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ABSTRACT

INTRODUCTION

Prenatal screening for fetal aneuploidies has been focused
on mainly Down syndrome in the last 40 years. The method
of screening has changed from maternal age in the 1970s,
with a detection rate of 30 and 5% false positive rate (FPR),
to a combination of maternal age and second-trimester serum
biochemical markers (triple test and quadruple test) in the 1980s
and 1990s, with 60 to 75% detection rate and 5% false positive
rate (FPR). Following this, the era of first trimester screening
for Down syndrome has started with the clinical implementation
of fetal nuchal translucency screening. The combination of
maternal age, NT thickness and serum free beta-human
chorionic gonadotropin (β-hCG) and pregnancy-associated
plasma protein A (PAPP-A) in the first trimester has yielded a
90% detection rate with a 5% FPR. Starting from the year 2008,
studies have shown that the performance of screening may be
improved by analysis of cell-free deoxyribonucleic acid (DNA)
(cfDNA) in maternal blood. Several studies in the last few years
have reported the clinical validation of cell free fetal DNA test
in the maternal serum in screening for trisomies 21, 18, and 13
and sex chromosome aneuploidies.
Its widespread use is limited by the relatively high cost of the
test and the lack of consensus about the optimal way for its clinical
implementation. Until the optimal way of incorporating cfDNA into
the clinical practice gets identified, it would be wise not to substitute
cfDNA testing in place of first-trimester screening for fetal defects
and other major complications of pregnancy. Furthermore, it would
be preferable for clinicians managing individual patients not to
counsel them for their result as positive or negative, rather the
clinicians should use the risk estimate from the first-line method
of screening as the prior risk and modify this by the appropriate
positive or negative likelihood ratio from the cfDNA test.

Fetal chromosomal abnormalities including Down
syndrome and other trisomies are common. In antenatal
care, one of the most important objectives of the obstetricians and perinatologists is to detect these anomalies
with 100% detection rate. Prenatal diagnosis of fetal
chromosomal abnormalities requires invasive procedures,
such as chorion villus sampling (CVS), amniocentesis, or
fetal blood sampling, all of which are associated with the
risk of fetal loss.1 Furthermore, they carry the disadvantage
of being expensive and requiring special expertise. As a
consequence, many screening tests have been developed
in order to identify the high-risk group which is in need
for the “risky and expensive” invasive testing.
Prenatal screening for fetal aneuploidies has been
focused on mainly Down syndrome in the last 40 years.
The method of screening has changed from maternal
age in the 1970s, with a detection rate of 30 and 5%
false-positive rate (FPR), to a combination of maternal
age and second-trimester serum biochemical markers
(triple test and quadruple test) in the 1980s and 1990s,
with 60 to 75% detection rate and 5% FPR. Following
this, the era of first-trimester screening for Down
syndrome has started with the clinical implementation
of fetal nuchal translucency (NT) screening. The
combination of maternal age, NT thickness, and serum
free beta-human chorionic gonadotropin (β-hCG) and
pregnancy-associated plasma protein A (PAPP-A) in the
first trimester has yielded a 90% detection rate with a 5%
FPR.2 Starting from the year 2008, studies have shown
that the performance of screening may be improved
by analysis of cell-free deoxyribonucleic acid (cfDNA)
in maternal blood. Several studies in the last few years
have reported the clinical validation of fetal cfDNA test
in the maternal serum in screening for trisomies 21, 18,
and 13 and sex chromosme aneuploidies. A meta-analysis
of clinical validation studies reported detection rates for
trisomies 21, 18, and 13 of 99, 96, and 91%, respectively,
at an overall FPR of 0.35%.3 Sensitivities for trisomy
13 and sex chromosome abnormalities are some what
lower, averaging 80 to 90%, but the specificity remains
greater than 99% for each condition.
In this article we aim to review the recent scientific
evidence on the clinical use of cfDNA in maternal blood
for fetal aneuploidies and provide suggestions for the
introduction of this method in perinatology practice.
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BRIEF HISTORY OF cfDNA TESTING
In the year 1893, a German pathologist Georg Schmorl
was the first to describe fetal trophoblasts in maternal
lungs of women who died from eclampsia.4 He also recognized that fetomaternal trafficking occurred in normal
gestations but was increased in pregnancies affected by
eclampsia. Following this, there has been an approximately 100 years of long hiatus till the clinical application
of cfDNA in aneuoploidy screening. The concept of fetal
aneuploidy screening by the analysis of cfDNA in maternal plasma became possible after the discovery in 1997
that a high proportion of cfDNA fragments in maternal
plasma are of fetal origin.5 The first clinical application of
the use of cfDNA has been performed in the noninvasive
diagnosis of the fetal Rhesus D status.6 Following this
important innovation, intensive research in recent years
has led to the development of many commercially available methods of analyzing cfDNA in maternal blood for
fetal aneuploidies and other types of genetic abnormalities, such as single gene disorders and sex chromosome
abnormalities. It has recently been shown that contingent
screening for trisomy 21 by the first-trimester combined
test incorporating the option of cfDNA testing is a reasonable method for prenatal detection, which has a lower
invasive testing rate than in screening by the combined
test alone.7

CLINICAL USE OF cfDNA TESTING IN
MATERNAL BLOOD
As previously described, cfDNA testing works by
analyzing the DNA fragments present in the maternal
plasma during pregnancy. Most of this cfDNA is the
maternal cfDNA, but around 3 to 13% of cfDNA in the
circulation of a pregnant woman comes from the fetus.8
Cell-free DNA is known to be first detectable from about
4 to 5 weeks’ gestation; however, the level of cfDNA is not
high enough for analysis at this period of gestation. The
cfDNA reaches a level suitable for analysis at different
gestations according to what is being tested for. However,
most commercially available cfDNA tests are able to yield
results for trisomy 21 starting from 9 weeks of gestation.9
It is also important to note that the cfDNA is cleared
from the maternal circulation within the first hour after
birth; therefore, the cfDNA does not represent the genetic
properties of the previously born fetuses.
Three methods for the analysis of cfDNA in maternal
blood have so far been reported in clinical studies:
massively parallel shotgun sequencing (MPSS),10,11
chromosome-selective sequence analysis (CSS), 12,13
and single-nucleotide polymorphism (SNP)-based
analysis.14,15 Sequencing DNA fragments can reveal the
extra representation of DNA from a trisomy. Additionally,

it seems theoretically possible to analyze the whole
fetal genome, but this represents a major challenge on
economical and ethical grounds.16 Therefore, the first
generation of commercial tests has mainly concentrated
on the detection of trisomies 21, 18, and 13, and sex
chromosome aneuploidies. Following this, some selected
type of fetal genomic microdeletion syndromes have
recently been analyzed by cfDNA testing; however,
sensitivity and specificity have not been systematically
evaluated. 17 Commercial companies have begun to
offer expanded panels including screening for common
microdeletion syndromes such as 22q11.2 deletion.
However, the performance data for these microdeletion
syndromes still remain to be derived from a small number
of samples due to the rarity of these syndromes.18 One
of the major goals of cfDNA testing is the prenatal
detection of single gene disorders. There are many
studies on the detection of single gene disorders, such
as achondroplasia, thanatophoric dysplasia, Apert
syndrome, beta-thalassemia, etc. 19-22 Furthermore, a
recent promising development has been the utilization of
cfDNA in mothers carrying at-risk fetuses for congenital
adrenal hyperplasia (CAH) as early as 6 gestational weeks
by targeted massively parallel sequencing of the genomic
region including the CYP21A2 gene.23 This innovative
approach may aid for the diagnosis of CAH before genital
development begins, therefore restricting the purposeful
administration of dexamethasone to mothers known to
be carrying affected female fetuses.24
When it comes to discuss the clinical utility of sex
chromosome analysis by the use of cfDNA in maternal
blood, accuracy of sex determination generally exceeds
98%.8,10,25 Early prenatal diagnosis of fetal sex would be
quite useful to manage the pregnancy in cases with a risk
of some heritable disorders. The demonstration of cfDNA
in the mother’s blood has made it possible to identify Y
chromosome sequences in maternal blood during the
first trimester. Cell-free DNA testing can significantly
reduce the number of invasive procedures for women
with fetuses at risk of sex-linked diseases. Although
the fetal sex can be diagnosed by ultrasound with the
same sensitivity and specificity, the diagnosis would
be much more later than the results of cfDNA testing.
However, there are also some ethical concerns about
reporting the sex chromosome analysis results to the
parents-to-be. First of all, sex chromosomal abnormalities
such as Turner syndrome (X0) and triple X syndrome
(XXX) can be reliably diagnosed by cfDNA testing if the
maternal “background” can be excluded from testing.
The benefits to the harms of the detection of these types
of sex chromosome abnormalities which are without
mental retardation and compatible with life should be
balanced with regard to its psychological, ethical, legal,
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social, and economic implications. On the contrary, there
seems to be a possible risk of the use of cfDNA testing
for selective abortion based on sex selection of the fetus;
therefore, it is feared that informed consent may become
more difficult, that both testing and selective abortion
may become “normalized.”26 Therefore, for the present
time, it seems to be wise to advise to withdraw the offer
to screen if the patient claims to want information only
on the sex chromosomes.
As previously described, three methods for the
analysis of cfDNA in maternal blood have so far been
reported in clinical studies: MPSS, 10,11 CSS,12,13 and
SNP-based analysis.14,15 In MPSS, molecules from all
chromosomes are examined with the potential to identify
all aneuploidies. This method provides high-performance
screening for trisomies 21, 18, and 13 and sex chromosome
aneuploidies with a low (< 2%) failure rate to provide
results.27 Additionally, the MPSS-based cfDNA tests have
recently launched extended testing to include screening
for some microdeletion/microduplication syndromes. In
CSS, selective assays are directed against specific regions
on chromosomes 21, 18, 13, X, and Y before sequence
analysis. Chromosome-selective sequence analysis
also evaluates polymorphisms on other chromosomes
to estimate the fetal fraction.27 The advantage of this
approach is its reduced cost because the number of
regions that need to be sequenced is substantially lower,
but it carries the disadvantage of having a higher failure
rate (2–4%) than MPSS-based cfDNA testing.
Single-nucleotide polymorphism-based cfDNA
testing uses the principle that the fetus has different SNPs
than the mother.27-29 Single-nucleotide polymorphisms
are simple variations in DNA that help distinguish among
individuals. The method detects if there are differences
in the maternal and fetal SNPs belonging to a given chromosome and uses complex mathematical calculations to
estimate if the distribution of the fetal SNPs with respect
to the maternal SNPs is compatible with monosomy,
disomy, or trisomy. The reported performance for trisomies 21, 18, and 13 of SNP-based testing is similar to that
of MPSS and CSS, and this method of cfDNA testing can
identify further abnormalities, such as triploidy which
cannot be detected via MPSS- and CSS-based cfDNA
testing and may yield reliable results in case of “vanishing” twin pair.29
Another issue with cfDNA screening is the fetal
fraction, which should exceed 4% to generate accurate
results according to most laboratories, using any
kind of technology such as MPSS, CSS, or SNP-based
testing. “Test failure” occurs in 1 to 8% of samples and
may also be reported as “no call,” “indeterminate,”
or “uninterpretable.”9 It has been shown that up to
23% of women who receive these questionable results
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carried aneuploid fetuses.9 Repeating the screen yields
results in only 50 to 60% of cases. 30 However, in a
recent cohort study of 10,698 singleton pregnancies
undergoing screening for fetal trisomies 21, 18, and 13
by cfDNA testing in the first trimester, it was reported
that there was a failed result from cfDNA testing after
first sampling in 2.9% of the unaffected group, 1.9% of
trisomy 21, 8.0% of trisomy 18, and 6.3% of trisomy 13.31
Therefore, the authors have concluded that in cases of
failed cfDNA test the rate of trisomies 18 and 13, but not
trisomy 21, were higher than in those with a successful
test. Consequently, it was advised that the decision in
favor of invasive testing should depend on the risk of
prior screening and the results of detailed ultrasound
examination in the management of such “no call” cases.
In this trial, the authors also reported that the risk of test
failure increased with increasing maternal age and body
mass index and increased with decreasing PAPP-A and
free β-hCG MoM. Furthermore, it was shown that the risk
of “no call” result was also higher in South Asian than
Caucasian racial origin and in pregnancies achieved by
assisted reproduction than spontaneous conception.31
As a very recent finding, it has been reported in a
small group of study population that the administration
of low-molecular-weight heparin (LMWH) significantly
influences the quality of cfDNA testing and thus
ultimately the accuracy of the test result.32 However,
the molecular cause of the effect of LMWH has not been
fully explained. Therefore, until greater number of cases
are gathered, it has been advised to report the use of
LMWH prior to cfDNA testing to the laboratory and to
ensure that blood sample is drawn shortly before the next
administration of LMWH when its level is at the lowest
in the patient’s plasma.32
The other important issue with cfDNA screening is
the false-positive and false-negative rates of the commercially available tests. False-positive test results are
known to arise from placental mosaicism, maternal
malignancy, maternal chromosomal duplication, multiple gestation, including a vanishing twin, use of a donor
egg, consanguinity, and bone marrow transplant.33-35
It is important to underline that maternal cancers most
frequently occurred with the rare cfDNA test finding of
more than one aneuploidy detected.34 False-negative
results are much rarer than false-positive test results, but
it should be noted that they can arise for a triploid fetus
especially if methods other than SNP-based tests such
as MPSS- or CSS-based tests have been used. Therefore,
it is very important to emphasize that cfDNA testing for
aneuploidy is still considered screening and not diagnostic. In case of a positive cfDNA testing for any type
of aneuploidy, its confirmation should be war-ranted by
prenatal invasive testing, such as CVS or amniocentesis.
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Studies conducted since 2012 indicate that the sensitivity and specificity of fetal cfDNA screening are similar in
the high risk and general obstetric populations.9 However,
positive predictive value is lower in the general group
because the prevalence of aneuploidy is much lower.
The American Congress of Obstetricians and Gynecologists and the Society for Maternal-Fetal Medicine have
encouraged laboratories to report results with positive
predictive values (probability that a positive result is a
true positive one) as well as residual risk values (probability that a negative result is a truly negative one) for
each result that indicates increased risk for aneuploidy.36
For example, based on the sensitivity and specificity of
any method of cfDNA test, when a population with an
overall prevalence of 1/1,000 for trisomy 21 is screened,
the positive predictive value of an abnormal result is 33%,
1 in 3 women will have an affected fetus. If the prevalence
is 1/75, the positive predictive value is 87%.3,9
Although cfDNA testing is highly effective in
screening for trisomies and the test carries the advantage
of being noninvasive for the fetus, therefore not increasing
the risk of fetal loss, the widespread use of cfDNA testing
is at present limited by the relatively high cost of the test
and the lack of consensus about the optimal way for its
clinical implementation.
Consequently, many models for clinical implementation of cfDNA testing in screening for trisomies have
been suggested. In 2013 and 2014, Nicolaides et al37,38
proposed the use of the first-trimester combined test
as a triage examination for cfDNA assessment. This
clinical strategy would help to retain the advantages of
first-trimester testing by ultrasound and biochemistry,
including accurate pregnancy dating, early detection
of many major fetal defects, and prediction of common
pregnancy complications, such as preterm birth and
preeclampsia.38 According to the first proposed clinical
model, in contingent screening, detection of 98% of
fetuses with trisomy 21 at an overall invasive testing rate
of < 0.5% was reported to be achieved by offering cfDNA
testing to about 36, 21, and 11% of cases identified by
first-line screening using the combined test alone, using
the combined test with the addition of serum placental
growth factor (PlGF) and serum alpha-fetoprotein (AFP),
and using the combined test with the addition of PlGF,
AFP, and ductus venosus pulsatility index for veins
(DV-PIV) respectively.37 Such a policy has generally been
based on first-trimester combined testing for all patients
and assessment of cfDNA as a secondary test in a smaller
proportion of pregnancies. For example, if the cfDNA
test is reserved for the 25% of pregnancies with a risk
from the combined test of trisomy 21 ≥ 1:2,500, the overall
performance would be almost as good as if cfDNA testing
was carried out in all pregnancies.37

Another model of screening for major trisomies by
maternal age, fetal NT thickness, and DV-PIV followed
by cfDNA testing in pregnancies with an intermediate
risk has been proposed by the same group in 2014.39 The
combined test followed by invasive testing in the highrisk group (≥ 1:10) and cfDNA testing in the intermediaterisk group (1:11–1:3,000) have been found to potentially
detect about 96, 95, and 91% of cases for trisomy 21, 18,
and 13, respectively, with a total FPR of 0.8%.39 The overall
cost of such a policy was assumed to be €250 per patient,
whereas the alternative policy of universal screening by
cfDNA testing could potentially detect about 99, 97, and
92% of cases of trisomies 21, 18, and 13, but at an overall
cost of more than €500 per patient.39
Other clinical models proposed contingent policies that
use the first-trimester combined test for first-line screening
to select the subgroup for cfDNA testing; the data from
the latter has been suggested to be used to update the risk
from the former.40,41 According to the first study, when a
fetus is affected, if cfDNA testing gives a high-risk result,
the likelihood was calculated to be 1,240, 650, and 460 for
trisomies 21, 18, and 13 respectively.40 Consequently, the
chance for a fetus from a pregnancy to be truly affected
would depend on the prior risk for that pregnancy. As an
example, if prior screening by the combined test had shown
that the risk for trisomy 21 was 1 in 12,400 and cfDNA
testing gave a high-risk result, the risk in this case is about
1 in 10. On the contrary, if the risk from the combined test
was 1 in 2,480, the risk for an affected fetus is 1 in 2.27,40
Similarly, when cfDNA testing gives a low-risk result, the
negative likelihood was calculated to be 1,000, 31, and 13
for trisomies 21, 18, and 13 respectively.40 Consequently,
the chance for that pregnancy to be truly affected would
depend on the prior risk for that pregnancy. For example,
if prior screening by the combined test had shown that the
risk for trisomy 21 was 1 in 500 and cfDNA testing gives a
low-risk result, the risk for an affected fetus is 1 in 500,000;
on the contrary, if the risk for trisomy 13 from the combined
test was 1 in 2 and cfDNA testing gives a low-risk result,
the risk for an affected fetus is 1 in 26.27,40
According to the other study, the fetal fraction was
found to be affecting these above-mentioned positive and
negative likelihood ratios.41 For example, the detection
rate of trisomy 21 increased from 62% at a fetal fraction
of 4 to 100% at a fetal fraction of ≥ 9%; the positive
likelihood ratio increased from 620 to 1,000 and the
negative likelihood ratio increased from 3 to > 10,000. In
this model, even when the fetal fraction is < 4%, which
is usually considered as a test failure, it has been shown
that the cfDNA results could be used to improve the
performance of screening by the combined test.41
Finally, a recent study (2016) has examined the routine
clinical implementation of contingent screening in 11,692
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singleton pregnancies in two National Health Service
hospitals in the UK.7 Women with a risk ≥1 in 100 (highrisk group) were offered options of invasive testing,
cfDNA testing, or no further testing, and those with a
risk between 1 in 101 and 1 in 2,500 (intermediate-risk
group) were offered cfDNA testing or no further testing.7
According to the results of this study, about 98% of women
accepted the offer of screening for fetal trisomies by the
combined test and this was carried out successfully in
all cases. In the high-risk group, 38% of women opted
for invasive testing, 60% for cfDNA testing, and 2% for
no further tests. In the intermediate-risk group, 91.5%
opted for cfDNA testing and 8.5% for no further tests.7
Regarding termination of pregnancy following prenatal
detection of trisomy 21, this was chosen in 74% of the
study population. With this policy, about 30% of population had additionally cfDNA test with a combined test
in clinical practice. The combined test had a potential
detection rate of 87% for trisomy 21 and 93% for trisomies
18 or 13 at an FPR of 3.4%; the respective values for the
cfDNA test were 98, 82, and 0.25%. Therefore, it is estimated that the introduction of cfDNA testing was associated with a 43% reduction in the rate of invasive testing. In
that study, the authors highlighted that, in real life, prenatal
detection of trisomies and pregnancy outcome depends not
only on performance of screening tests but also on parental
choice. Clinical implementation of cfDNA testing, contingent on the results of the combined test, may have only a
modest impact in reducing the rate of invasive testing and
a small effect on the rate of live births with trisomy 21.7

CONCLUSION
The use of cfDNA in maternal blood for the detection of
fetal rhesus D antigen status, fetal sex, and common chromosomal aneuploidies is now well established, although
testing for aneuploidy is still considered screening and not
diagnostic. However, its widespread use is limited by the
relatively high cost of the test and the lack of consensus
about the optimal way for its clinical implementation.
Until the optimal way of incorporating cfDNA into clinical
practice gets identified, it would be wise not to substitute
cfDNA testing in place of first-trimester screening for fetal
defects and other major complications of pregnancy. Furthermore, it would be preferable for clinicians managing
individual patients not to counsel them for their result as
positive or negative, rather the clinicians should use the
risk estimate from the first-line method of screening as
the prior risk and modify this by the appropriate positive
or negative likelihood ratio from the cfDNA test. New
advances in technology and bioinformatics may extend to
the noninvasive detection of fetal subchromosomal aneuploidy, single gene disorders, and the entire fetal genome.
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