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Abstract

Prenatal diagnosis is a very important part in the obstet-
ric care of a pregnant woman. The use of invasive meth-
ods of prenatal screening provides great accuracy in the
prenatal diagnosis of genetic and chromosomal abnor-
malities of the fetus; however it carries a small risk of fetal

he term prenatal diagnosis refers to all the di-

agnostic tests and methods that achieve early
intrauterine diagnosis of fetal anomalies or genet-
ic disorders, providing the opportunity to the par-
ents to terminate a pregnancy in case of a congen-
ital abnormality. The main indications for prenatal
diagnosis are increased maternal age (> 35 years),
a previous pregnancy with fetal chromosomal ab-
normality, the presence of a balanced translocation
or aneuploidy in a parent, increased risk of mono-
genic disease due to a positive family history, repro-
ductive problems such as repeated pregnancy loss-
es and exposure to potentially teratogenic factors.
Prenatal diagnostic procedures can be invasive and
non - invasive. The main invasive prenatal methods
currently used are amniocentesis, carried outat 16 -
18 weeks of gestation and chorionic villus sampling,
carried out at 8 - 11 weeks of gestation®. The small
but finite risk of miscarriage after invasive prenatal
procedures led to intensive efforts to improve meth-

miscarriage. For this reason, the development of non-in-
vasive methods of prenatal diagnosis is an area of intense
research in which recently great progress has been made.

Keywords: prenatal diagnosis; cell free DNA

ods of non - invasive prenatal diagnosis. In this re-
view, the main methods of prenatal diagnosis are de-
scribed, focusing on new advances in the field of non
- invasive prenatal diagnosis.

Ultrasonography and maternal serum screening
Ultrasound scanning is one of the main methods of
non - invasive prenatal diagnosis, as it is a safe and
painless method for both the fetus and the moth-
er. Ultrasound examination is performed during the
first trimester of pregnancy, at 6 - 14 weeks of ges-
tation and aims to confirm the existence of a preg-
nancy, to exclude the probability of an ectopic or mo-
lar pregnancy and to detect fetal viability. In the 11
- 14 week, fetal ultrasound scanning is used to meas-
ure nuchal translucency (NT). NT is the thickness of
the fluid accumulated in the cervical area, between
the fetal spine and skin. It normally has a size of 1
- 2 mm, while in cases of chromosomal abnormali-
ties mainly trisomy 21 (Down syndrome) or severe
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heart disease, its size is > 3 mm. Specifically in Down
syndrome, the NT measurement in combination
with the maternal age and maternal serum levels of
beta chorionic gonadotropin (§ - hCG) and PAPP - A
protein may lead to the detection of up to 92 % of
pregnancies with Down syndrome?. This percent-
age increases with the addition of other ultrasound
markers, foremost of which is the absence / hypo-
plasia of fetal nasal bone3.

During the second trimester, between 20 - 24
weeks of gestation, another ultrasound (level II)
scan is performed by a specialized obstetrician - gy-
necologist. With this, a detailed examination of all
the organs of the fetus is done. If anomalies incom-
patible with life are diagnosed and the fetus has not
exceeded the viability limit of 24 weeks, the possi-
bility of interrupting the pregnancy is discussed.
Some additional ultrasound markers, such as short
femur and short humerus, the increased nuchal fold,
dilatation of the renal pelvis, the echogenic bowel,
echogenic cardiac foci and cysts of choroid plexus
are used to further evaluate the possibility of chro-
mosomal abnormalities. During the second trimes-
ter of pregnancy, between 16 - 20 weeks of gesta-
tion, the triple test (alfa test) can also be performed
in order to check for chromosomal abnormalities,
mainly for Down syndrome. Provided the precise
determination of the gestational age, by measur-
ing the biparietal diameter of the fetus, measure-
ments of maternal serum levels of beta - hCG (3 -
HCG), alpha - fetoprotein (AFP) and estriol (E3) are
made3. These measurements are recorded in a com-
puter program and the probability of a chromosom-
al abnormality or an open lesion of the central nerv-
ous system is determined. With the triple test up to
67% of pregnancies with Down syndrome and a sig-
nificant proportion of trisomy 18 and 13 can be di-
agnosed®. In case of a lesion of the central nervous
system, the sensitivity of the method is 90%. The
addition of inhibin - A measurement can improve
the diagnostic sensitivity by approximately 7%. Af-
ter the 24th week of gestation, uterine artery Dop-
pler is also performed by measuring blood flow ve-
locity. In case of increased resistance in both uterine

arteries there is an increased risk of preeclampsia,
placental abruption or intrauterine growth restric-
tion (IUGR)3.

In the third trimester, with an ultrasound after 28
weeks of gestation, an estimation of fetal develop-
ment is done based on measurements such as bipa-
rietal diameter, head and abdominal circumferences
and fetal femur length3. If symmetrical IUGR is as-
sessed, congenital or chromosomal abnormalities or
intrauterine infections are suspected. In asymmetri-
cal IUGR, there is increased probability of placental
dysfunction and preeclampsia. In the third trimes-
ter of pregnancy the fetal biophysical profile is mon-
itored by the movements of the fetal body and limbs,
the fetal breathing, the fetal heart rate as well as the
amount of amniotic fluid. Towards the end of preg-
nancy, ultrasound scanning is useful to check the po-
sition of the fetus and of the placenta and to meas-
ure the amount of amniotic fluid.

Apart from ultrasound and biochemical markers,
non - invasive methods of prenatal diagnosis include
the use of magnetic resonance imaging and analysis
of fetal cells in maternal circulation, however these
methods have serious drawbacks and its use is very
limited, thus they will not be discussed in this re-
view. The development of proteomics and the search
for new biomarkers especially for aneuploidies such
as trisomy 21 could help alotin the field of non - in-
vasive prenatal diagnosis, however so far no clear
and valid results have come out®.

One of the mostimportant recent achievements in
the field of noninvasive prenatal diagnosis is the dis-
covery of cell free fetal DNA in the maternal circula-
tion®. The existence of cell free DNA in the maternal
circulation makes it possible that in the near future
genetic tests for prenatal diagnosis could be done
with a blood test in the pregnant woman.

Cell - free DNA analysis

According to the discovery of Lo etal in 1997, about
10% of the DNA in the maternal circulation is of fetal
origin, while the remaining 90% is maternal DNA®-
8, Fetal DNA consists of small fragments of <313bp
which can be detected in the maternal circulation
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from the 5th week® and disappear two hours after
birth!®. The main source of cell free fetal DNA ap-
pears to be the apoptosis of trophoblast cells. Al-
though the presence of a large amount of maternal
DNA complicates the identification and analysis of
fetal DNA, nevertheless today the analysis of cell free
fetal DNA has already started to be used in clinical
practice in the context of non - invasive prenatal di-
agnosis for the determination of sex, Rhesus geno-
type and recently for Down syndrome. The diagno-
sis of monogenic diseases and other aneuploidies
may also be performed in clinical practice very soon.

Fetal sex determination

The first application of cell free fetal DNA was to de-
termine fetal sex. More specifically, the detection of
DNA sequences of the Y chromosome (SRY, DYS14
genes) in the maternal plasma indicates that the
pregnant woman carries a male fetus. This knowl-
edge can be used to prevent sex - linked diseases
such as hemophilia and muscular dystrophy**. Con-
versely, in pregnancies where there are no detect-
able DNA sequences of the Y chromosome it is as-
sumed that the fetus is female and in such a case the
pregnant women does not need to undertake an in-
vasive prenatal testing. The accuracy of the determi-
nation of fetal sex by analysis of cell free fetal DNA
has been found to be > 95%, that is why its use in
clinical practice was the first to be implemented and
has led to a 50% reduction of invasive prenatal di-
agnostic methods in pregnancies with a high risk of
sex-linked diseases!?*3. Although, the free fetal DNA,
can be detected almost by the fifth week of gesta-
tion, the validity of the results is 100% from the sev-
enth week of gestation and afterwards'.

Timely and accurate knowledge of the sex of the
unborn fetus is particularly useful in cases of con-
genital hyperplasia of the adrenal cortex as well. In
this condition there is a shortage of the 21 hydroxy-
lase, enzyme resulting in hyperandrogenism which
in females results to the masculinization of the ex-
ternal genital organs?®. To prevent this, corticoster-
oids can be administered!®.Thus, the detection of fe-
tal sex at 7 weeks of gestation, much earlier than by

ultrasound scanning, is particularly useful in these
circumstances.

Rhesus genotyping

It is well known that Rhesus D (RhD) (+)) fetuses
carried by a RhD (-) mother are at risk of hemolyt-
ic disease after prior sensitization. Therefore anti
- RhD globulin is prophylactically administered in
RhD (-) pregnant women, blocking the process of
sensitization. In the last 40 years, the administration
of anti - RhD globulin has reduced the rates of death
from hemolytic disease from 1/2,200 to 1/21,000
live births. Nowadays, prophylactic anti - RhD glob-
ulin is recommended in all RhD (-) pregnant®’. Fol-
lowing this strategy, 38% of RhD (-) pregnant wom-
en that carry a RhD (-) fetus receive anti - RhD
globulin without having any need of it'®. Therefore it
is of particular clinical importance to know the fetal
RhD genotype before birth. The presence of RhD se-
quences in the plasma of an RhD negative pregnant
woman indicates that the unborn fetus is RhD (+)'%
19-22 By using cell free fetal DNA the accuracy of the
detection of the fetal Rh genotype is 94.8%%. With
the aid of cell free fetal DNA and the early identifica-
tion of fetal Rh genotype, RhD (-) pregnant women
with a RhD (-) fetus can avoid unnecessary admin-
istration of anti - RhD globulin. However, the bene-
fit compared to the cost of cell free DNA prenatal di-
agnosis of fetal RhD genotype remains a matter of
debate?*2°,

Single gene disorders

Prenatal diagnosis is particularly useful for common
monogenic diseases such as the thalassemias and
cystic fibrosis, but also for rarer monogenic diseas-
es in families with a positive family history. The non -
invasive prenatal diagnosis using cell free fetal DNA
initially focused on identifying autosomal dominant
diseases of paternal origin®®. In such cases, the de-
tection or not of paternal mutations in the mater-
nal plasma, can lead to the confirmation or exclu-
sion of the inheritance by the fetus of an autosomal
dominant disease transmitted from the father. In the
case of an autosomal recessive disease or an autoso
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mal dominant disease of maternal origin, the large
amount of maternal DNA in the plasma (maternal
DNA background), makes it difficult to determine
the possibility of inheritance of a maternal mutation
to the fetus. If the couple carries different mutations
for an autosomal recessive disease and the fetus has
inherited a normal allele from the father it will not
express the disease, regardless of whether it has in-
herited a mutation from the mother. Greater diffi-
culties are faced if both the father and mother carry
the same mutation for an autosomal recessive dis-
ease. In such cases new methods have begun to be
implemented such as the relative mutation dosage
(RMD) method using digital PCR?”%°. In this method,
the amounts of the mutant and normal alleles ata
particular locus are compared in the maternal plas-
ma. This methodology is used mainly in cases where
the mother is heterozygous for a known mutation.
For a pregnant woman heterozygous for a mutation
who carries a fetus heterozygous for this particular
mutation, equal amounts of mutant and normal se-
quences are expected in the maternal plasma. If the
fetus is homozygous for the mutation, more mutant
compared to non - mutant sequences are expected
to be detected in the maternal plasma, whereas if
the fetus is homozygous for the normal sequences a
larger proportion of non - mutated relative to mutat-
ed sequences are expected to be found?®. In conclu-
sion, the RMD method can diagnose autosomal dom-
inant diseases inherited from the mother, whereas
when this method is combined with techniques for
the detection of mutations of paternal origin, auto-
somal recessive diseases can also be found, enabling
the non invasive prenatal detection of all monogen-
ic diseases simply by a DNA analysis test in the ma-
ternal plasma®’.

Aneuploidies

Chromosomal aneuploidies, such as trisomy 21, are
the most common reasons why couples proceed to
prenatal diagnosis. The use of non - invasive pre-
natal diagnostic techniques in such cases would be
very useful eliminating the small but finite risk of
miscarriage. However, the use of cell free fetal DNA

in the diagnosis of chromosomal aneuploidies pre-
sents certain difficulties such as the existence of a
high rate of maternal DNA in the maternal plasma,
which complicates the analysis of fetal DNA, as well
as the fact that the fetal DNA is free and not with-
in cells.

A strategy used to overcome these difficulties is
to analyze nucleic acids specific to the fetus, such as
mRNA expressed exclusively in the placenta or pla-
cental epigenetic markers specific for the studied
chromosome. A considerable number of such mark-
ers have been used, including the placenta - specific
4 (PLAC4) and chromosome 21 open reading frame
105 (c210rf105) mRNA for the chromosome 213132,
serpin peptidase inhibitor, clade B (ovalbumin),
member 2 (SERPINB2) mRNA for chromosome 18
and hypermethylated holocarboxylase synthetase
(HLCS) for chromosome 213*3*, These markers are
specific for the fetus, as they contain fetal - specif-
ic single nucleotide polymorphisms (SNP) alleles,
whereas they do not contain maternal - specific SNP
alleles. In order to extract information about the
chromosome dosage of free nucleic acid molecules
specific for the fetus, two methods are used. The
first method is the allelic ratio approach such as the
RNA - SNP approach that determines the amount of
heterozygous alleles in specific nucleic acid mole-
cules. Therefore, if the RNA - SNP method for PLAC4
mRNA is applied in the maternal plasma for an eu-
ploid fetus, the amount of the PLAC4 mRNA alleles
will be almost equal, while if the fetus has a trisomy
21 one of the alleles will be overrepresented in the
maternal plasma3!?2 Similar studies after analy-
sis of SERPINB2 mRNA have been done for trisomy
18. The methodology of allelic ratio is applied to
fetal epigenetic markers as well (epigenetic allelic
ratio approach, EAR). More specifically, in the EAR
method placental - specific epigenetic markers are
used such as hypomethylated SERPINB2 on chro-
mosome 18 and mRNA expressed in the placenta
such as PLAC4 mRNA, and the ratio for specific al-
leles on the target gene can be determined. In gen-
eral, the ratio of 1:1 for both alleles is expected in a
euploid fetus, while ratios of 1:2 or 2:1 are expect-
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ed for a trisom ic fetus®3. The main drawback of this
method is that it can only be applied to heterozy-
gous fetuses, thus multiple markers are needed to
be tested in order to enhance the population cover-
age of the method.

The second method used is the EGG method (epi-
genetic - genetic approach)3. In this method, a fe-
tal - specific epigenetic marker from the potentially
aneuploid chromosome, e.g. HLCS for chromosome
21, is used as well as a fetal - specific genetic mark-
er from a non - aneuploid chromosome, e.g. the Y
chromosome for male fetuses or a SNP - allele of pa-
ternal origin3*. HLCS gene located on chromosome
21 is hypermethylated in the placental tissue, from
which the cell free fetal DNA comes from, while it is
hypomethylated in maternal blood cells from where
the majority of the maternal DNA originates. By us-
ing specific PCR which can identify the hypermeth-
ylated HLCS, fetal DNA is amplified and then is com-
pared to a fetal - specific genetic marker. In cases of
trisomy 21, the epigenetic/genetic ratio will be in-
creased due to the extra chromosomal dosage de-
rived from fetus®°. The advantage of this method
is that it does not require the placental epigenetic
marker to contain a polymorphism.

Besides quantifying fetal - specific DNA sequenc-
es in the maternal plasma, an alternative approach
is to directly detect fetal aneuploidy by determining
the total (maternal + fetal) amount of the studied
aneuploid chromosome in the maternal plasma and
comparing it with other chromosomes in the mater-
nal plasma?3®. For this purpose, specific quantitative
methods such as digital and RMD PCR methodolo-
gy are used. According to this strategy, if a pregnant
woman carries a fetus with trisomy 21, an addition-
al dose of chromosome 21 derived from the fetus
will be present which means a 50% increase of the
copies of the fetal chromosome 21. For example, in
asample from the plasma of a pregnant woman who
carries a fetus with trisomy 21 and in which the fetal
DNA is 12%, a 6% (half of 12%) increase is expected
in the total number of DNA copies of chromosome
21 in this sample®®. Thus, non - invasive prenatal di-
agnosis of trisomy 21 could be done by comparing

the number of copies of a genetic region on chromo-
some 21 with the number of copies of another refer-
ence chromosome. For an euploid fetus, the dose of
chromosome 21 is expected to be equal to the refer-
ence chromosome and for a fetus with trisomy 21 a
50% increase of fetal DNA is expected®.

Finally, a new method for the quantitative detec-
tion of DNA sequences from an aneuploid chromo-
some in maternal plasma is the massively parallel
sequencing (MPS)?”. With this method, sequencing
of many small nucleic acid molecules in a sample
is done and thereafter the chromosomal location of
these molecules is determined. For example, a preg-
nant woman who carries a fetus with trisomy 21 will
increase the percentage of specific gene fragments
(sequences) of chromosome 21 in comparison to the
data obtained from pregnancies carrying euploid fe-
tuses. The use of MPS has been considered for the
non - invasive prenatal diagnosis of trisomy 21 and
is expected to be applied to other aneuploidies as
well*®3, Currently, the major limiting factor for MPS
is the high cost of this methodology. Nevertheless,
considering that the cost of sequencing is expected
to be lowered in the near future, the MPS method-
ology could become more affordable and could be
widely applied in routine clinical practice in the con-
text of non invasive prenatal diagnosis.

Conclusion

The development of non - invasive methods of pre-
natal diagnosisis a field of intense research in which
great progress has already been achieved. The dis-
covery of cell free fetal DNA in the maternal blood 17
years ago, has brought substantial changes and new
opportunities in the context of antenatal screening.
Currently, the analysis of cell free fetal DNA is used
for determining fetal sex, Rhesus genotype and for
identifying mutations of paternal origin. Sex deter-
mination has resulted in 50% reduction of invasive
prenatal screening methods, while the identification
of Rhesus genotype has limited the use of anti - D
globulin to Rhesus D (-) pregnant women who carry
Rhesus D (+) fetuses. Although the detection of an-
euploidies and of all monogenic diseases by analy-
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sis of cell free fetal DNA has been described, alot of
research is carried out to find the best technical ap-
proach and methodology, in order to put these ap-
plications in routine clinical practice. Advances in
technology as well as in molecular techniques are
expected to lead to the implementation of new reli-
able and affordable methods of non - invasive pre-
natal diagnosis with the view that in the near fu-
ture, prenatal testing could be performed with just
ablood draw and a low cost DNA test. K
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