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Prenatal diagnosis (PD) is available for pregnancies at risk of monogenic disorders. However, PD requires the use
of invasive obstetric techniques for fetal-sample collection and therefore, involves a risk of fetal loss. Circulating
fetal DNA in thematernal bloodstream is beingused to performnon-invasive prenatal diagnosis (NIPD). NIPD is a
challenging discipline because of the biological features of the maternal blood sample. Maternal blood is an un-
equal mixture of small (and fragmented) amounts of fetal DNA within a wide background of maternal DNA. For
this reason, initial NIPD studies have been based on the analysis of specific paternally inherited fetal tracts not
present in the maternal genome so as to ensure their fetal origin. Following this strategy, different NIPD studies
have been carried out, such as fetal-sex assessment for pregnancies at risk of X-linked disorders, RhD determina-
tion, and analysis of single-gene disorders with a paternal origin. The study of the paternal mutation can be used
for fetal diagnosis of dominant disorders or tomore accurately assess the risk of an affected child in case of reces-
sive diseases. Huntington's disease, cysticfibrosis, or achondroplasia are someexamples of diseases studied using
NIPD. New technologies are opening NIPD to the analysis of maternally inherited fetal tracts. NIPD of trisomy 21
is the latest study derived from the use of next-generation sequencing (NGS).

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Circulating cell-free fetal DNA (ccffDNA) present in maternal
blood during pregnancy can be used for non-invasive prenatal diag-
nosis (NIPD). While fetal sex assessment, fetal RhD determination
and, recently, diagnosis of trisomy 21 in maternal blood have been in-
corporated into routine clinical practice (Bustamante-Aragones et al.,
2008a; Finning and Chitty, 2008; Palomaki et al., 2011), other applica-
tions such as diagnosis of single-gene disorders are being validated
for translation into clinical practice and fetal aneuploidies in the
near future.

In median terms, only 10% of DNA present in maternal plasma is
fetally derived; the remaining 90% is maternal DNA (Lun et al.,
2008a). Thus far, NIPD has mainly focused on the analysis of de novo
or paternally inherited traits to ensure their fetal origin. Different
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genetic diseases, with both dominant and recessive inheritance pat-
terns, have been diagnosed in maternal blood, including Huntington's
disease, achondroplasia, cystic fibrosis, and beta thalassemia, among
others.

The diagnosis of dominant diseases that are paternally inherited
or occur de novo is possible due to the absence of the mutant allele
in the maternal genome. Presence/absence of the paternal mutant
allele in the maternal plasma may be associated, respectively, the
affected/non-affected status in the fetus.

• Achondroplasia, myotonic dystrophy, and Huntington's disease are
examples of dominant diseases diagnosed in maternal plasma.

• Autosomal recessive disorders are more complex to diagnose since
doing so requires maternal alleles to be distinguished from fetal
ones. Therefore, diagnosis of recessive disorders has mainly been
performed in those couples in which the maternal and the paternal
mutations are different. In spite of this limitation, the study of the
paternal defect in maternal plasma can significatively reduce the
number of invasive diagnoses required, eliminating further invasive
testing in cases where the fetus does not carry the paternal defect. If
the mutation is present in the fetal genome, however, invasive
testing would be strongly indicated since the risk of the disease
increases from one in four to one in two. Cystic fibrosis, metabolic
diseases, hemoglobinopathies, and retinopathies are some recessive
diseases studied in maternal plasma.
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Several technical approaches have been used for the detection of
ccffDNA, from basic molecular methods to more sophisticated proce-
dures. Depending on the molecular basis of the disease, different an-
alytical methods need to be employed. For clinical application, the
study of ccffDNA should be done by affordable technical methods.
These should be accurate, rapid, easy handling, and inexpensive.
The incorporation of NIPD into routine clinical practice is directly re-
lated to advances in analytical techniques. As techniques become
more and more sensitive, they are increasingly able to detect ccffDNA
in early stages of gestation, thus increasing the array of NIPD applica-
tions which can be used in treating patients.

Application of the latest technologies (i.e., next-generation se-
quencing) featuring both high sensitivity and accuracy is broadening
the scope of NIPD to diseases that are both paternally and maternally
inherited. However, these methods are still far from becoming part of
routine clinical practice.

2. Single-gene disorders

A single-gene disorder, also known as a Mendelian disorder, is one
that is determined primarily by the alleles at a single locus. The online
version of Mendelian Inheritance in Man (OMIM) (www.ncbi.nlm.nih.
gov/omim) currently lists 3173 diseases with knownmolecular bases.
Although individually rare, as a group they are responsible for a sig-
nificant proportion of childhood diseases and mortality.

Single-gene disorders are inherited in specific inheritance patterns
and involve different recurrence risks. They are characterized by their
pattern of transmission in families which depends chiefly on two
factors:

a) whether the phenotype is dominant (expressed when only one
chromosome of a pair carries the mutant allele and the other chro-
mosome has a wild-type allele at that locus) or recessive
(expressed only when both chromosomes of a pair carry mutant
alleles at that locus); and

b) the chromosomal location of the gene locus, which may be on an
autosome (chromosomes 1 to 22) or on a sex chromosome (chro-
mosomes X and Y).

An individual with an autosomal dominant disease has a 50% risk
of having a child with the same disorder. Couples with a previous
child affected by an autosomal recessive disease have a 25% probabil-
ity of conceiving a fetus affected by the condition in their next preg-
nancy. In X-linked recessive disorders, a female carrier has a 25%
risk of having an affected child. Furthermore, 50% of her daughters
will be carriers of the disease, although a majority of female carriers
of X-linked diseases remain unaffected. Males affected by an X-
linked disease are not at risk of having affected sons, although their
daughters will be carriers.

Because of the risk of recurrence, reproductive genetic counselling
is made available to patients in order to help them have healthy chil-
dren. Prenatal diagnosis is the most accessible reproductive option
available for pregnancies at risk of single-gene disorders.

3. Conventional (invasive) prenatal diagnosis

Prenatal diagnosis (PD) of single-gene disorders through the use
of invasive techniques is an accepted part of clinical practice and is
performed when there is a family history of a particular disease or,
less frequently, ultrasonographic findings. Conventional prenatal di-
agnosis requires invasive obstetric procedures (chorion biopsy or am-
niocentesis) that entail a risk of fetal loss which is estimated at 0.5–1%
depending on the method used (Kozlowski et al., 2008; Mujezinovic
and Alfirevic, 2007).

Although either amniocentesis or CVS can be used for diagnostic
purposes, the latter is the preferredmethod for the following reasons:
1) more fetal DNA can be obtained easily. Accurate diagnosis of the
molecular basis of the disease is then possible in the same way
as in postnatal genetic testing

2) genetic study may be followed by termination of pregnancy, pro-
ducing a psychological effect which might be worse in advanced
stages of gestation.

After fetal-sample collection, the method/s to be applied for the
genetic analysis are chosen depending on the molecular basis of the
familiar disease. There is a wide range of molecular techniques avail-
able for this aim, but those most commonly used are restriction anal-
ysis, automated sequencing and minisequencing for the study of
point mutations, QF-PCR for the analysis of dynamic mutations, and
MLPA or Real-Time PCR for the analysis of deletions/duplications.

4. Non-invasive prenatal diagnosis

The existence of ccffDNA in maternal plasma allows for non-
invasive prenatal diagnosis of several fetal conditions, including
single-gene disorders. However, the detection of fetal point muta-
tions from ccffDNA is extremely challenging due to the predominance
of maternal DNA sequences.

4.1. Circulating cell-free fetal DNA (ccffDNA)

Although circulating fetal cells in the maternal bloodstream were
the primary source used for NIPD (Herzenberg et al., 1979), the
major boost for the NIPD field came with the discovery of ccffDNA.
The scarcity of fetal cells together with the painstaking manipulation
required for their collection and isolation caused ccffDNA to become
the preferred technique for NIPD studies (Lo et al., 1997). The entire
fetal genome is represented in the maternal circulation (Lo et al.,
2010); thus, all types of genetic prenatal studies are potentially feasi-
ble in maternal blood. At present, it is widely accepted that apoptosis
of the trophoblastic cells is the primary source of ccffDNA (Alberry et
al., 2007), which explains the high turnover of circulating DNA and its
rapid clearance after delivery (Lo et al., 1999). It has been reported
that fetal DNA fragments are shorter than 313 base pairs (Chan et
al., 2004) and are smaller than those having a maternal origin.
ccffDNA can be detected in maternal plasma from the 5th week of
gestation (Bustamante-Aragones et al., 2008a; Guibert et al., 2003),
which makes early NIPD possible. In median terms, only 10% of DNA
in maternal plasma is fetally derived; the other 90% is maternal
DNA (Lun et al., 2008a). This is the main limitation of NIPD, as the
presence of large amounts of maternal DNA in the plasma sample
poses an obstacle for the identification of fetal sequences. Hence,
NIPD has been focused on the study of those fetal tracts which have
a paternal origin and are absent in the maternal genome (i.e., SRY
gene) to ensure their fetal origin (Table 1).

Prenatal studies with ccffDNA are pursuing the same goals as con-
ventional PD, meaning that researchers are attempting to perform
them earlier in gestation, as happens in genetic studies in CVS.

4.2. Clinical application of NIPD: Prenatal diagnosis of single-gene
disorders

Prenatal diagnosis is currently an alternative for couples at risk of
having children with single-gene disorders. However, there is also a
risk of fetal loss associated with sample collection by CVS or amnio-
centesis (0.5–1%). NIPD aims to replace these invasive methods and
perform a genetic study of the fetus by studying ccffDNA in the ma-
ternal plasma. Therefore, NIPD studies are mainly performed in the
first trimester of pregnancy as a pre-test leading up to conventional
PD. In pregnancies resulting from preimplantation genetic diagnosis
(PGD) in which prenatal diagnosis is recommended, NIPD also has
great potential. These couples are unwilling to undergo PD due to

http://www.ncbi.nlm.nih.gov/omim
http://www.ncbi.nlm.nih.gov/omim


Table 1
ccffDNA features and their impact in NIPD.

ccffDNA features NIPD

Entire fetal genome is represented Any fetal genomic region can be analyzed
Trophoblastic origin High turnover
Rapid clearance after delivery Nopresence of ccffDNA fromprevious pregnancies
Early detection Early NIPD studies
Mixed with maternal DNA Difficult detection of maternally-inherited

fetal genomic sequences
Low percentage High sensitive analytical techniques needed
Fragmented (b313 bp) Small PCR amplicons are preferred

Table 2
Data of the validation study for fetal sex determination. Results at the different gestational
ages tested are shown. Sensitivity: number of male-bearing samples correctly identified/
total number of male-bearing samples tested. Specificity: number of female-bearing sam-
ples correctly identified/total number of female-bearing samples tested. Positivepredictive
value (PPV): number of male-bearing samples correctly identified/total number of positive
results through real-time PCR. Negative predictive value (NPV): number of female-bearing
samples correctly identified/total number of negative results through Real-time PCR. Accu-
racy: total number of male- and female-bearing samples correctly identified/total number
of samples tested. (Bustamante-Aragones et al, 2008a, Haemophilia).
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their difficulties in conceiving. They do not accept the risk of fetal loss
associated with invasive prenatal testing, so NIPD represents a safe al-
ternative for them.

Although NIPD of single-gene disorders is technically challenging
due to the predominance of maternal DNA sequences, several genetic
diseases have been currently diagnosed in maternal blood.

4.2.1. X-linked disorders
With the exception of congenital adrenal hyperplasia (CAH), sex-

linked diseases are caused by mutations in the X-chromosome. They
mostly have a recessive inheritance pattern and mostly affect males.
These affected males have no risk of recurrence since their daughters
will be carriers and their sons will be healthy. However, female car-
riers have a 25% risk of giving birth to an affected male.

As described in Section 4.1, most NIPD studies are based on the
analysis of paternal defects not present in the maternal genome.
Then, in female carriers of X-linked disorders, NIPD of the causative
mutation in the fetus is challenging. The first alternative that could
be offered to these patients based on the analysis of ccffDNA is the
fetal sex determination in maternal blood. Since X-linked disorders
mainly affect males, early fetal sex determination reduces the need
for subsequent invasive testing only in pregnancies with male fetuses.
This was the first clinical application derived from the discovery of
ccffDNA in maternal blood. It began when scientists identified Y-
chromosome-derived sequences in maternal blood from pregnant
women carrying a male fetus (Lo et al., 1997). The presence of Y-
chromosome sequences (i.e., SRY or DYS14 genes) in the maternal cir-
culation was associated with male fetuses. However, pregnancies
exhibiting absence of Y-chromosome sequences are presumed to
bear a female fetus which is not at risk of major manifestations of
the sex-linked diseases, and hence patients could be spared invasive
prenatal diagnosis. The clinical impact derived from the introduction
of fetal sex determination in maternal blood as a pre-test leading up
to conventional PD has been a 50% reduction in invasive tests in preg-
nancies at risk of sex-linked disorders (Finning and Chitty, 2008).

Since the accuracy of fetal sex assessment has been reported by
several groups to be higher than 95% (Bustamante-Aragones et al.,
2008a; Scheffer et al., 2010), it has been the first NIPD application
translated into clinical practice. A recent systematic review and
meta-analysis concluded that this test is highly accurate and useful
in clinical practice (Devaney et al., 2011). Our service first introduced
fetal sex assessment in 2008. Clinical application was preceded by a
large-scale validation study in 316 plasma samples collected from
the fifth to the twelfth week of gestation (Bustamante-Aragones et
al., 2008a) (Table 2). Although ccffDNA was detectable from the
fifth week of gestation, the results showed that the accuracy was
100% starting from the seventh week (Fig. 1).

Therefore, the clinical protocol we are currently using calls for the
collection of two independent maternal plasma samples collected at
the 7–8th week and the 9-10th week, respectively. Since 2008, we
have studied a total of 171 cases including 23 different pathologies.
Hemophilia and Duchenne muscular dystrophy are the two most
prevalent disorders.
Since sex determination is based on the presence/absence of the
Y-chromosome sequences, the risk of false negative results (FN) (a
male fetus considered female) could have important clinical conse-
quences. Therefore, a parallel independent test could be performed
to confirm the existence of ccffDNA in those female fetuses. However,
the high accuracy shown by the method and the low percentage of FN
results led some authors to consider this parallel analysis as superflu-
ous. The study of two independent samples reduces these risks.

The next step in NIPD of sex-linked disorders is the possibility of
studying the maternal defect in maternal plasma and then to diag-
nose the disease status in the male fetuses. A recent study reported
the analysis of maternal mutations in 7 pregnancies at risk of hemo-
philia (Tsui et al., 2011). The method is based on a relative mutation
dosage (RMD) approach. A dosage imbalance between mutant and
wild-type alleles in maternal plasma is used to infer the fetal geno-
type. Quantification of both alleles requires highly sensitive tech-
niques like digital PCR. Moreover, data interpretation is made by
statistical analysis, meaning that for a sufficient statistical power,
multiple replicates of each sample must be studied. These conditions
make this approach too expensive to be applied in the clinical routine.

4.2.2. Autosomal single-gene disorders
Detection of both autosomal dominant and recessive disorders

have been reported in maternal plasma. Most of these studies are
based on the analysis of de novo or paternally inherited DNA se-
quences so as to ensure fetal origin. In spite of being limited to the
study of paternal defects, NIPD should not be underestimated since
it can eliminate the need for conventional PD in several situations:

– Pregnancies at risk of a dominant disease with paternal origin: In
at-risk pregnancies due to an affected father, the study of the pa-
ternal mutation or alleles in maternal plasma could determine
the fetal condition with regard to the pathology. Therefore, NIPD
will spare invasive prenatal testing in 100% of these pregnancies.
Huntington's disease (Bustamante-Aragones et al., 2008e; Gonzalez-
Gonzalez et al., 2003a, 2003b, 2008), achondroplasia (Chitty et al.,
2011; Li et al., 2004, 2007; Lim et al., 2010; Saito et al., 2000),myoton-
ic dystrophy (Amicucci et al., 2000), and early onset primary dystonia
(Meaney and Norbury, 2009) are the pathologies with a dominant
inheritance pattern studied to date in maternal plasma (Table 3).

– NIPD of Huntington's disease: As a reference laboratory for
Huntington's disease studies, our experience in the NIPD of this
pathology includes the study of 13 cases (only 6 of which have
been published)(Bustamante‐Aragones et al., 2008e; Gonzalez‐
Gonzalez et al., 2003a, 2003b). Results have shown a high
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accuracy in the first trimester of pregnancy. Only in two cases was
it not possible to ascertain the fetal condition because no healthy
or mutated paternal alleles were observed. The explanation in
one case was the anomalous length of the expanded fetal allele
(more than 400 bp). Because of the fragmentation of the ccffDNA,
amplification of such as long amplicons is very difficult to attain.
Our approximation to the analysis of HD in maternal plasma is
based on the routine methods used in the laboratory for the
study of this disorder, i.e., study of the expanded allele and STRs
analysis by QF‐PCR (Quantitative Fluorescent‐PCR) (Fig. 2).

– Pregnancies at risk of a dominant disease because of a de novo
defect: Pregnancies suspected of having a dominant disorder due
to ultrasonography findings or previous affected children are can-
didates for NIPD. Achondroplasia is one example of this applica-
tion because about 90% of the patients are born to unaffected
parents. Achondroplasia is the most frequent form of chondrodys-
plasia and has a prevalence of one child in every 15,000. This type
of dwarfism is characterized by short limbs, hyperlordosis, short
hands, and macrocephaly with a high forehead and saddle nose.
Some of these features can be predicted prenatally by ultrasonog-
raphy as of the third trimester of pregnancy.

- Pregnancies at risk of a compound heterozygote fetus for a re-
cessive disease: In couples carrying different mutations for a re-
cessive pathology, the absence of the paternal mutation and/or
detection of normal paternal alleles in maternal plasma rules out
the possibility of the fetus manifesting the disease. Therefore, in-
vasive testing could be avoided. On the other hand, detection of
the paternal mutation or alleles associated with the defect would
increase the risk of the fetus from 1 in 4 to 1 in 2. Then, conven-
tional PD would be recommended to assess the status of the
fetus with regard to the maternal mutation and, therefore, the
Table 3
List of pathologies and publications about NIPD of single-gene disorders in maternal blood.

Pathology (D: dominant; R:
recessive; X: X-linked)

Reference

Myotonic dystrophy (D) (Amicucci et al., 2000)
Huntington's disease (D) (Gonzalez-Gonzalez et al.
Achondroplasia (D) (Chitty et al., 2011; Li et a
Early onset primary dystonia I (D) (Meaney and Norbury, 20
XLRP (X) (Bustamante-Aragones et
Hemophilia (X) (Tsui et al., 2011)
Cystic fibrosis (R) (Bustamante-Aragones et
Alpha-thalassemia (R) (Tungwiwat et al., 2006)
Beta-thalassemia (R) (Chan et al., 2010; Chiu et

Lun et al., 2008b; Papasav
Propionic acidemia (R) (Bustamante-Aragones et
Congenital adrenal hyperplasia (R) (Chiu et al., 2002b)
Leber congenital amaurosis (R) (Bustamante-Aragones et
disease. This application of NIPD is more suitable in pathologies
with a high mutational spectrum. Then, the chance that both par-
ents carry different mutations is higher. This is very characteristic
of the metabolic diseases. However, in other pathologies in which
there is a prevalent causative mutation, i.e., Delta508 mutation in
cystic fibrosis, NIPD is more restricted. (Bustamante-Aragones et
al., 2008b, 2008c, 2008d; Chan et al., 2010; Chiu et al., 2002a,
2002b; Fucharoen et al., 2003; Gonzalez-Gonzalez et al., 2002;
Herzenberg et al., 1979; Li et al., 2009; Lo and Chiu, 2010; Lun et al.,
2008b; Nasis et al., 2004; Papasavva et al., 2006, 2008; Tungwiwat
et al., 2006, 2007; Yi et al., 2010a, 2010b)

The list of publications reporting NIPD of Mendelian disorders in
maternal plasma appears in Table 3. In addition to these published
studies, other personal data not published yet include the NIPD of:
Leber congenital amaurosis (1 case), McKusick type metaphyseal
chondrodysplasia (1 case), Hurler syndrome (1 case), Huntington's
disease (9 cases), epidermolysis bullosa (1 case), achondroplasia
(5 cases), oculodentodigital dysplasia (1 case), Osler–Rendu–Weber
disease (1 case) and Ellis-van Creveld syndrome (1 case).

Initial attempts to achieve non-invasive prenatal diagnosis of mono-
genic diseases focused on the detection of paternal mutations. Hence,
NIPD was not feasible for pregnancies at risk of a maternal dominant
disease or pregnancies from parents carrying the same mutation.
, 2003a; 2003b; 2008; Bustamante-Aragones et al., 2008e)
l., 2004, 2007; Lim et al., 2010; Saito et al., 2000)
09)
al., 2006)

al., 2008b; Gonzalez-Gonzalez et al., 2002; Nasis et al., 2004)

al., 2002a; Fucharoen et al., 2003; Li et al., 2009; Lo and Chiu, 2010; Lo et al., 2010;
va et al., 2006, 2008; Tungwiwat et al., 2007; Yi et al., 2010a, 2010b)
al., 2008c)

al., 2008d)
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However, recent advances in the use of the new technologies have stud-
ied both paternal and maternal mutations (Tsui et al., 2011) and a
genome-wide geneticmap of the fetus has been constructed from infor-
mation about paternal and maternal haplotype (Lo et al., 2010). These
preliminary results are promising, but the methods and data analysis
they require are expensive and time-consuming.

5. Prospects

Some months ago, most of the efforts in the NIPD field were main-
ly focused on the development and clinical application of a test to di-
agnose the most common aneuploidies. The incorporation of NGS to
the study of ccffDNA in maternal blood has opened the possibilities
of the field for the detection of both aneuploidy and monogenic dis-
eases. Hence, since March 2012, the first NIPD test for detection of tri-
somy 21, 13, and 18 is available for the at-risk population. However,
other alternatives are being explored for the development of a similar
test using different methodologies. A recently developed technology
based on the study of fetal-maternal differentially methylated regions
(DMRs) has demonstrated accuracy for the detection of trisomy 21
(Papageorgiou et al., 2011). A great advantage of this alternative
method is that the laboratory equipment required is more affordable
for standard diagnostic laboratories.

All the efforts applied to the diagnosis of the most common aneu-
ploidies in a non-invasive way will also imply a great progress in the
diagnosis of monogenic disorders. The recent demonstration by the
group of Prof. Lo that all fetal genome is represented in maternal
blood implies that this diagnosis will be available for any Mendelian
disorder independently of the parental origin.

6. Summary and conclusions

Fourteen years after the discovery of the presence of circulating fetal
DNA inmaternamaternal blood, NIPD is a reality in clinical practice. It is
currently available as a preliminary test to conventional PD leading up
to determine fetal sex, fetal RhD, and paternally inherited fetal muta-
tions. NIPD also has great potential in pregnancies resulting from a Pre-
implantation Genetic Diagnosis, since the future parents have had
difficulty conceiving and usually do not wish to run the risk of fetal loss.

In pregnancies at risk of sex-linked disorders, the incorporation of
the fetal sex assessment into pregnancy management has brought
about a reduction of around 50% in invasive prenatal methods. Fetal
RhD determination in maternal blood is also available for these RhD
(−) pregnant women, thus reducing anti-D administration to only
those pregnancies with D (+) fetuses. Additionally, the analysis of pa-
ternally inherited mutations is being used for the first time prior to PD
to determine the real need of subsequent invasive testing. However,
analysis of fetal aneuploidies and maternally inherited fetal defects, is
still being investigated. NIPD methods for many of the most common
aneuploidies have been described, clearly proving that genetic study
of the fetus from maternal blood is possible. However, researchers are
still searching for the best technical approach and are validating
methods that may be manageable within clinical practice.
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