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Abstract: Prenatal genetic diagnosis of monogenic diseases
is a process involving the use of a variety of molecular
techniques for the molecular characterization of a potential
monogenic disease in the fetus during pregnancy. Prenatal
genetic diagnosis can be performed through invasive and
non-invasive methods. A distinction must be made between
“NIPD” (non-invasive prenatal diagnosis), which is consid-
ered to be diagnostic, from “NIPT” (non-invasive prenatal
test), which is a screening test that requires subsequent
confirmation by invasive methods. The different techniques
currently available aim at detecting either, previously
characterized pathogenic mutations in the family, the risk
haplotype associated with the familial mutation, or potential
pathogenic mutation(s) in a gene associated with a diag-
nostic suspicion. An overview is provided of relevant aspects
of prenatal genetic diagnosis of monogenic diseases. The
objective of this paper is to describe the main molecular
techniques currently available and used in clinical practice.
A description is provided of the indications, limitations and
analytical recommendations regarding these techniques,
and the standards governing genetic counseling. Continuous
rapid advances in the clinical applications of genomics have
provided increased access to comprehensive molecular
characterization. Laboratories are struggling to keep in pace
with technology developments.

Keywords: genetic counseling; molecular techniques;
monogenic diseases; prenatal genetic diagnostics;
recommendations.

Introduction

Prenatal genetic diagnosis ofmonogenic diseases is a process
involving the use of a variety ofmolecular techniques for the
molecular characterization of a potential monogenic disease
in the fetus during pregnancy. Monogenic diseases are
directly related to an alteration in a single gene. Owing to
their lowprevalence, these conditions are considered as rare
diseases, affecting less than 5 in 10,000 inhabitants [1]. The
monogenic diseases most frequently tested for prenatal
diagnosis include: cystic fibrosis; Huntington’s disease;
myotonic dystrophy type I; Duchene muscular dystrophy;
facioscapulohumeral muscular dystrophy; Gaucher disease;
Pompe disease; Friedreich’s ataxia; polycystic kidney dis-
ease; and neurofibromatosis, to name a few.

According to current laws and regulations in Spain
(Order SSI/2065/2014 (BOE of November 6th) [2], prenatal
diagnosis testing is indicated in the following cases:
– Upon suspicion that the fetus has a high risk of suffering

from a severe genetic disease and/or his/her parents
have a familial history of severe genetic disease.

– When the suspected disease is known to be caused by a
specific genetic mutation and can be identified through
a specific genetic test.

– Prenatal test results may lead to decisions that
contribute to a tailored clinical management of preg-
nancy and the newborn, and guide reproductive deci-
sion-making.

Currently, prenatal genetic diagnosis can be performed either
by invasive (chorionic villus sampling (CVS) or amniocen-
tesis), or non-invasive (the starting sample is maternal pe-
ripheral blood, without it affecting fetal tissues) methods [3].

Fetal circulating DNA (cfDNA) is a small fraction of fetal
DNA within the mother’s plasma cell-free DNA (3–20%). It is
composed of short fragments that are less than 150 base pairs
in length. cfDNA has been suggested to have an apoptotic
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origin and originates from fetal cells in the placenta. Fetal
DNA fragments are detectable from 6 weeks of pregnancy.
Its proportion increases as pregnancy progresses and are
undetectable in maternal plasma at 48 h postpartum. These
fragments are mostly eliminated within the first 2 h after
delivery [4]. As a result, DNA from a former pregnancy
cannot be detected. Fetal fraction is influenced by a range of
factors, including maternal weight, toxic habits during preg-
nancy,maternal cancer, activematernal autoimmune disease
[5] and placenta-related diseases such as preeclampsia [6–8],
to name a few. Other factors affecting fetal fraction include
maternal characteristics, placental-fetal characteristics,
experimental factors and calculation methods [9].

Therefore, gene amplification can be performed in
maternal plasma to detect fetal genetic mutations associated
with monogenic diseases [10]. In the absence of these muta-
tions in the mother, they unequivocally belong to the fetus
(paternal origin or de novo). In this case, targeted testing is
performed and considered diagnostic. These techniques are
called “NIPD” (Non-Invasive Prenatal Diagnosis). Next gener-
ation sequencing (NGS) anddigital PCR (dPCR)make it possible
to test for maternally inherited mutations and/or X-linked
recessive and dominant diseases. In this case, it is considered a
screening test and is called “NIPT” (Non-Invasive Prenatal
Test) and requires confirmation by invasive techniques.

Fetal DNA is detectable from the 6 weeks of pregnancy.
However, the use of molecular testing in NIPD for the
detection of fetal genetic mutations in maternal plasma is
considered safe and diagnostic from 10 weeks of pregnancy.
From this moment, the results obtained are reliable and
decision-making can be performed. Nevertheless, NIPT re-
quires confirmation by invasive techniques.

Purpose and scope

This review provides an examination of the most relevant
aspects of prenatal genetic diagnostics in monogenic dis-
eases. A description is provided of invasive and non-invasive
diagnostic molecular techniques currently used. A summary
of the indications, limitations and analytical recommenda-
tions is also provided. Finally, genetic counseling guidelines
are given, as it is crucial in genetic diagnosis. This review is
intended to serve for consultation, help adopt an appro-
priate approach, and facilitate the interpretation of genetic
diagnosis of monogenic diseases.

Indications

Prenatal diagnostic testing for monogenic diseases is offered
in the following cases:

– Pathogenic genetic alteration(s) have been detected in
the father or mother and there is a high risk that the
fetus inherits a monogenic disease:
– The mother or the father has a genetic mutation

causing a dominant autosomalmonogenic disease or
a dominant X-linked disease.

– Themother is carrier of a genetic mutation causing a
recessive X-linked disease. In these cases, fetal sex is
determined by non-invasive techniques, whereas in
males genotype is determined using invasive
techniques.

– The parents are carriers of a genetic mutation
causing a recessive autosomal monogenic disease.

In some cases, gamete donation or pre-implantation genetic
diagnosis (currently known as PGT: Pre-implantation ge-
netic testing) are considered in order to conceive a healthy
offspring.
– A risk haplotype associated with a monogenic disease

has been identified and there is suspicion that the fetus
may have inherited genetic alterations, although these
alterations have not been identified.

– Abrother or sister has been diagnosedwith amonogenic
disease caused by a de novo pathogenic mutation asso-
ciated with a risk of germinal mosaicism.

– Ultrasound findings in the fetus suggestive of a mono-
genic disease.

Molecular techniques

In prenatal diagnostic testing, a range of techniques are used
as a function of the disease, type of mutation(s) under study,
performance and turnaround times.

The different techniques currently available can be
aimed at detecting previously characterized pathogenic ge-
netic mutations in the family; detecting the risk haplotype
associated with the familial mutation; and/or screening for
potential pathogenic mutation(s) in a gene associated with a
diagnostic suspicion.

Table 1 details the usefulness of the main techniques
currently used in invasive and non-invasive prenatal
diagnosis.

Sanger sequencing

Sanger sequencing performs the sequencing of previously
amplified DNA by polymerase chain reaction (PCR) [11]. This
technique is used in prenatal testing to detect point muta-
tions (missense or nonsense variants), small deletions/du-
plications or small insertions. It is the technique used in
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invasive prenatal diagnosis to detect familial pathogenic
variants in the fetus. Fetal DNA is present in maternal
plasma at such low concentrations that it is below the limit of
detection of the technique in non-invasive diagnosis.
Therefore, this method is not used in non-invasive prenatal
diagnosis.

MLPA

MLPA (multiplex ligation probe amplification) [12] uses
probes (pairs of oligonucleotides) that recognize specific
regions of the target gene, generally exons. Data analysis is
performed using dedicated software (Coffalyser) that greatly
facilitates calculations and interpretation.

It is generally used for prenatal diagnosis of mono-
genic diseases caused by large deletions/duplications in a
specific gene. An example is Duchenne muscular dystro-
phy, where 65–80% of causative mutations are deletions/
duplications affecting one or more exons of the DMD gene
[13].

As fetal DNA is found in the form of fragments in
maternal plasma, the MLPA technique is not used for non-
invasive diagnosis.

Array comparative genomic hybridization
(array-CGH and SNP array)

Array-CGH is based on the hybridization to equimolar amounts
of sample DNA (patient) and control DNA (reference) of the
same sex over DNA targets containing multiple sequences
throughout the genome that are associated with a disease.

This technique enables the detection of copy number
variations (CNVs) or large deletions and duplications through
the genome, or regions of the genome associated with dis-
eases. Array-CGH resolution depends on the type and design
of the array. Array-CGH is very efficient in invasive prenatal
diagnosis of monogenic diseases such as Duchenne muscular
dystrophy [14] and cognitive impairment [15]. This technique
is not used in non-invasive diagnosis, since the sample con-
tains a mixture of fetal and maternal DNA.

CGH/SNP arrays have a high sensitivity. These arrays
detect small insertions and deletions and detect heterozy-
gosity and regions of the genome associatedwith imprinting.

Microsatellite testing by PCR

Microsatellite testing is based on the determination of the
number of highly polymorphic repeats of specific regions of
the genome. For that purpose, polymerase chain reaction
(PCR) amplification is performed using fluorescently
labelled locus-specific primers. The size of amplified frag-
ments is measured by capillary electrophoresis.

Microsatellite testing by PCR is performed when the
causative mutation is unknown or testing is not possible. In
these cases, indirect molecular diagnosis of the familial ge-
netic disease is performed. The same approach is used in
diseases originated by large expansions of a region of re-
peats (mostly trinucleotides), including myotonic dystrophy
type 1 or Friedreich’s ataxia.

In these diseases, microsatellite testing by PCR is per-
formed in conjunction with repeat primed PCR, known as
triplet repeat primed PCR (TP-PCR) to test for trinucleotide
repeat expansions (explained below).

As fetal DNA is found in the form of fragments in
maternal plasma, this technique cannot be used in non-
invasive diagnosis.

Repeat primed PCR. Triplet repeat primed
PCR (TP-PCR)

Since most repeat expansion disorders are characterized by
trinucleotide expansion, focus will be placed on the TP-PCR
technique.

Table : Techniques used according to the type of prenatal diagnosis.

. Invasive prenatal genetic diagnosis

Sanger sequencing
MLPA
Array-CGH/SNP array
Microsatellite testing by PCR
TP-PCR
ARMS (panels of most prevalent mutations in a specific disease)
NGS

. Non-invasive prenatal genetic diagnosis

.. Detection of genetic alterations not inherited from the mother
(NIPD)

Taqman real-time PCR
HRM and COLD-HRM

.. Detection of genetic alterations inherited from themother (NIPT),
the father, or de novoa

Digital PCR
NGS

aIn the case of de novo pathogenic variants detected in a previous son or
daughter with risk of germinal mosaicism. MLPA, multiplex ligation probe
amplification; TP-PCR, triplet repeat primed PCR; ARMS, amplification-
refractory mutation system; NGS, next generation sequencing; HRM, high
resolution melting.
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The TP-PCR technique is a variant of PCR, with a high
sensitivity and specificity for the detection of trinucleotide
repeat expansions, given that one of the primers is com-
plementary to the segment of repeating nucleotides [16]. The
products obtained by TP-PCR are analyzed by capillary ele-
trophoresis. The presence of expansion is confirmed when
a typical electrophoretic staircase or dragon tail image is
obtained, with peaks progressively decreasing as the num-
ber of repeats increases.

This technique is complementary to PCR for microsat-
ellite testing in prenatal invasive diagnosis of diseases
caused by the expansion of a microsatellite, such as myoto-
nic dystrophy type 1.

Panels of the most prevalent pathogenic
variants associated with a specific disease.
Amplification-refractory mutation system
(ARMS)

Considering population ancestry, the presence of a specific
disease in affected individuals/families can be generally
explained by the presence of pathogenic variants. There
are commercially available reagents that analyze with the
same assay the nucleotide positions of the most common
genetic mutations in diseases such as cystic fibrosis, alpha-
1-antitrypsin deficiency, or Stargardt disease. This tech-
nique is used in invasive prenatal diagnosis upon suspicion
of the presence of one of these diseases in the fetus. For
testing, amniocentesis or chorionic villus sampling is per-
formed. One of the most widespread techniques used in
these assays is the amplification-refractory mutation sys-
tem (ARMS). This technique uses specific primers in a
multiplex PCR that detects normal or wild-type alleles and
mutated alleles in the gene(s) studied [17].

In the presence of a suspicious ultrasound finding
(hyperechogenic bowel on fetal ultrasound/cystic fibrosis),
molecular diagnostic testing is recommended [18]).

These panels do not analyze the whole gene or genes,
but only themost common pathogenic variants related to the
disease; therefore, they do not exclude the disease. Hence, it
is important that the sensitivity of the assay for the study
population and/or the residual risk of the carrier are detailed
on the laboratory report, as with all assays that do not
completely exclude a disease.

Taqman real-time PCR

The Taqman probe consists of an oligonucleotide with a re-
porter fluorescent dye attached to the 5′ end and a quencher

dye attached to the 3′ end. This probe is complementary to
the target DNA. Primers are used to flank the probe-binding
region. During amplification, the hybridized probe degrades
and generates fluorescence as the physical distance between
the fluorophore and the quencher dye increases. This is
directly related to the appearance of a specific amplified
product [19].

This technique has been extensively used in prenatal
diagnosis and requires a specific design for each patho-
genic variant and/or diagnosis. However, digital PCR (dPCR)
is gaining ground over real-time PCR in many clinical
scenarios.

To obtain an adequate amount of fetal DNA in non-
invasive prenatal diagnosis, a larger number of amplifica-
tion cycles is required for real-time PCR analysis. In this
context, Taqman real-time PCR is used to detect genes that
are not found in the mother, such as in fetal sex determi-
nation or when screening for the RHD gene in the fetus.

This technique has enough sensitivity and specificity to
yield a negative result when the Y chromosome and/or the
RHD gene is not detected in the fetus. However, when the
two genes are not detected in the first sample, confirmation
in a second sample is required. From 10 weeks of gestation,
there is enough fetal DNA for diagnosis [20].

Digital PCR

Digital PCR (dPCR) is based on the distribution of a target
DNA across a high number of fragments resulting in indi-
vidual PCR reactions [21, 22]. A total of 10,000 and 20,000
individual PCRs are performed.

This technique has a high sensitivity and detects vari-
ants at concentrations as low as 0.1% [23], which enables its
use in non-invasive prenatal diagnostic testing [10] and
direct quantification of the target assayed.

dPCR enables the detection of previously known caus-
ative variants inherited from the mother, the father, or de
novo with a risk for recurrence.

The analysis of exclusively paternal sequences by
dPCR requires a detection-based approach. In contrast,
the study of maternal genomic regions requires calcu-
lating the relative mutation dose (RMD) in the mother´s
plasma, which determines whether there is a disbalance
in the fetal allelic fraction and help determine the fetal
genotype [10].

This technique has been validated and demonstrated to
have a high sensitivity, since it detects alleles of paternal
origin with a precision of 100%. Alleles of maternal origin
are detected by RMD with a precision of 96% both, in auto-
somal and X-linked diseases [23].
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HRM (high-resolution melting) and
COLD-HRM

The HRM technique (high-resolution melting) is based on a
real-time PCR in the presence of double-stranded DNA
intercalating agents. These agents only emit fluorescence
when they intercalate into the double strand and loss fluo-
rescence when DNA is dissociated into single strands [24]. It
differentiates DNA samples as a function of the melting
curve and melting temperature (TM), thereby providing a
high sensitivity and resolution to the profiles obtained by the
HRM technique. Once the result of the amplified product is
verified by sequencing, the HRM technique is considered to
have the same sensitivity as the gold standard for the same
conditions and for the specific mutation assayed.

The COLD-HRM technique is a variant of the HRM assay
that uses melting temperature in a second PCR phase as the
denaturalization temperature. This assay is used to detect
genetic variants that are present at low concentrations in the
sample. The COLD-HRM technique detects mutated DNA
concentrations of 2% with respect to the wild type. There-
fore, this technique is suitable for non-invasive diagnosis of
fetal variants that are not inherited from themother [25, 26].

Massive sequencing (NGS)

NGS (next-generation sequencing) or massive sequencing is
a high-throughput technology that enables the simulta-
neous, rapid analysis or reads of nucleotides of millions of
DNA fragments. NGS detects point variants, small deletions
and insertions, and detects copy number variations (CNVs)
using special assays [27]. Currently, it is recommended to
confirm the CNVs detected by NGS using MLPA or array.

Massive sequencing is used both, in invasive and non-
invasive prenatal diagnosis but adopting completely
different approaches.

NGS in invasive prenatal diagnosis

The diagnostic approaches used in prenatal diagnosis
include:
– panel sequencing: it allows the analysis of genes asso-

ciated with some diseases.
– clinical exome sequencing: sequencing of pathogenic

gene-coding regions.
– whole-exome sequencing: sequencing of the regions

that encode all genes of the human genome.

The use of massive sequencing in invasive prenatal diag-
nosis ofmonogenic diseases is only recommended in specific
circumstances [28–30]. The American College of Medical
Genetics and Genomics (ACMG) recommends that exome
sequencing is only considered when diagnosis could not be
confirmed by routine genetic testing (karyotype or genomic
DNA array) in a fetus with multiple alterations suggestive of
a genetic origin [31]. The data currently available for pre-
natal diagnosis by exome sequencing has been obtained in
small case series. Drury et al. identified genetic alterations in
20–30% of fetuses with multiple alterations with normal
results in conventional genetic studies [32].

On another note, massive sequencing has enabled the
rapid sequencing of genes involved in a specific disease in
fetuses where a specific phenotype has been recognized [33].

Several studies on exome sequencing demonstrate that
trio sequencing (simultaneous sequencing of a sample from
the fetus and the biological parents) improves diagnostic
yield and expedite the interpretation of results [32, 34].

NGS in non-invasive prenatal diagnosis

The two main factors influencing sequence accuracy are
fetal fraction, which should exceed a threshold value (4%
according to guidelines), and depth of cfDNA sequencing.
The reason is that a significantly greater depth is required to
quantify small fractions withinmaternal circulating DNA, as
compared to a qualitative genetic test.

Relative haplotype dosage analysis (RHDO)
NGS panels are used to test for maternally inherited mono-
genic diseases by the RHDO method [10]. Whereas relative
mutation dosage (RMD) directly quantifies allelic relations
for a specific variant, the RHDO technique calculates allelic
gene interactions in maternal plasma for blocks of haplo-
types. Hence, instead of testing for a specific variant, it
detects the haplotype related to the causative variant.

In RHDO analysis, it is necessary to test for paternal and
maternal haplotypes and determine the haplotype linked to
the pathogenic variant (affected proband) to subsequently
infer the haplotypes inherited by the fetus. Statistical power
increases as the number of SNPs increases. RHDO has been
reported to have a sensitivity of 100% when the percentage
of fetal DNA in plasma exceeds 4% [35].

RHDO is highly effective in detecting complex genetic
variants (genes with pseudogenes, large genetic deletions
and pathogenic variants in repeated elements) when
screening for a specific variant is not possible.
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Non-invasive prenatal diagnosis by RHDO analysis is
used in diseases such as Duchenne and Becher muscular
dystrophy [36], cystic fibrosis or spinal muscular atrophy [37].

Whole-exome/genome sequencing in non-invasive pre-
natal diagnosis
Exome/genome sequencing in non-invasive prenatal diag-
nosis of monogenic diseases has not still been implanted in
routine practice. However, studies are achieving to increase
the efficacy of this technique [38].

Figures 1 and 2 display diagnostic algorithms by genetic
test indication.

Technical limitations

Limitations of the techniques used in
invasive prenatal diagnosis

– The different techniques available will enable the
detection of different types of variants (TP-PCR: repeat
expansions; MLPA: large deletions and duplications,
etc.). However, they cannot detect other variants, which
is a limitation.

– These techniques do not detect low-level mosaicisms or
contamination from maternal cells (MLPA and aCGH).

– Microsatellite testing and TP-PCR used to detect dis-
eases caused by repeat expansions only detect the
presence or absence of the pathogenic allele. However,
these assays do not quantify the number of large repeat
expansions [16].

– Panels of common or prevalent pathogenic variants in a
disease make it possible to screen for specific variants.
To expand the study and increase test sensitivity, com-
plementary tests will be required, such as Sanger
sequencing, NGS or MLPA.

– The interpretation of the variants detected is chal-
lenging. Variants of uncertain significance are
frequently detected, which may cause anxiety to the
family and hinder decision-making.

– Limitations of the NGS technique:
– Poor coverage of key genes may lead to false nega-

tive results.
– Incidental findings unrelated to the phenotype can

be made [39].
– Some pathogenic variants are not detected (large

genetic rearrangements, variants in regions not
included in target enrichment).

– Prenatal diagnosis requires a turnaround time of some
days or weeks. As a result, the use of some molecular

testing techniques is restricted to specific clinical
scenarios.

Limitations of NIPD/NIPT techniques

As these techniques use maternal plasma, the proportion of
fetal DNA is themain limitation, depending on the sensitivity
of the techniques used.
– For the diagnosis of a variant not inherited from the

mother, the required concentration of fetal DNA in
maternal plasma is 2% for real-time PCR and 0.2% for
dPCR [23, 40].

– For the diagnosis of a de novo variant with DNA inter-
calating fluorophores (diagnosed based on a melting
curve), conventional HRM and ColdHRM have a sensi-
tivity of 12 and 2%, respectively [25, 26]

– When a quantitative diagnostic approach is used, the
proportion of circulating fetal DNA in the mother is
required to exceed 4% [5].

– However, there are factors that reduce the proportion of
fetal DNA in the mother, such as maternal obesity or the
presence of an inflammatory process in the mother,
leading to a transient increase in maternal circulating
DNA and masking fetal DNA. Other factors include the
presence of a malignant neoplasm or an active autoim-
mune process in the mother [6–8]. Fetal fraction is also
influenced by maternal characteristics, placental-fetal
characteristics, experimental factors and calculation
methods [9].

– The NGS technique in NIPD/NIPT:
– It is time-consuming and expensive, since a proper

read sequencing depth is necessary to be able to
detect fetal DNA genotype.

– In RHDO, a proband (affected family member) is
required to establish diagnosis, but it is occasionally
not available,

All limitations of the techniques used for prenatal diagnosis
should be thoroughly explained during pre-test genetic
counseling.

Analytical requirements and
recommendations

The laboratory performing prenatal diagnosis should be
highly experienced in the diagnosis of the disease. Thus, they
should use validated methods and take part in annual
external quality controls.
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Guidelines for invasive prenatal diagnosis

– Diagnosis should be performed in duplicate in the fetus
and, where possible, using two different methods. It is
recommended that, on receipt in the laboratory, the
amniotic fluid or chorionic villus sample is divided into
two aliquots for subsequent separate processing.

– It should be verified that the fetal sample is free of
maternal contamination.

– Processing of the samples of the index case and the
parents should be performed in parallel to the pro-
cessing of the fetal sample, whenever possible.

– For most tests, results should be reported within a week
from receipt of the sample in the laboratory.

– The report should be clear and concise, and should detail
[41]:
– that the presence of maternal contamination has

been ruled out.
– the clinical significance of the molecular result.

– Whenever indirect diagnosis is performed, it is
important to report the risk on the laboratory report.

Guidelines for non-invasive prenatal
diagnosis

Determination of genetic alterations in circulating DNA
should be performed in very strict pre-analytical conditions.
– Whenmassive sequencing of circulating DNA in blood is

being performed, it is recommended to use plasma
(shipped in an EDTA tube). Plasma (shipped in an EDTA
tube) and serum can be used for the diagnosis of genes
not found in maternal DNA, as in the case of RHD, and
for sex determination. Serum is used for dPCR andHRM,
although plasma can also be used [42].

– It is important that the tube is received in the laboratory
within 4–6 hours from collection, unless a special tube is
used and cell integrity is protected [42].

Suspicion of monogenic disease in the fetus based on 

ultrasound findings

Invasive test

-

NGS

Select molecular techniques

based on clinical suspicion

Targeted panels Exome/Clinical

Exome

MLPA Microsatellites/TP-PCR Array

Panels of disease-

associated

variants (ARMS)

-

Pathogenic variants Negative result

Figure 1: Diagnostic algorithm on suspicion of a monogenic disease in the fetus based on ultrasound findings. ARMS, amplification-refractory mutation
system; MLPA, multiplex ligation probe amplification; NGS, next generation sequencing; TP-PCR, triplet repeat primed PCR.
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– Plasma and extracted circulating DNA should be stored
at −80 °C and −20 °C, respectively, to avoid freezing and
thawing cycles [42].

– It is recommended that 100 to 400 pb-length fragments
are obtained, as they preferentially select fetal DNA
(there are specific kits available for the extraction of
circulating DNA) [42].

– The fraction of fetal DNA should exceed 4% [5] when
massive sequencing is being performed for quantifica-
tion and invasive prenatal diagnostic testing is recom-
mended if the fraction of fetal DNA does not exceed 4%.
When real-time PCR techniques are used, a lower fetal
fraction can be used, as it is a qualitative diagnosis, with
2% being accepted for ColdHRM [25, 26] and 0.2% for
dPCR [23].

– In NGS studies, to prevent false negative results due to
very low concentrations of circulating fetal DNA, it is
recommended to identify paternally inherited alleles or
demonstrate the presence of fetal DNA and perform
quantification.

– If the placenta causes preeclampsia, an invasive fetal
diagnostic technique should be used.

– The presence of mosaicisms confined to the placenta
should be considered, since the fetal component origi-
nates from placental cells andmay yield false positive or
inconclusive results.

– To prevent false positive results, the presence of an
empty gestational sac from a disappeared affected em-
bryo (undetected), known as “vanishing or disappearing
twin” should be excluded by ultrasound examination.

– Potential sources of foreign DNA in the mother, as in
organ transplant recipients, should be excluded.

– NIPD is not recommended for multiple pregnancy,
except in case of inconsistent ultrasound findings [5].

The prenatal diagnostic techniques currently available are
varied and increasingly complex, which poses new analyt-
ical, legal and ethical challenges.

Genetic counseling

Definitions and details about prenatal genetic counseling are
provided in the Spanish Law on Biomedical Research [43];

Affected parent /carrier(s) of a monogenic disease

Invasive testing

-

Non-invasive testing

Select molecular technique(s) based on the 

pathogenic variant under study

Sanger MLPA Microsatellites/TP-PCR  Array

INVASIVE 

PRENATAL 

DIAGNOSIS

-

Variant inherited form the 

mother
Variant not inherited form 

the mother

Digital PCR

(RMD)

NGS

(RHDO)

NON-INVASIVE PRENATAL 

DIAGNOSIS

(DPNI)

Pathogenic variant(s) Negative result

-

Pathogenic 

variant

Negative

result

digital

PCR

Real-time

PCR

HRM

Cold HRM

Pathogenic 

variant

Negative

result

-

NON-INVASIVE PRENATAL 

TESTING

(TPNI)

Figure 2: Diagnostic algorithm to exclude a monogenic disease in the fetus when the mother or the father or the two are affected by or carriers of a
monogenic disease. ARMS, amplification-refractory mutation system; HRM, high resolution melting; MLPA, multiplex ligation probe amplification; NGS,
next generation sequencing; NIPD, non-invasive prenatal diagnosis; NIPT, non-invasive prenatal test; RHDO, relative haplotype dosage analysis; RMD,
relative mutation dosage; TP-PCR, triplet repeat primed PCR.
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American Society of Human Genetics guidelines (https://
www.acmg.net/ACMG/Medical-Genetics-Practice-Resources/
Practice-Guidelines.aspx); and the Council of Europe
Convention on Human Rights and Biomedicine [44], to name
a few (https://www.nsgc.org/page/specialty-areas).

During prenatal genetic counseling, families are pro-
vided with information on potential congenital defects in
their future children, i.e. anatomical, structural, functional
or molecular alterations at birth (albeit they may manifest
later in life), which may be visible and/or present in the
internal organs of the newborn. Families are also explained
that congenital defectsmay be familial or occur sporadically,
may be inherited or not, and they may present as a sole
developmental defect or as part of a range of defects. Future
parents are referred to prenatal genetic counseling upon
suspicion that the fetus may suffer from a genetic disease or
that the parents may pass a genetic disease on to their
offspring. Referral to a prenatal genetic counselor may be
requested at preconception, preimplantation and/or during
pregnancy. The purpose of genetic counseling is to diagnose
or predict the presence of a genetic disease in the fetus,
which is frequently associatedwith severe disabilities. There
must be robust evidence available demonstrating that the
genetic alteration is pathogenic and causative of disease.

The genetic counselor must ensure that the couple
understands the information provided, so that they can freely
make an informed decision. Their role is to provide guidance
rather than direction. Genetic counseling requires compli-
ance with all applicable laws and regulations [2, 43–45].

Genetic test results must be provided in a rapid, clear
way and interpreted carefully on the basis of the latest sci-
entific evidence available on the date of consultation. In the
prenatal period, fetal phenotypical data can only be obtained
by ultrasound. Results are inconclusive but help interpret
and address the results of diagnostic genetic testing.

Prior to genetic testing, at least a genetic counseling
session is required (“pre-test” counseling). After testing,
another session is necessary to provide and explain the re-
sults obtained (“post-test” counseling).

Genetic testing laboratories are recommended to
comply with and hold ISO 17025, ISO 15189 and ISO 9001
certification. Further guidelines and recommendations are
provided by the Asociación Española de Genética Humana or
the OECD [46–49].

Pre-test genetic counseling

During the pre-test genetic counseling visit, the counselor:
(1) Explains the reason why the family has been referred to

genetic counseling

(2) Collects personal data, along with information about
familial medical history, and clinical, analytical and ge-
netic reports provided by the requesting person/family
in relation to the reason for referral. Constructing a
genealogical tree as long as it is possible is essential

(3) Provides information on the diagnostic strategy and
explains the purpose of genetic testing, its diagnostic
value and the type of sample to be obtained. The coun-
selor also explains the advantages of genetic testing and
the possibility that it confirms diagnosis, prognosis and
treatment. It is essential to inform on the precision and
limitations of the indicated test and describe other
alternative tests available. The patient must be aware of
the potential results that may be obtained. They must
also know whether the sole causative agent of the dis-
ease can be identified or not. They must be made aware
that results of uncertain significance may be obtained,
which implications are unknown [50]. Informationmust
be provided that an incidental finding of other diseases
unrelated to the diagnostic suspicion may be made. The
counselor also explains the potential implications that
the results of genetic testing may have for other family
members.

(4) Informed consent. The pregnant woman declares that
she understood the information received and that
participation is voluntary, and agrees to undergoing the
indicated genetic test. She also states her decision about
sample storage and on whether she wants to be
informed or not on any incidental findings and/or re-
sults of uncertain significance that may be obtained

It has been agreed that consent must be provided in written
and recorded on the medical record of the patient. The
counselor must be aware that it is a legal and ethical obli-
gation towards patients in genetic counseling visits [51].

Post-test genetic counseling

During the post-test genetic counseling session, the pregnant
woman and/or her partner are informed on the results of the
genetic tests performed. Results must be reported in clear
and simple terms. The counselor explains their implications
for the newborn and their family, the risk of recurrence in
the offspring, and the primary or secondary prenatal or
postnatal prevention measures available.

Apart from the explanation of the genetic results ob-
tained, fetal analytical and clinical data in relation to the
genetic test should also be recorded. Segregation of genetic
variants in affected and unaffected family members may be
required or useful.
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It is essential that genetic counselors coordinate clinical
care or surveillance by as many specialists as it is necessary
for the fetus, the future offspring, progenitors and other
family members, to ensure that each individual situation is
managed appropriately.

There is increasing evidence of the important role that
early genetic diagnosis plays. With the advent of new ther-
apeutic practices, genetic variants can be totally corrected,
or at least their manifestations can be moderated.

Conclusions

Prenatal genetic diagnosis of monogenic diseases has tradi-
tionally been performed by invasive methods. However, it
can be carried out using a sample of maternal peripheral
blood, thereby preventing any damage to fetal tissues. Non-
invasive techniques prevent maternal stress and the asso-
ciated risk of miscarriage, which is accepted to range from
0.11% post-amniocentesis and 0.22% post-chorionic villus
sampling (CVS) [52] to 0.35% post-amniocentesis and post
CVS [53]. In prenatal diagnosis, the molecular approach used
should be tailored to the particular situation. Therefore, it is
important that specialists are aware of the techniques
available and their limitations to ensure that an appropriate
approach is adopted for prenatal diagnosis. Progress in
massive sequencing techniques and dPCR facilitates the diag-
nosis of monogenic diseases. Laboratories must ensure that
they keep pace with continuous advances in genetic testing.

Genetic counseling by a trained professional should al-
ways accompany prenatal genetic diagnosis. This practice
enables informed decision-making and help individuals be-
ing tested understand the implications of the genetic results
obtained.

Acknowledgements: Composition of the Prenatal Diagnosis
Commission (in alphabetical order): M. J. Alcaine Villarroya,
E.M. Barrenechea Iparraguirre, B. Badal Cogul, L. de Miguel
de Santos, M. Fabre Estremera, I. Ferrer Bolufer, C. Gómez
González, E. Melguizo Madrid, B. Prieto García, E. Tejedor
Hernández. Composition of the Genetics Commission
(in alphabetical order): P. Carrasco Salas, A. Cuesta Peredo,
O. Díez Gibert, E. González Vioque, H. Macher Manzano,
J. Oriola Ambròs, C. Palma Milla, C. Prior de Castro, R.
Rodríguez López, M. Santamaría González, C. Torreira Ban-
zas, M. Viejo Díaz, R. Wijngaard.
Research funding: None declared.
Author contributions: All authors accept responsibility for
the content of themanuscript and approved thefinal version
prior to submission.

Conflict of interest: The authors declare no conflict of
interest.
Informed consent: Not applicable.
Ethical approval: Not applicable.

References

1. Posada M, Martín-Arribas C, Ramírez A, Villaverde A, Abaitua I.
Enfermedades raras. Concepto, epidemiología y situación actual en
España. An Sist Sanit Navar 2008;31:9–20.

2. Orden SSI/2065/2014, de 31 de octubre, por la que se modifican los
anexos I, II y III del Real Decreto 1030/2006, de 15 de septiembre, por el
que se establece la cartera de servicios comunes del Sistema Nacional
de Salud y el procedimiento para su actualización. «BOE» núm. 269;
2014:91369–82 pp. [Online]. Available from: https://www.boe.es/
buscar/doc.php?id=BOE-A-2014-11444 [Accessed Aug 2022].

3. Vermeesch JR, Voet T, Devriendt K. Prenatal and pre-implantation
genetic diagnosis. Nat Rev Genet 2016;17:643–56.

4. Yu SC, Lee SW, Jiang P, Leung TY, Chan KC, Chiu RW, et al. High-
resolution profiling of fetal DNA clearance from maternal plasma by
massively parallel sequencing. Clin Chem 2013;59:1–10.

5. Renga B. Non invasive prenatal diagnosis of fetal aneuploidy using cell
free fetal DNA. Eur J Obstet Gynecol Reprod Biol 2018;225:5–8.

6. Wang E, Batey A, Struble C,Musci T, Song K, Oliphant A. Gestational age
and maternal weight effects on fetal cell-free DNA in maternal plasma.
Prenat Diagn 2013;33:662–6.

7. Ashoor G, Syngelaki A, Poon LCY, Rezende JC, Nicolaides KH. Fetal
fraction in maternal plasma cell-free DNA at 11–13 weeks’ gestation:
relation to maternal and fetal characteristics. Ultrasound Obstet
Gynecol 2013;41:26–32.

8. Kotsopoulou I, Tsoplou P, Mavrommatis K, Kroupis C. Non-invasive
prenatal testing (NIPT): limitations on the way to become diagnosis.
Diagnosis 2015;2:141–58.

9. Deng C, Liu S. Factors affecting the fetal fraction in noninvasive
prenatal screening: a review. Front Pediatr 2022;10:812781.

10. Scotchmana E, Shawa J, Paternostera B, Chandlera N, Chitty LS. Non-
invasive prenatal diagnosis and screening for monogenic disorders.
Eur J Obstet Gynecol Reprod Biol 2020;253:320–7.

11. Sanger F, Coulson AR. A rapidmethod for determining sequences inDNA
by primed synthesis with DNA polymerase. J Mol Biol 1975;94:441–8.

12. Schouten JP, McElgunn CJ, Waaijer R, Zwijnenburg D, Diepvens F,
Pals G. Relative quantification of 40 nucleic acid sequences bymultiplex
ligation-dependent probe amplification. Nucleic Acids Res 2002;30:e57.

13. Darras BT, Urion DK, Ghosh PS. Dystrophinopathies. In: Adam MP,
Everman DB, Mirzaa GM, et al. editors. GeneReviews® [Internet].
Seattle, WA: University of Washington, Seattle; 2000:1993–2022 pp.
Available from: https://www.ncbi.nlm.nih.gov/books/NBK1119/.

14. Fratter C, Dalgleish R, Allen SK, Santos R, Abbs S, Tuffery-Giraud S, et al.
EMQN best practice guidelines for genetic testing in
dystrophinopathies. Eur J Hum Genet 2020;28:1141–59.

15. Shoukier M, Klein N, Auber B, Wickert J, Schröder J, Zoll B, et al. Array
CGH in patients with developmental delay or intellectual disability: are
there phenotypic clues to pathogenic copy number variants? Clin Genet
2013;83:53–65.

16. Warner JP, Barron LH, Goudie D, Kelly K, Dow D, Fitzpatrick DR, et al. A
general method for the detection of large CAG repeat expansions by
fluorescent PCR. J Med Genet 1996;33:1022–6.

Prior-de Castro et al.: Prenatal diagnosis of monogenic diseases 37

https://www.boe.es/buscar/doc.php?id=BOE-A-2014-11444
https://www.boe.es/buscar/doc.php?id=BOE-A-2014-11444
https://www.ncbi.nlm.nih.gov/books/NBK1119/


17. Little S. Amplification-refractory mutation system (ARMS) analysis of
point mutations. Curr Protoc Hum Genet 2001;9. https://doi.org/10.
1002/0471142905.hg0908s07.

18. Dequeker E, Stuhrmann M, Morris MA, Casals T, Castellani C,
Claustres M, et al. Best practice guidelines for molecular genetic
diagnosis of cystic fibrosis and CFTR-related disorders–updated
European recommendations. Eur J Hum Genet 2009;17:51–65.

19. Holland PM, Abramson RD,Watson R, Gelfand DH. Detection of specific
polymerase chain reaction product by utilizing the 5’–3’ exonuclease
activity of Thermus aquaticus DNA polymerase. Proc Natl Acad Sci U S A
1991;88:7276–80.

20. Bustamante-Aragonés A, Rodríguez de Alba M, Perlado S, Trujillo-
Tiebas MJ, Arranz JP, Díaz-Recasens J, et al. Non-invasive prenatal
diagnosis of single-gene disorders from maternal blood. Gene 2012;
504:144–9.

21. Bhat S, Herrmann J, Armishaw P, Corbisier P, Emsli K. Single molecule
detection in nanofluidic digital array enables accuratemeasurement of
DNA copy number. Anal Bioanal Chem 2009;394:457–67.

22. Sykes PJ, Neoh SH, Brisco MJ, Hughes E, Condon J, Morley AA.
Quantitation of targets for PCR by use of limiting dilution.
Biotechniques 1992;13:444–9.

23. Perlado S, Bustamante-Aragonés A, Donas M, Lorda-Sánchez I, Plaza J,
Rodríguez de Alba M. Fetal genotyping in maternal blood by digital
PCR: towards NIPD of monogenic disorders independently of parental
origin. Plos One 2016;11:e0153258.

24. Ririe KM, Rasmussen RP,Wittwer CT. Product differentiation by analysis
of DNA melting curves during the polymerase chain reaction. Anal
Biochem 1997;245:154–60.

25. Macher HC, Martinez-Broca MA, Rubio-Calvo A, Leon-Garcia C,
Conde-Sanchez M, Costa A, et al. Non-invasive prenatal diagnosis of
multiple endocrine neoplasia type 2A using COLD-PCR combined
with HRM genotyping analysis from maternal serum. Plos One 2012;
7:e51024.

26. Ferro M, Macher HC, Fornés G, Martín-Sánchez J, Jimenez-Arriscado P,
Molinero P, et al. Noninvasive prenatal diagnosis by cell-free DNA
screening for fetomaternal HPA-1a platelet incompatibility. Transfusion
2018;58:2272–9.

27. Lefkowitz RB, Tynan JA, Liu T,Wu Y,MazloomAR, Almasri E, et al. Clinical
validation of a noninvasive prenatal test for genome wide detection of
fetal copy number variants. Am J Obstet Gynecol 2016;215:227.e1–16.

28. International Society for Prenatal Diagnosis, Society for Maternal and
Fetal Medicine, Perinatal Quality Foundation. Joint position statement
from the international society for prenatal diagnosis (ISPD), the society
for maternal fetal medicine (SMFM), and the perinatal quality
foundation (PQF) on the use of genome-wide sequencing for fetal
diagnosis. Prenat Diagn 2018;38:6–9.

29. American College of Obstetricians and Gynecologists. Microarrays and
next-generation sequencing technology: the use of advanced genetic
diagnostic tools in obstetrics and gynecology. ACOG Committee
opinion no. 682. Obstet Gynecol 2016;128:e262–8.

30. Lord J, McMullan DJ, Eberhardt RY, Rinck G, Hamilton SJ, Quinlan-
Jones E, et al. Prenatal assessment of Genomes and exomes
consortium. Prenatal exome sequencing analysis in fetal structural
anomalies detected by ultrasonography (PAGE): a cohort study. Lancet
2019;393:747–57.

31. ACMG Board of Directors. Points to consider in the clinical application
of genomic sequencing. Genet Med 2012;14:759–61.

32. Drury S, Williams H, Trump N, Boustred C, GOSGene LN, Scott RH, et al.
Exome sequencing for prenatal diagnosis of fetuses with sonographic
abnormalities. Prenat Diagn 2015;35:1010–7.

33. Chandler N, Best S, Hayward J, Faravelli F, Mansour S, Kivuva E, et al.
Rapid prenatal diagnosis using targeted exome sequencing: a cohort
study to assess feasibility and potential impact on prenatal counseling
and pregnancy management. Genet Med 2018;20:1430–7.

34. Best S,Wou K, Vora N, Van der Veyver IB,Wapner R, Chitty LS. Promises,
pitfalls and practicalities of prenatal whole exome sequencing. Prenat
Diagn 2018;38:10–9.

35. Hayward J, Chitty LS. Beyond screening for chromosomal
abnormalities: advances in non-invasive diagnosis of single gene
disorders and fetal exome sequencing. Semin Fetal Neonatal Med
2018;23:94–101.

36. Parks M, Court S, Cleary S, Clokie S, Hewitt J, Willians D, et al. Non-
invasive prenatal diagnosis of Duchenne and Becker muscular
dystrophies by relative haplotype dosage. Prenat Diagn 2016;36:
312–20.

37. Young E, Bowns B, Gerrish A, Parks M, Court S, Clokie S, et al. Clinical
service delivery of noninvasive prenatal diagnosis by relative haplotype
dosage for single-gene disorders. J Mol Diagn 2020;22:1151–61.

38. Rabinowitz T, Shomron N. Genome-wide noninvasive prenatal
diagnosis of monogenic disorders: current and future trends. Comput
Struct Biotechnol J 2020;18:2463–70.

39. Vears DF, Sénécal K, Borry P. Reporting practices for unsolicited and
secondary findings from next-generation sequencing technologies:
perspectives of laboratory personnel. Hum Mutat 2017;38:905–11.

40. Sillence KA, Roberts LA, Hollands HJ, Thompson HP, Kiernan M,
Madgett TE, et al. Fetal sex and RHD genotyping with digital PCR
demonstrates greater sensitivity than real-time PCR. Clin Chem 2015;
61:1399–407.

41. Claustres M, Kožich V, Dequeker E, Fowler B, Hehir-Kwa JY, Miller K,
European Society of Human Genetics, et al. Recommendations for
reporting results of diagnostic genetic testing (biochemical,
cytogenetic and molecular genetic). Eur J Hum Genet 2014;22:160–70.

42. El Messaoudi S, Rolet F, Mouliere F, Thierry AR. Circulating cell free
DNA: preanalytical considerations. Clin Chim Acta 2013;424:222–30.

43. Ley 14/2007, de 3 de julio, de Investigación biomédica. «BOE» núm. 159;
2007:28826–48 pp. [Online]. Available from: https://www.boe.es/boe/
dias/2007/07/04/pdfs/A28826-28848.pdf [Accessed 31 Aug 2022].

44. Instrumento de Ratificación del Convenio para la protección de los
derechos humanos y la dignidad del ser humano con respecto a las
aplicaciones de la Biología y la Medicina (Convenio relativo a los
derechos humanos y la biomedicina), Oviedo el 4 de abril de 1997.
«BOE» núm. 251; 1999:36825–30 pp. [Online]. Available from: https://
www.boe.es/boe/dias/1999/10/20/pdfs/A36825-36830.pdf [Accessed
31 Aug 2022].

45. LeyOrgánica 2/2010, de 3 demarzo, de salud sexual y reproductiva y de
la interrupción voluntaria del embarazo. «BOE» núm. 55; 2010 [Online].
Available from: https://www.boe.es/boe/dias/2010/03/04/pdfs/BOE-
B-2010-8253.pdf [Accessed 31 Aug 2022].

46. Asociación Española de Normalización y Certificación. Evaluación de la
conformidad. Requisitos generales para la competencia de los
laboratorios de ensayo y de calibración. UNE-EN ISO/IEC 17025:2005.
Madrid: AENOR; 2005. [Online]. Available from: https://www.une.org/
encuentra-tu-norma/busca-tu-norma/norma/?c=N0059467 [Accessed
31 Aug 2022].

47. Sistemas de gestión de la calidad. Requisitos. UNE-EN ISO 9001.
Asociación Española de Normalización y Certificación. AENOR; 2015
[Online]. Available from: https://www.aenor.com/certificacion/
calidad/iso-9001. [Accessed 31 Aug 2022].

48. Estándar de certificación AEGH para laboratorios de Genética Clínica.
Comisión de Calidad AEGH; 2016. [Online]. Available from: https://

38 Prior-de Castro et al.: Prenatal diagnosis of monogenic diseases

https://doi.org/10.1002/0471142905.hg0908s07
https://doi.org/10.1002/0471142905.hg0908s07
https://www.boe.es/boe/dias/2007/07/04/pdfs/A28826-28848.pdf
https://www.boe.es/boe/dias/2007/07/04/pdfs/A28826-28848.pdf
https://www.boe.es/boe/dias/1999/10/20/pdfs/A36825-36830.pdf
https://www.boe.es/boe/dias/1999/10/20/pdfs/A36825-36830.pdf
https://www.boe.es/boe/dias/2010/03/04/pdfs/BOE-B-2010-8253.pdf
https://www.boe.es/boe/dias/2010/03/04/pdfs/BOE-B-2010-8253.pdf
https://www.une.org/encuentra-tu-norma/busca-tu-norma/norma/?c=N0059467
https://www.une.org/encuentra-tu-norma/busca-tu-norma/norma/?c=N0059467
https://www.aenor.com/certificacion/calidad/iso-9001
https://www.aenor.com/certificacion/calidad/iso-9001
https://aegh.org/wp-content/uploads/2012/12/20160408_Estandar-AEGH-BVC_Bilbao.pdf


aegh.org/wp-content/uploads/2012/12/20160408_Estandar-AEGH-
BVC_Bilbao.pdf [Accessed 31 August 2022].

49. Organization for Economic Cooperation and Development. OECD
guidelines for quality assurance in molecular genetic testing; 2007.
[Online]. Available from: https://www.oecd.org/sti/emerging-tech/
oecdguidelinesforqualityassuranceingenetictesting.htm/ [Accessed 31
Aug 2022].

50. Li Q, WangInterVar K. Clinical interpretation of genetic variants by the
2015 ACMG-AMP guidelines. Am J Hum 2017;100:267–80.

51. Emaldi Cirión A. El Consejo Genético y sus implicaciones jurídicas, 1aed
ed. Granada, Comares: Comares; 2001.

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

53. Beta J, Lesmes-Heredia C, Bedetti C, Akolekar R. Risk of miscarriage
following amniocentesis and chorionic villus sampling: a systematic
review of the literature. Minerva Ginecol 2018;70:215–9.

Article Note: The original article can be found here: https://doi.org/10.1515/
almed-2022-0086.

Prior-de Castro et al.: Prenatal diagnosis of monogenic diseases 39

https://aegh.org/wp-content/uploads/2012/12/20160408_Estandar-AEGH-BVC_Bilbao.pdf
https://aegh.org/wp-content/uploads/2012/12/20160408_Estandar-AEGH-BVC_Bilbao.pdf
https://www.oecd.org/sti/emerging-tech/oecdguidelinesforqualityassuranceingenetictesting.htm/
https://www.oecd.org/sti/emerging-tech/oecdguidelinesforqualityassuranceingenetictesting.htm/
https://doi.org/10.1515/almed-2022-0086
https://doi.org/10.1515/almed-2022-0086

	Prenatal genetic diagnosis of monogenic diseases
	Introduction
	Purpose and scope
	Indications
	Molecular techniques
	Sanger sequencing
	MLPA
	Array comparative genomic hybridization (array-CGH and SNP array)
	Microsatellite testing by PCR
	Repeat primed PCR. Triplet repeat primed PCR (TP-PCR)
	Panels of the most prevalent pathogenic variants associated with a specific disease. Amplification-refractory mutation syst ...
	Taqman real-time PCR
	Digital PCR
	HRM (high-resolution melting) and COLD-HRM
	Massive sequencing (NGS)
	NGS in invasive prenatal diagnosis
	NGS in non-invasive prenatal diagnosis
	Relative haplotype dosage analysis (RHDO)
	Whole-exome/genome sequencing in non-invasive prenatal diagnosis



	Technical limitations
	Limitations of the techniques used in invasive prenatal diagnosis
	Limitations of NIPD/NIPT techniques

	Analytical requirements and recommendations
	Guidelines for invasive prenatal diagnosis
	Guidelines for non-invasive prenatal diagnosis

	Genetic counseling
	Pre-test genetic counseling
	Post-test genetic counseling

	Conclusions
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


