnaround time of the diagnostic
test (16). The introduction of microarray-based procedures
has increased the diagnostic yield of prenatal tests respect to
traditional cytogenetics (17,18). However, 70-80% of fetus
with ultrasound alterations still remain without a molecular
diagnosis (17,18).

The above-mentioned cytogenetic strategies cannot
detect alterations at single nucleotide level. As a
consequence, in the case of the inherited disease (based
on familial history and/or ultrasound specific features, as
shown in Figure 1), molecular biology techniques can be
used to analyze specific disease-causing genes and highlight
the causative mutations already identified in the family (8,9).
To this aim direct sequencing of the exon(s) harboring the
familial mutation(s) or STRs analysis are used in routine
settings (8,9,19). However, also in this case the test may be
not informative (8,9,19). These limitations are expected in
both prenatal and preimplantation genetic diagnosis (3).

The limits of, currently used, traditional prenatal
diagnostic strategies have fueled the need for more sensitive
techniques; the recent development of novel sequencing
technologies is prompting PND into a new era (20).
Indeed, NGS, as for other fields of molecular diagnostics, is
changing PND: in addition to targeted sequencing of single
disease-causing genes or small group of genes of interest,
prenatal exome sequencing (ES) is now being an option, at
least in selected cases; genome sequencing has been used
for research purposes but is not yet applicable in clinical
settings, due to difficulties into data interpretation; finally,
RNA-sequencing may provide new insights into human
development during pregnancy, and novel non-invasive
biomarkers to monitor placental functions through maternal
plasma cell-free RNA (cfRNA) (2,20-23). Considering all
the above, it is expected that NGS-based approach, to direct
analyze fetal specimens from amniocentesis and chorionic
villus sampling, will replace soon more traditional prenatal
methodologies.

The most simple application of NGS is the analysis of
single disease-causing genes starting from fetal DNA. This
approach can be advantageous when the disease present
within a family is well defined based on clinical/biochemical
features, but the mutation(s) are not known in the parents.

An effective approach in the case of multigenic
inheritance or confounding, overlapping phenotypes, is the
analysis of multi-genes panels. Targeted multi-genes panels
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allow to simultaneously analyze a group of genes related
to a disease or to a group of diseases sharing common
phenotypic features, or a common genetic background.
This approach is now widely used for the diagnosis of
several diseases in postnatal settings and has been also
applied to PND (24,25). However, even if targeted multi-
genes panel analysis allows to optimize cost and time of the
genetic tests, it may be ineffective if the choice of the panel
to be tested is guided by the phenotype, and the latter (based
just on ultrasound) is not clearly defined. Another possible
use of multi-genes panels in the prenatal medicine is the so
called “carrier screening”. This test, differently from the
others, does not analyze fetal DNA but is performed on
the parents (preferably before conception) to verify if they
carry recessive alterations that may be risky if transmitted
to their newborn (13). Indeed, since carriers of autosomal
recessive disorders are generally healthy and often have also
a negative family history, they may be not aware regarding
their status as “carriers”.

ES is currently used in clinical setting to provide
postnatal diagnosis and has showed its utility in increasing
the diagnostic rate of complex phenotype (26,27). Its use
in PND is still at embryonal stage (28-30). The advantage
of ES is that, by analyzing all the coding genes in the
human genome without selection biases, it may identify
a molecular alteration also in the cases where other
targeted approaches fail. However, the huge amount of
data produced is still challenging to interpret in routine
application (31). Nevertheless, several reports are showing
the utility of prenatal ES in selected case by using trio
analysis in order to facilitate variants filtering, prioritization
and interpretation, and are also expanding our knowledge
on prenatal phenotype of such rare inherited diseases
(28,29,32). Currently, the cost, difficulties into variants
interpretation, missing of phenotypic information, and the
ethical considerations, limits ES use in routine being rather
a second level test for selected, difficult cases (20).

Whole genome sequencing (WGS) has been used
in prenatal settings as proof of principle, however its
feasibility is lower than ES since not only costs are higher,
but the difficulties related to variants interpretation are
exponentially increased due to the inclusion also of the non-
coding genomic regions (33).

Finally, RNA-Seq studies on fetal tissues are still
rare (20). This approach has the potential to provide novel
insights into fetal development and clarify the mechanisms
underlying specific diseases of interest, however currently
may be useful just for research purposes and is limited by
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investigations /

Figure 2 Main features of the NIPT. It is indicated for women who have a family history of genetic disorders, women who have previously

had a baby with a chromosomal abnormality, or who are over 35—the cut-off for “advanced maternal age”. NIPT, non-invasive prenatal

screening.

scarce tissues availability.

NIPT

The NIPT, performed in the last 30 years, are essentially
based on the analysis of biochemical markers on maternal
blood, combined with ultrasound investigations (Figure 2).
The free fetal DNA (cffDNA) analysis present in the
maternal blood was analyzed for the first time in the 1997
when the presence of the Y chromosome in the plasma
of some women with male fetuses was revealed. The
analysis of cffDNA is the innovative prenatal screening for
chromosomal abnormalities, CNVs and microdeletion.

Diagnostic indications

Since the techniques actually used for NIPT are based
on the analysis of the total circulating DNA, without
differentiating the fetal from the maternal one, NIPT is not
be considered a diagnostic test but a screening test.

Nowadays the NIPT is well validated for chromosomal
anomalies (such as trisomies of chromosomes 21, 18, 13),
sex chromosome aneuploidies, CNVs and microdeletions,
however the detection of single-gene disorders using
cffDNA is the real challenge (3).

Despite accredited scientific societies suggest the NIPT
to all pregnant women, it is recommended to women who
have a family history of genetic disorders, women who have

© Journal of Laboratory and Precision Medicine. All rights reserved.

previously had a baby with a chromosomal abnormality, or
who are over 35—the cut-off for “advanced maternal age”.

Sampling techniques

NIPT is considered without risks for miscarriage, unlike the
sampling of amniotic fluid or chorionic villi, as it is based
on the analysis of cffDNA. It can be isolated early starting
from week 10th of gestation, when it reaches sufficient
amounts for potential clinical use. Its percentage can vary
between <4%, a quantity not useful for the diagnosis,
and about 40%; the percentage of cffDNA is called “fetal
fraction” (34).

The cffDNA originates from the lysis of maternal and
placental cells and for this reason it is degraded in fragments
containing about 180 base pairs (bp) and are suspended in
arterial plasma. The cffDNA present in maternal plasma
originates from the placental cytotrophoblast and it is
detectable yet at 5 weeks of pregnancy. Taking in to account
the origin of c¢ffDNA in a percentage of cases a possible to
find a discordant karyotype with respect to the fetal one.
The chromosomal analyzes of the trophoblast have, in
fact, identified variable percentages of discordance for the
different aneuploidies (34).

Molecular techniques

Non-invasive prenatal testing (NIPT) is the ensemble of
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molecular strategies that allow the screening, testing, or
diagnosis of fetal chromosomal or genetic alterations by
analyzing directly cffDNA in maternal plasma or serum.
NGS has been successfully applied also to NIPT (35,36).
In particular, NIPT coupled with NGS has been used for
chromosomal aneuploidies detection using both whole
fetal DNA sequencing (shotgun approach) or targeted
sequencing of a panel of chromosomes more likely to give
aneuploidies (chromosomes 13, 18, X and Y chromosomes).

In general, NIPT laboratory protocols are based on
comparisons between a specific chromosome of analyzed
sample with a disomic control that could be an internal
control, another chromosome, or a pool of disomic
pregnancies. The ratio between the counts (number of CR
fragments in the test/number of fragments in the disomic
reference samples) is approximately equal to 1.

If a fetus bearing trisomy 21 is present in the examined
pregnancy, the FF increases due to the presence
of additional circulating fragments released by the
supernumerary CR21 of the fetus. The magnitude of the
increase depends on the percentage of the total FF and
on the number of bp of CR21, in relation to the bp of the
overall genome of the fetus. Some NIPT tests insert the
percentage of FF in the algorithm for the formulation of the
probability of presence of the investigated trisomy, while
others use predetermined normalization factors, which can
still reach high levels of reliability (37).

As mentioned above, three main techniques for NIPT are
based on NGS: NGS of the entire genome; NGS of specific
regions; SNPs analysis, i.e., detection of polymorphisms of
single nucleotides.

The NGS-based analysis of the whole cffDNA present in
the maternal plasma generates millions of short sequences
covering the entire genome, which are then mapped onto
a reference sequence of the human genome, to establish
their origin and count the number of fragments originating
from the chromosome of interest, compared to the number
of fragments obtained from the other chromosomes (38).
Several algorithms have been developed to determine if, in
the sample under examination, the number of fragments has
increased or decreased, in relation to a threshold suggestive
of an aneuploidy (39,40).

An alternative strategy selectively amplifies specific
genomic loci on the chromosome(s) of interest, which are
then sequenced. This technique is cheaper, as it reduces the
regions to be sequenced, but has the limitation of studying
only a few pre-selected regions of interest (37).

The third technique is based on the amplification of
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several loci polymorphic (SNP) on chromosome(s) of
interest (41).

The sensitivity and specificity towards the main
aneuploidies are high for all three techniques, regardless of
the instruments used for sequencing and the bioinformatic
algorithm used (42).

The most current researches are focused to develop a
unique protocol able to analyze chromosomal abnormality,
CNVs and monogenic diseases (43). In this context,
NGS coupled with a specific bioinformatics pipeline for
the analysis of the results become essential. The genetic
disorders actually studied are Phenylketonuria and Wilson
disease using circulating single molecule amplification
and resequencing technology (cSMART) (44,45). The
genotyping seems a reliable method for some recessive
disease such as DMD (46). Recently, encouraging data
showed the high analytical sensitivity and specificity by
combining NGS with the quantitative counting of the
template (input DNA) for the NIPT of the most common
genetic disorders in the world (sickle cell disease, cystic
fibrosis, spinal muscular atrophy, alpha-thalassemia, and
beta-thalassemia) (47).

Finally, the recent possibility to study cell free amniotic
RNA and other non -invasive approaches through the study of
maternal cell free RNA will prompt this area of research (29).

Conclusions

The technical progresses and reduced sampling risks will
make the techniques for antenatal diagnosis and screening
increasingly effective in optimizing the reproductive
outcome. The impact will be a reduced frequency of
rare and serious hereditary genetic diseases and may, for
example, lead to a negative selection of the most common
late-onset genetic variants or recessive disorders (i.e., cystic
fibrosis).

In the future, new diagnostic technologies will not
only provide the tools to give prospective parents the
opportunity to make an informed choice, but they can
also lead to personalized fetal medicine. Antenatal genetic
testing and genetic screening have many advantages,
but also important technical challenges; moreover, the
acceptance and integration of this diagnostic possibility
paves the way for ethical-social debates.
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