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Abstract: Down‘s syndrome (DS) is the most common genetic cause of developmental
delay with an incidence of 1 in 800 live births, and is the predominant reason why women
choose to undergo invasive prenatal diagnosis. However, as invasive tests are associated
with around a 1% risk of miscarriage new non-invasive tests have been long sought after.
Recently, the most promising approach for non-invasive prenatal diagnosis (NIPD) has
been provided by the introduction of next generation sequencing (NGS) technologies.
The clinical application of NIPD for DS detection is not yet applicable, as large scale
validation studies in low-risk pregnancies need to be completed. Currently, prenatal
screening is still the first line test for the detection of fetal aneuploidy. Screening cannot
diagnose DS, but developing a more advanced screening program can help to improve
detection rates, and therefore reduce the number of women offered invasive tests. This
article describes how the prenatal screening program has developed since the introduction
of maternal age as the original ―screening‖ test, and subsequently discusses recent
advances in detecting new screening markers with reference to both proteomic and
bioinformatic techniques.
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1. Introduction
Down syndrome (DS) is the most common chromosomal aneuploidy and is the leading genetic
cause of developmental delay. The overall incidence of DS is around 1 in 800 live births [1,2], but the
risk of fetal trisomy is directly related to maternal age, increasing gradually up to age 33 and
subsequently increasing exponentially (Figure 1). Women in their late 40s have an incidence rate of
around 1 in 32 live births [3]. Between 1989 and 2008, the percentage of women conceiving aged
35 years and over increased from 9% to 20%, respectively, which led to a 71% rise in the number of
DS pregnancies [2,4]. Despite an expected 1.32 fold increase in the number of DS live births as a
result of this, the reported rate in England and Wales fell by 1% from 736 live births in 1989 to
750 live births in 2008 [2,5]. In the UK the National Down‘s Syndrome Cytogenetic Register
(NDSCR) indicated that without improved screening tools between 1989 and 2008, the continuous rise
in maternal age would have caused a 48% increase in live births with DS [3]. Although there are clear
ethical issues surrounding prenatal screening, with the majority of women terminating affected
pregnancies, the evidence provided clearly illustrates the effectiveness of screening for DS.
Figure 1. The estimated risk of DS according to maternal age (adapted from [3]).

In addition to advanced maternal age, other risk factors include previous family history and
gestational age, as 43% of DS pregnancies miscarry between 10 weeks and term [6,7]. The gradual
introduction of various biochemical and sonographic markers since the early 1980s, has greatly
improved the sensitivity of current screening programs to around 95% [6]. Women with a high risk
following screening are offered invasive procedures such as amniocentesis or chorionic villus
sampling (CVS) for a definitive diagnosis. However, these invasive procedures are associated with
around a 1% risk of iatrogenic fetal loss [1,8,9]. Advances in screening tools could further improve the
specificity and sensitivity of current screening methods, thus reducing the number of women offered
invasive diagnostic tests. In spite of the huge recent advances in non-invasive prenatal diagnostics
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using next generation sequencing (NGS) [1], screening will remain an essential first line test in the
clinical management of aneuploid pregnancies. This review will outline the development of screening
over the last four decades up to present day and discuss possible new screening tools that could
potentially be used in a clinical setting.
2. Definitions
There are various measurements that can be used to determine the success of a screening program
including; the detection rate (DR), the false positive rate (FPR), screen positive rate (SPR), and the
odds of a positive result (OAPR). The DR (sensitivity) of the test identifies the proportion of affected
cases successfully identified by the screening program, for example a DR of 90% means that the
screening test will successfully detect 9 out of 10 cases of DS. However, high sensitivity alone is not
sufficient for DS detection. The test must also display a low FPR, which is defined as the rate of
occurrence of positive results in non-affected cases. More recently, the SPR has been used as an
alternative to the FPR. The screen positive rate identifies those with a result above the cut off risk
(for example 1 in 150) and will include both true positives and false positives [5]. It is important that
the FPR/SPR is kept as low as possible so to minimize the number of women offered invasive
procedures which will in turn reduce the number of miscarriages of healthy fetuses. The likelihood of a
woman having a DS pregnancy confirmed by CVS or amniocentesis if her screen risk is high is known
as the OAPR. If a screening test has a high OAPR, more affected pregnancies will be successfully
diagnosed for every miscarriage caused by invasive testing [10,11]. Both the DR and the FPR/SPR are
influenced by the risk threshold above which invasive testing is offered. In an ideal screening test the
DR would be high (>90%) and the SPR would be low (<2%). However, increasing the threshold
(for example to 1 in 100) would cause both the DR and the SPR to decline, and decreasing the
threshold (for example to 1 in 300) would cause both the DR and SPR to increase [5].
Figure 2. The screening process, potential outcomes and measures of accuracy. Detection
rate (DR): Proportion of affected cases successfully identified by the screening test.
TSP/(TSP + FSN) = 85%. False positive rate (FPR): Proportion of positive results in
non-affected cases identified by the screening test. FSP/(FSP + TSN) = 6.7% (adapted
from [10,11]).
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Since the introduction of screening for DS the DR has greatly improved parallel to a decrease in the
SPR [10]. Therefore more affected cases of DS are being detected via screening and fewer
non-affected cases are being identified as high risk. This has led to an overall increase in OAPR
and consequently a decline in the number of invasive tests offered to women. Although there is still
room for improvement, Figure 2 illustrates the possible outcomes and measures of accuracy of the
screening process [11].
3. Screening: Past to Present
3.1. Historical Overview
In the early 1980s, maternal age was effectively the only screening tool available for detection of
DS and invasive diagnostic tests were offered to all women aged 35 years and above. These tests were
only offered to women younger than 35 years if there was known family history of the disorder [12].
However this approach was inappropriate and unsustainable for numerous reasons. Firstly, maternal
age alone is not an effective screening test as it has a DR of less than 35%, meaning that most fetuses
with DS were undetected and many women with unaffected fetuses were subjected to unnecessary
invasive testing [5,13]. Secondly, as the average maternal age was beginning to rise, resources to
perform invasive testing for all these women were unavailable [5].
To improve the sensitivity of screening for DS, sonographic and biochemical screening tests were
developed that could be combined with maternal age to increase the accuracy of risk assessment.
The initial opportunity to improve screening arose in 1984, when several studies identified an
association between low alpha-fetoprotein (AFP) levels (around a 25% reduction) in maternal serum
and fetal aneuploidy [14–16]. AFP is a large serum glycoprotein produced by both the yolk sac and the
fetal liver, and is considered to function in a similar way as albumin in adults [17]. DiMaio et al.
identified that using a cut-off for risk at which 5% of women under 35 are offered invasive testing,
around 25–30% of pregnancies in which the fetus has DS will be detected using AFP serum biomarker
alone [18]. The identification of this marker for DS detection was a serendipitous scientific discovery,
initially raised AFP levels were used to identify pregnancies that were potentially affected by fetal
neural tube defects, particularly anencephaly, it was only during this cohort that the link between low
AFP levels and an increased incidence of DS was identified. Now AFP is used clinically worldwide
for screening of DS after the first trimester as one of the biochemical serum markers used in the
quadruple test.
Since then, various pregnancy-associated maternal serum markers for DS have been evaluated. Key
markers that have been incorporated into the screening program include human chorionic gonadotropin
(hCG), estriol, inhibin A and pregnancy associated plasma protein A (PAPP-A). hCG is a hormone
initially produced by the embryo and later by the syncytiotrophoblast. Its function is to enable the
secretion of progesterone, which promotes the maintenance of the corpus luteum [19]. During very
early pregnancy hCG levels increase rapidly until 12 weeks gestation, at which point the hCG levels
off, normal hCG values during the second trimester range between 4,060 and 165,400 IU/L. In 1987,
Bogart et al. identified an association between an increase in serum levels of hCG and DS pregnancies
(approximately double the normal values), which led to the introduction of the second trimester double
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test a year later in the UK [20]. This test measured maternal serum concentrations of both AFP and
hCG between 15 and 20 weeks gestation alongside maternal age. With a risk threshold of 1 in 250,
the DR was approximately 60% with a SPR of 5% [5].
Shortly after the double test was established in the UK, studies reported a 25% reduction of
unconjugated estriol in DS pregnancies (normal value at 15 weeks gestation is around 4 nmol/L) [21].
The addition of estriol as a third marker was the basis for the ―Triple test‘‘ [22,23]. In the early 1990s
the triple test was adjusted by the replacement of hCG with the free beta subunit of hCG (fβ-hCG) as it
is this which is more markedly increased in DS pregnancies [24]. Although the triple test was
associated with higher sensitivity (67% DR), it was not considered to be a great improvement on the
double test, as the SPR was not lowered and the costs of screening were increased [25]. However,
in the early 1990s, inhibin A was found to be significantly elevated in DS pregnancies, leading to the
generation of the quadruple test with an improved DR of 75% [26]. The double, triple and quadruple test
all offer a greater DR than maternal age alone but can only be performed during the second trimester.
In 1991 maternal serum associated plasma protein-A (PAPP-A) was shown to be reduced by around
50% in DS pregnancies and was detectable from as early as 8 weeks gestation [22,27]. Between 17 and
19 weeks gestation maternal serum PAPP-A levels in DS affected pregnancies returned to those values
observed with unaffected pregnancies [28,29]. Throughout the 1990s the emphasis was to perform
screening in the first trimester, allowing parents to decide at an earlier stage in the pregnancy whether
to undergo invasive testing.
In addition to these biochemical markers, the risk of DS pregnancies can also be evaluated by the
identification of physical markers using sonographic imaging. In 1992 the ultrasound screening test of
nuchal translucency (NT) was developed by Nicolaides et al. [30], the ultrasound NT is the
sonographic appearance of a collection of fluid under the skin behind the fetal neck in the first
trimester between 11 and 13 weeks gestation. The maturation of the fetal lymphatics often occurs later
during the second trimester in fetuses with DS and other chromosomal abnormalities, which causes an
increase in fluid collection.
During the early 1990s a number of reports identified an association between DS and increased NT.
In 1994, Nicolaides et al. reported that an NT value ≥2.5 mm was seen in 84% of fetuses with DS and
4.5% of euploid fetuses in a study involving 1,273 pregnancies [31]. However, it is important that
when measuring the NT thickness care is taken when aligning the calipers, as an error of 0.4 mm can
significantly alter the risk. For example, at 12 weeks gestation the risk of having a DS fetus when NT
values of 2.6 mm and 3.0 mm are recorded is quoted as 1 in 1,394 and 1 in 563, respectively [32].
When maternal age alone was used as a screening tool, only two out of 11 cases of DS were detected,
however following the introduction of NT measurement, three out of four cases of DS were detected
by karyotyping because of an increased NT, this illustrates that when obtained by well-trained
professionals, NT measurement is a highly reproducible screening tool [33,34].
The combination of NT, maternal age and early detectable serum biomarkers (fβ-hCG and
PAPP-A) was referred to as the first trimester combined test [35]. Studies have identified that with the
first trimester combined test around 85–90% of all DS cases could be detected with a 5% FPR [36–39].
Figure 3 illustrates a short summary of key DS screening developments incorporated in a clinical
setting from the early 1980s to date.
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Figure 3. Timeline summarising the key developments in UK DS screening, from the early
1980s when maternal age was effectively the only screening tool used up to the identification
of the Model of Best Practice (MoBP) identified by the UK National Screening Committee
(NSC) in 2011.

3.2. Current Methods
In 2008 the UK National Screening Committee‘s (UK NSC) Model of Best Practice (MoBP) for DS
screening set a target for 2010/11 to achieve a DR of 90% and a FPR/SPR of 2%, however this is yet
to be achieved (Figure 3). The test currently closest to achieving standards set by the MoBP is the first
trimester combined screening test (DR 85–90% and FPR 5%). However, women who miss first
trimester screening can only be offered second trimester quadruple testing, which has a slightly lower
sensitivity (75% DR) and a higher FPR (6.9%) than the first-trimester combined test [5].
Some hospitals also offer the integrated test [40], which is performed in two stages. Firstly the
combined test is performed followed by second-trimester biochemistry (quad test) a few weeks
later [41]. This test is used to help reduce the FPR, as women that are high risk following the
combined test may become a low risk following the result of the integrated test. In 2013 the
International Society for Prenatal Diagnosis (ISPD) identified that integrated screening can be offered
when CVS is not available [41]. However, the UK NSC does not recommend integrated testing for two
fundamental reasons. Firstly, a woman who is considered to be high risk following the combined test
may not return for her quad test and therefore may be lost within the system without having been
counseled properly and secondly, there are higher cost and service implications associated with
combining the two screening tests [42]. A possible compromise to this problem is Contingency
screening, which allows pregnant women with a significantly high risk following first-trimester
screening to be offered invasive diagnostic tests immediately. In contrast, pregnant women that
indicate extremely low risk after first trimester screening are reassured. It is only those women with an
intermediate risk value (between 1 in 50 and 1 in 1,000) that are offered further testing with other
ultrasound markers including nasal bones, tricuspid regurgitation and ductus venous Doppler to further
refine the risk before offering invasive testing. This approach results in a DR of 90% for a FPR of
3% [37]. Currently, the UK NSC has also not supported the Contingency screening test despite
improvements to DR and FPR/SPR, because of the complexity associated with the technique and the
implications for service reconfiguration [5].
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In the United States, the Society for Maternal-Fetal Medicine (SMFM) completed a survey in 2007
to determine changes in screening and numbers of invasive diagnostic procedures performed since
2001. The results showed that over this time frame the evolution and increased uptake of DS screening
between 2001 and 2007 led to a 20% reduction in invasive diagnostic procedures [43]. The ISPD
recognizes that the use of maternal age alone to assess fetal DS risk in pregnant women is insufficient
and has stated that a combination of ultrasound NT measurement and serum markers in the first
trimester should be available to all women who desire early risk assessment. For women that first
attend their prenatal care after 13 weeks 6 days gestation, the ISPD recommends that the quadruple test
should be provided [44].
4. Further Developments
Since the early 1980s enormous progress for DS screening has been made, however further
improvements are still required. The problem associated with current screening tests is that 5% or
more of screened women need to undergo invasive testing in order to detect 60–80% of fetuses with
DS, resulting in large numbers of false screen-positives. In 2008 it was estimated that approximately
400 babies without DS were miscarried following invasive procedures on women with false positive
screening results in England and Wales [11]. Here we look at new screening techniques that are being
developed that could potentially raise sensitivity of current screening methods (to >90% DR) and
lower the FPR/SPR (to <2%), allowing more DS cases to be detected and less invasive testing to be
offered, thus reducing the number of miscarriages in affected and unaffected pregnancies.
4.1. Sonographic Markers of DS
The role of sonographic markers in the risk assessment of DS has been extensively investigated at
the 11–14 week scan and at the time of the mid-trimester fetal anomaly scan. Sonographic markers at
the 11–14 week scan include structural abnormalities (exomphalos, cystic hygroma, etc.) and more
subtle markers such as presence or absence of nasal bones, tricuspid regurgitation and reversed flow in
the ductus venosus. Markers at the mid-trimester scan can again be divided into structural anomalies
(congenital heart disease, anterior abdominal wall defects, ventriculomegaly, etc.) and more subtle
markers (choroid plexus cysts, echogenic foci in the heart, increased nuchal fold, etc.) traditionally
referred to as ―soft markers‖.
The association between structural anomalies and aneuploidy detected during the first trimester or
mid-trimester scan is well established. Fetal exomphalos or Fallot‘s tetralogy for example has a
significant association with DS. Detection of structural anomalies at the time of either the 11–14 week
scan or the mid-trimester scan should lead to the offer of amniocentesis or CVS. Atrioventricular
septal defects (AVSD) are an example of second-trimester structural anomaly. In pregnancies that
demonstrate a normal fetal karyotype, the frequency of AVSD is 1 in 10,000 live births, but in DS
pregnancies this increases significantly to 2,000 in 10,000 live births (1 in 5 incidence) [45]. However,
repeated studies have shown that less than 25% of affected fetuses demonstrate major structural
abnormalities, whereas 1 or more ―soft markers‖ could be observed in 50% or more cases [46–48].
The presence or absence of the more subtle features at the 11–14 week scan has been used to refine
the risks generated by combined screening. Hypoplasia of the nasal bone is identified in 65% of
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fetuses with DS between 11 and 14 weeks gestation. However, this marker shows significant
inter-racial variation. In Caucasian populations only 1–3% of euploid pregnancies have an absent nasal
bone during late first-trimester whereas in African populations this increases to around 10% [5].
Incorporating nasal bone assessment into combined screening therefore gives better results in
Caucasian populations. Doppler flow examination across the tricuspid valve and in the ductus venosus,
have also proved useful markers. In 2009, Kagan et al. performed a large scale study involving
20,000 euploid pregnancies which included 122 cases with DS. Reversed flow in the a-wave of the
ductus venosus and tricuspid regurgitation were observed in 55% and 60% of DS cases, and in 3.2%
and 0.9% of euploid cases, respectively [49]. Incorporation of these markers into a first-trimester
combined screening test can increase the DR to 93–96% with a FPR of 2.5% [47]. Figure 4 illustrates
the occurrence of these sonographic features in euploid and trisomy foetuses. Checking for these
additional markers is not only challenging but also very time- consuming and they have not been
adopted into routine clinical practice for widespread screening. They may have a role, however, in a
contingent screening model, whereby they are offered to women with an intermediate risk from
combined screening who need further information before deciding whether to opt for invasive testing [37].

Figure 4. Sonographic features of trisomies 21, 18 and 13
Figure 4. Sonographic features of trisomies
21, 18 and
13 (adapted
(adapted
from
[50]).from [50]).
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The significance of the identification of soft markers at the time of the mid-trimester scan has been
far more contentious. In the 1990s it was common place for women to be offered invasive procedures
when choroid plexus cysts, echogenic foci in the fetal heart, mild renal pelviceal dilatation were noted
at the time of the 20 week scan. However, a review of the importance of these soft markers in 2001
confirmed their very low sensitivity and specificity for DS with the exception of an increased nuchal
fold (the thickness of skin at the back of the fetal neck noted at the time of the mid-trimester scan,
not to be confused with nuchal translucency measurements at the time of the first trimester scan) which
had a likelihood ratio of 17 for DS [51]. One of the reasons why the importance of soft markers has
diminished is because of the widespread adoption of first and second trimester screening over the last
10 years. Poor uptake in screening in the early 1990s meant that the prevalence of DS at the time of the
mid-trimester scan was much greater than in current practice. Screening tests perform better when the
prevalence the condition being screened for is high. With the increasing uptake of effective DS
screening before 20 weeks the efficacy of screening using soft markers is now much less.
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A combination of these factors led to the National Screening Committee in the UK in 2009
recommending that the a priori risk for DS should not be adjusted depending on the presence or
absence of single or multiple soft markers (choroid plexus cysts, dilated cisterna magna, echogenic
cardiac foci and a 2 vessel cord).
4.2. New Serum Biomarkers
Despite recent advances in ultrasound technology allowing current screening techniques to achieve
detection rates >90% with FPRs <5%, improvements to these rates is still a priority for current
research in prenatal assessment. In addition to identifying new possible ultrasound markers, novel
biochemical screening markers to improve current DRs and FPRs/SPRs have been extensively
studied [52–58]. Since the discovery of cell-free fetal DNA (cffDNA) within the maternal circulation
many advances have been made in prenatal screening [52]. Recent studies exploring the proteomic
profile of maternal serum have identified both non-epigenetic and epigenetic screening markers that
could potentially be used as an alternative or in addition to current screening tools to provide greater
specificity and lower FPRs/SPRs [53–58]. The SAFE (Special Non-Invasive Advances in Fetal and
Neonatal Evaluation) NoE (Network of Excellence) was established by the European Union (EU) in
2004 to implement routine, cost-effective NIPD and neonatal screening through the formation of long
term partnerships worldwide [59,60]. The program played a key role in the standardization of RhD
genotyping, and also set out to identify a panel of new, more informative, biomarkers for fetal DS
detection. Despite the program ending in March 2009, the long term goals set out by the SAFE NoE
are still a key area of research [59].
Non-epigenetic markers, such as maternal serum markers (MSMs) used in the combined screening
test, simply show a marked increased or decreased level in affected cases in comparison to euploid
pregnancies. Novel biochemical markers are currently under investigation but so far there has been no
formal large scale evaluation of new markers by the UK NSC to inform policy. Epigenetic approaches
have also been examined in an attempt to discriminate the fetal DNA molecules from the high
background of maternal DNA fragments (around 90% of total DNA). Difference in DNA methylation
between the mother and fetus is currently the most characterized epigenetic modification studied for
possible prenatal detection of DS [61,62]. Targeting fetal-specific markers allows for the generated
signal to be completely fetal in origin, subsequent chromosomal dosage can then be carried out for
trisomy identification. Table 1 illustrates various studies over the past few years that have published
results on potential new biomarkers (both non-epigenetic and epigenetic) that could be used to improve
the sensitivity of current screening programs. For both PlGF and ADAM12 (Table 1) detection needs
to occur prior to 10 weeks gestation, as they are both almost non-existent by this time. Though it
would be ideal to screen for DS this early in pregnancy, these tests are fairly unpractical because
women have often not had their first pregnancy appointment with either their doctor or midwife.
However if early screening is possible it has been identified that the addition of PlGF to the combined
test can help to increase the DR by 4–7% [63]. Alternatively, the results for the CA15-3 and CA19-9
(Table 1) were not affected by maternal age [54]. Kamyab et al. identified that both the accuracy and
specificity were improved by using two target genes (DSCAM and DYRK1A), producing an overall
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specificity of 96% and sensitivity of 80% [56]. Providing further validation studies are carried out it is
possible that these biochemical markers may help to improve current screening tests.
Table 1. Summary of studies identifying potential new biochemical markers for prenatal
screening of DS.
Non-Epigenetic Markers
Study

Marker

Assay

Cowens et al. [54]

Placental
growth factor
(PlGF)

DELFIA Xpress immunoassay
platform.

ADAM12

Auto DELFIA/DELFIA
ADAM12 Research kit
(PerkinElmer Life and
Analytical Sciences, Finland).

Wang et al. [64]

CA15-3
CA19-9
Akinlade et al. [55]

DSCAM
Kamyab et al. [56]
DYRK1A

Quantified by the Kryptor
Analyzer.

Multiplex assay with
cytogenetic analysis and
QF-PCR.

Results
Increase during early first trimester in
affected DS pregnancies (1 MoM in
unaffected pregnancies, 1.3 MoM in DS
pregnancies, p < 0.0001).
Reduction during early first-trimester in
affected DS pregnancies (1 MoM in
unaffected pregnancies, 1.26 MoM in DS
pregnancies, p < 0.05).
No difference between euploid and DS
pregnancies.
Significantly elevated in DS pregnancies.
(0.98 MoM in euploid, 1.16 MoM in
trisomy 21, p = 0.024).
The mean gene dosage rate was
significantly increased for both genes in DS
pregnancies compared to euploid
pregnancies (p < 0.001).

Epigenetic Markers

Lim et al. [57]

PDE9A

Quantitative methylation
specific-PCR.

Du et al. [58]

DSCR4

Methylation specific primers
and digital PCR.

Chim et al. [65]

SERPINB5
(coding for
Maspin)

Bisulphite genomic sequencing
and RT-Quantitative
methylation-specific PCR.

M-PDE9A (maternal) did not differ
between pregnancies, but levels of
U-PDE9A (fetal) were significantly higher
in DS pregnancies.
Hypomethylated in placental tissue and
methylated in maternal cells. Can detect
and quantify unmethylated DSCR4 in the
first-trimester maternal plasma,
successfully detect DS by RCD against a
reference gene (e.g., ZFY).
Hypomethylated in placental tissue and
methylated in maternal cells. SERPINB5
was the first fetal-specific hypomethylated
gene to be identified in maternal plasma.

The phosphodiesterase gene, PDE9A, is an example of an epigenetic marker, as it is completely
methylated in maternal blood (M-PDE9A) and unmethylated in the placenta (U-PDE9A). In 2011,
Lim et al. report a DR of 77.8% of DS pregnancies for this marker and a 5% FPR, demonstrating that
U-PDE9A is an effective biomarker for the non-invasive diagnosis of DS during the first-trimester of
pregnancy [57]. Other studies have also identified epigenetic markers (Table 1) for DS screening,
but before any can be approved by the UK NSC, large validation studies must be carried out.
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Currently there are many developments occurring in integrated proteomics and bioinformatics
analysis in an attempt to identify multiple candidate protein biomarkers from maternal serum for
detection of DS. Kang et al. identified 31 DS differentially expressed maternal serum proteins
(DS-DEMSPs) using the latest proteomic techniques to identify proteins differentially expressed in the
maternal serum of women carrying a DS fetus, ten of which were considered as potential biomarkers
(Alpha-2-macroglobulin, Apolipoprotein A1, Apolipoprotein E, Complement C1s subcomponent,
Complement component 5, Complement component 8, alpha polypeptide, Complement component 8,
beta polypeptide and Fibronectin) [66]. Initial bioinformatics analysis funded by SAFE NoE has
identified differences of known placental and DS markers, such as genes located in the DSCR region
of chromosome 21. The SAFE project identified that the combination of both bioinformatics and
proteomic approaches could be used to find previously unidentified biomarkers of aneuploidy [59].
The integration of proteomics and bioinformatics would not only provide a useful tool for prenatal
screening of DS, but would also provide a mechanism for the detection of other birth defects or
pregnancy related disorders. However, is important to appreciate that plasma proteomics is extremely
complicated due to the huge ―noise‖ present when looking for new screening targets. Only a small
number of studies have attempted to identify new biomarkers for DS, therefore it is essential that larger
scale studies are conducted using newer technology, such as liquid chromatography-mass spectrometers,
which can identify larger numbers of peptides in one analysis with great sensitivity [67]. It is likely
however, that with the rapid advances in DNA technology developments in this area will be
somewhat marginalized.
4.3. Digital PCR and Next Generation Sequencing (NGS)
Since the identification of cffDNA in maternal plasma [52], the goal is to detect DS and other
aneuploidy disorders, such as trisomy 18 (Edwards syndrome), Trisomy 13 (Patau syndrome) and
Monosomy X (Turner syndrome), using NIPD. Unlike screening, NIPD does not identify the risk of
DS but allows for a definitive diagnosis. Currently, cffDNA has allowed for successful NIPD of
gender determination [68] and RhD status [69,70], and is available on a research basis for some single
gene disorders such as sickle cell anemia [71]. Recently, studies have identified new sophisticated
analytical methods, such as digital PCR and massively parallel sequencing (MPS) (also known as
NGS) which are capable of detecting chromosomal aneuploidy from maternal plasma [1,8,72–74].
However, until these techniques pass the scientific and regulatory hurdles required to be considered
diagnostic they could potentially be used to significantly improve current screening strategies.
There have been various molecular techniques developed for the non-invasive prenatal testing
(NIPT) of fetal aneuploidy, which are allele dependent and labor intensive [75,76]. As maternal
plasma only contains up to 10% cffDNA, to detect the presence of a DS fetus the screening test would
need to be able to detect a 5% difference in plasma DNA concentrations for a sequence located on
chromosome 21. In conventional real-time PCR, a difference of one cycle threshold (Ct) value
corresponds to a 2-fold change in copy number, making it very difficult to detect a 1.5-fold increase in
only 10% of the total DNA [77]. Digital PCR quantifies nucleic acids by counting amplification from
single molecules [78], allowing copy number changes less than 2-fold to be easily detected. Digital
PCR can be performed manually, but can be labor intensive and replication levels are limited by format
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of plate used (96 well or 384 well). Alternatives to the manual approach are now emerging. One of
these methods is the use of microfluidic chips, which splits the original sample into 765 reaction
chambers [79].
Figure 5. False-color images of microfluidic digital PCR chips. FAM signal is shown in
green, which represents the target chromosome (chromosome X, Y or 21), and HEX signal is
shown in red, which represents the reference chromosome (chromosome 1). Yellow squares
indicate overlapping of HEX and FAM. (A) Euploid female fetus (46 XX). The ratio of
chromosomes X and 21 are equal to reference chromosome 1 (2:2). There is no target
Y chromosome identified. (B) DS male fetus (47 XY + 21). Ratio of chromosomes Y and X
is half of reference chromosome 1 (1:2 ratios for X or Y and chromosome 1, respectively).
This fetus indicates an increase of chromosome 21 in comparison to reference chromosome 1
(3:2 ratio, respectively), indicating trisomy 21 (adapted from [80]).

Figure 5, adapted from Fan et al. illustrates a mock microfluidic digital PCR chip image of a
euploid female fetus and a DS male fetus. Detection of DS pregnancies can be identified by
determining the allelic ratio. The ratio between the 21-target chromosome (FAM-labeled) against the
reference chromosome 1 (HEX-labeled) is 3:2 and 2:2 in DS male fetus and euploid female fetus,
respectively [80]. However, these results were achieved using CVS samples. To achieve this level of
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accuracy using maternal plasma samples is more challenging due to the high level of background
maternal DNA.
Microfluidic digital PCR does not rely on data that is collected during the exponential PCR phase
and it does not require a standard for absolute quantification (unlike RT-PCR), which allows for
improved precision and accuracy [81]. Lun et al. successfully detected fetal-derived Y-chromosomal
DNA in maternal plasma using microfluidic digital PCR, which showed higher sensitivity compared
with non-digital real-time PCR, 100% and 90%, respectively, and lower imprecision [82]. In 2007,
Lo et al. identified an approach using digital PCR for the non-invasive detection of DS. Firstly,
the report identifies a digital RNA-SNP strategy, which uses digital PCR to determine the imbalance of
a single nucleotide polymorphism (SNP) on PLAC4 mRNA, a placentally-expressed transcript on
chromosome 21, in women bearing DS fetuses. Secondly, it identifies an alternative method known as
the digital relative chromosome dosage (RCD) method. The RCD method is advantageous to the
RNA-SNP approach as it does not require polymorphisms for analysis; it simply detects over- or
underrepresented alleles by comparing copy numbers variation between chromosomes. However, DS
could only be detected in samples containing 25% fetal DNA [83]. If a 25% fetal enhancement is
achieved, 7,680 molecules would need to be analyzed to achieve successful characterization of trisomy
status [84]. Evans et al. reported that if fetal DNA is enriched to 20%, then 2,609 counts would be
sufficient to achieve a 99% DR for a 1% FPR. However, if fetal DNA is only enriched by 2%,
over 110,000 counts would be needed to achieve a 95% DR for a 5% FPR [85]. Due to the high level
of sensitivity achieved (99% DR), provided efficient prior-fetal enrichment, it is possible that digital
PCR could potentially replace current screening methods. However, even though digital PCR could
provide a cheaper alternative to NGS-NIPT, confirmation of the high-throughput possibilities and
costs of digital PCR by large validation studies are still required.
The development of non-invasive tests based on cffDNA within the maternal circulation provides
substantial new opportunities to improve prenatal screening. To date, the most convincing data for a
generally applicable test for aneuploidy detection from cffDNA have been generated through MPS.
This technology allows cffDNA obtained from maternal plasma to produce millions of short-sequence
tags that can be aligned and uniquely mapped to a reference human genome that are by definition
mapped to a specific chromosome [86]. The DR for fetal aneuploidy using this method is determined
by the depth of sequencing and subsequent counting statistics. Fan et al. were the first to propose
counting chromosomes using high-throughput massively parallel shotgun sequencing (MPSS)
technology. In this study 5 million sequence tags were obtained per patient, providing sufficient data to
detect the over- or under- representation of chromosomes and allow for correct classification of an
aneuploidy fetus [87]. Table 2 illustrates the DR and FPR associated with large scale clinical trials of
NIPT by MPS for fetal DS detection.
Ehrich et al. revealed that MPSS managed to detect all 39 cases of DS samples (in a cohort of 449);
however one normal sample was misclassified as DS (Table 2) [1]. The method described by Chiu et al.
diagnosed a DS fetus when the Z-score for the proportion of chromosome 21 DNA molecules was >3,
which indicates a 99% chance of statistical significance (Table 2) [8]. This method simply normalizes
the number of sequence tags on the chromosome of interest by the number of tags in the sequencing
run. However, it has been identified that using MPS, intra-run and inter-run variability can alter the
chromosomal distribution of sequence reads for each sample. Some of the variability can come from
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sample handling, such as the DNA extraction procedure or the sequencing itself can lead to small
shifts in the distribution of tags [88]. To minimize the intra- and inter-run sequencing variation, a study
by Sehnert et al. developed an optimized algorithm by using normalized chromosome values (NCVs)
from the sequence data [72]. When chromosome ratios are normally distributed, the NCV is equivalent
to a statistical Z-score for the ratios. Threshold values for trisomy were established for all
chromosomes of interest (13, 18 and 21). NCV values >4.0 were required for classification of affected
aneuploidy state, and NCV values <2.5 were used to classify unaffected cases. NCV values between
2.5 and 4 were classified as ―no call‖. Using these parameters, this study demonstrated 100% correct
classification of samples with DS and Trisomy 18. However, one sample for chromosome 13 was
classified as a ―no call‖ [72]. Some speculation exists that the poor detection rate using NGS for
trisomy 13 may be due in part to the lesser level of fragmentation of this larger chromosome [89].
Table 2. Clinical trials of NIPT by massively parallel sequencing (MPS) for fetal DS
(adapted from [41]).
Study
Chiu et al. [90]
Chiu et al. [90]
Ehrich et al. [1]
Bianchi et al. [91]
Jensen et al. [92]
Sparks et al. [93]
Ashoor et al. [88]
Norton et al. [94]
Liang et al. [95]

Method
Shotgun (2-plex protocol)
Shotgun (8-plex protocol)
Shotgun
Shotgun
Shotgun
Targeted
Targeted
Targeted
Targeted

DR (%)
100
79.1
100
100
100
100
100
100
100

FPR (%)
2.1
1.2
0.2
0
0.9
0.8
0
0.1
0

MPS technologies have successfully enabled the NIPT of fetal chromosomal aneuploidies.
The identification of DS was primarily identified, and currently many recent clinical studies have
indicated detection rates >99% [1,90]. The incorporation of MPS for the detection of trisomy 18 and
trisomy 13 was proved to be more difficult than detecting DS due to the relatively lower GC content
expressed by these two chromosomes in comparison to chromosome 21. However, when the
coefficient of variance (CVs) was adjusted with GC content, it was noted that trisomy 18 and trisomy
13 can be detected accurately [87]. Chromosome 21 only represents less than 1.5% of the genome
(in disomy cases) and as MPSS is not selective, millions of DNA fragments must be sequenced in
order to detect statistically significant differences between trisomic and normal fetuses [96]. Therefore
targeted methods have been developed, which count only specific sequences in contrast to shotgun
sequencing, which counts all free DNA. In a recent statement from the Aneuploidy Screening
Committee on behalf of the ISPD, it was noted that only cffDNA analysis based on MPS with either
―shotgun‖ or ―targeted‖ counting have been sufficiently validated to be considered analytically
sound [41]. Targeted sequencing can allow for more samples to be multiplexed at once, proving a
cheaper alternative to whole genome sequencing (WGS). However, the limitation of this method is that
only the region of interest can be studied.
Aria Diagnostics (San Jose, CA, USA) have developed a multiplex MPS assay, termed ‗‗Digital
Analysis of Selected Regions‘‘ (DANSR) which sequences regions from target chromosomes. In a
study by Sparks et al. DANSR was used to develop an algorithm, the Fetal-fraction Optimized Risk of
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Trisomy Evaluation (FORTE), which combines both the age-related risks and the proportion of
cffDNA in the samples to provide an individual risk score for trisomy. The low proportion of cffDNA
within the maternal circulation can make quantification of fetal chromosome imbalances difficult and
potentially inaccurate, however, the FORTE algorithm factors in the fetal fraction when calculation the
risk of aneuploidy. When there is a high proportion of cffDNA the difference between trisomic versus
disomic chromosomes is greater, making it easier to detect trisomy [93]. This approach was also
reported by Ashoor et al. which included a cohort of 400 samples from pregnancies with known
karyotypes, 300 euploid (normal), 50 trisomy 18 (Edwards syndrome) and 50 trisomy 21 (DS). Both
these reports which used the DANSR/FORTE assay identified high degrees of accuracy (Table 2) [88].
However, in these trials the test was only offered to high-risk pregnancies, but the future aim is to
deliver this assay to all pregnancies as a highly accurate screening test for aneuploidies [97]. Chui et al.
identified that if referrals for amniocentesis or CVS were based on sequencing test results; approximately
98% of the invasive diagnostic procedures could be avoided [90]. In 2012 Aria Diagnostics announced
the launch of a U.S. clinical study involving 25,000 pregnancies to compare FORTE with the current
combined screening test for DS [98].
Table 3 illustrates some of the NGS platforms that are currently available. The HiSeq2000 has a
significantly higher number of single end reads per run, which makes this platform very suitable for
multiplexing samples and thus high throughput runs. However with the development of targeted
counting smaller bench-top platforms such as the MiSeq and Ion Torrent could be used for more rapid
testing due to reduced sample-prep time and faster run times, however these platforms will exert lower
throughput due to lower number of single end reads per run. Even though the initial costs are cheaper
for the bench-top platforms (MiSeq and Ion Torrent), because of the increased number of base reads
per run with high throughput platforms (HiSeq2000), the cost per Mb is actually cheaper for the
HiSeq2000 ($0.07) than the Illumina MiSeq ($0.5) and Ion Torrent ($0.64) [99,100].
Table 3. NGS Platforms suitable for NIPT (adapted from [96,101]).
HiSeq™2000 (Illumina, Inc.)
HiSeq™2500 (rapid run) (Illumina, Inc.)
SOLiD4™ (Life Technologies™/
Applied Biosystems ™)
HeliScope® Single Molecule Sequencer
(Helicos™Biosciences)
Benchtop: MiSeq™ (Illumina, Inc.)
Benchtop: Ion Torrent™
(Life Technologies™)

PCR-based sequencing

Single end reads per run

Run Time

Sequencing-by-synthesis
Sequencing-by-synthesis

3 billion
~300 million (10 Gb)

5–14 days
7h

Sequencing-by-ligation

~0.7 billion

5–10 days

Single-molecule-sequencingby-synthesis
Sequence-by-synthesis
Semiconductor sequencing
technology

~840 million (28 Gb)

8 days

~12 million (3.4 Gb)

16.5 h

~5 million (1 Gb)

4.4 h

The International Society for Prenatal Diagnosis (ISPD) has reported that before routine MPS
population screening can be introduced additional trials are needed. These trials need to confirm that
there is efficacy in low-risk populations, that it is cost-effective and suitable for diverse subpopulations
(such as twin or IVF pregnancies) [102]. Commercial MPS-based testing for prenatal detection of DS
has been introduced into some areas of the United States, China and more recently the European Union
(EU). Currently there are three commercial providers of NIPT within the USA who have received
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Clinical Laboratory Improvement Amendments (CLIA) certification (Table 4); however more recently
an additional competitor, Natera, has entered the market (Table 4) [103,104]. The Harmony test
(provided by Aria Diagnostics) is currently the cheapest ($795); however this test uses selective
sequencing in comparison to the Verifi test and the MaterniT21 Plus test, which use shotgun
sequencing for aneuploidy detection. According to a study published earlier this year, with reference to
WGS, the sequencing alone can already be done for less than $1,000, however soon it is likely the
entire process will drop below the $1,000 mark [105]. The ISPD has outlined that this NIPT should be
offered to high-risk pregnancies only and not offered as an initial test as screening via MPS for all
pregnancies as it is not currently cost effective [102]. It is vital that all women undergoing MPS-based
testing are offered prenatal counseling, so that the benefits and limitations of the test can be explained.
Table 4. Commercial tests available for the NIPT of trisomies (adapted from [104]).
Company

Test

Released

Trisomies Tested

Genetic Testing
Method

Accuracy

Sensitivity

Cost

Sequenom

MaterniT21
Plus

February
2012

13, 18, 21, sex
chromo-somes

MPSS

>99%

92–99%

$2,762

Verinata

Verifi
Prenatal
Test

March
2012

13, 18, 21, sex
chromo-somes

MPSS

100%

87–99%

$1,500

Aria
Diagnostics

Harmony
Prenatal
Test

May 2012

13, 18, 21

Chromosomeselective
sequencing

>99%

80–99%

$795

Panorama

March
2013

13, 18, 21

Single
nucleotide
polymorphism

100%

92–99%

$1,495

Natera

5. Conclusions
This review demonstrates how screening for the detection of DS has improved since the early 1980s
when maternal age was the only ―tool‖ available. It also provides an insight into how new physical and
biochemical markers may play a role in future routine screening to allow for increased test sensitivity
with fewer false screen positives. Although this is still a key area of research, the main focus is to
provide a definitive diagnosis through non-invasive techniques, such as digital PCR and NGS.
A recent trial conducted within the UK to assess the performance of NIPT for fetal trisomy in a
routinely screened first-trimester population identified a DR of >99% and a false positive rate of 0.1%
for trisomy 21 and trisomy 18, which is a significant improvement on current screening DRs and FPRs
(85–90% and 5%, respectively) [50,106]. Although the sensitivity of NGS currently provides DRs
similar to that provided by CVS, before even considering the replacement of IPD with NIPD,
further large scale validation studies of low-risk populations are required to confirm that NGS test
sensitivity is consistent with current invasive testing (97.8% and 99.4% for CVS and amniocentesis,
respectively) [107]. It is also important that the economic aspects, counseling requirements and
turnaround times are also considered [97].
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The cost of NIPD is likely to vary by country due to variations in the accuracy of the NIPD test,
the cost of the NIPD test and the numbers undergoing NIPD [97]. However for fetal aneuploidy
testing, whole genome MPS is still quite expensive, therefore to lower costs targeted approaches are
being developed [96]. Using MPS in high-risk pregnancies following initial screening increases the
OAPR, causing fewer women with unaffected fetuses to miscarry. Furthermore, providing NGS to all
pregnancies would not only increase the OAPR but also reduce the number of unidentified trisomy
fetuses, however this would be associated with a dramatic increase in cost due to a substantial rise in
the numbers undergoing NIPD.
Developments in proteomics to detect multiple novel biomarkers could provide a cheaper screening
alternative to NGS but will most likely display a reduction in sensitivity. However, new biomarkers
can only be used for screening purposes, whereas MPS directly identifies fetal DNA providing a NIPD
approach that could potentially replace current IPD techniques. With the continuous decline in MPS
costs, NIPD of fetal aneuploidy is an exciting area of research that could become a clinical reality for
all pregnancies in the near future.
Conflict of Interest
The authors declare no conflict of interest.
References
1.

2.
3.
4.
5.
6.

7.
8.
9.
10.

Ehrich, M.; Deciu, C.; Zwiefelhofer, T.; Tynan, J.A.; Cagasan, L.; Tim, R.; Lu, V.; McCullough, R.;
McCarthy, E.; Nygren, A.O. Nonivasive detection of fetal trisomy 21 by sequencing of DNA in
maternal blood: A study in a clinical setting. Am. J. Obstet. Gynecol. 2011, 204, 201–211.
Egan, J.F.; Benn, P.A.; Zelop, C.M.; Bolnick, A.; Gianferrari, E.; Borgida, A.F. Down syndrome
births in the United States from 1989 to 2001. Am. J. Obstet. Gynecol. 2004, 191, 1044–1048.
Morris, J.K.; Mutton, D.E.; Alberman, E. Revised estimates of the maternal age specific live
birth prevalence of Down‘s syndrome. J. Med. Screen 2002, 9, 2–6.
Crane, E.; Morris, J.K. Changes in maternal age in England and Wales—Implications for
Down syndrome. Down Syndr. Res. Prac. 2006, 10, 41–43.
McEwan, A.; Godfrey, A.; Wilkins, J. Screening for Down syndrome. Obstet. Gynaecol. Reprod.
Med. 2012, 22, 70–75.
Rozenberg, P.; Bussières, L.; Chevret, S.; Bernard, J.P.; Malagrida, L.; Cuckle, H.; Chabry, C.;
Durand-Zaleski, I.; Bidat, L.; Lacroix, I. Screening for Down syndrome using first-trimester
combined screening followed by second trimester ultrasound examination in an unselected
population. Gynecol. Obstet. Fertil. 2007, 35, 303–311.
Morris, J.K.; Wald, N.J.; Watt, H.C. Fetal loss in Down syndrome pregnancies Prenat. Diagn.
1999, 19, 142–145.
Chiu, R.W.K.; Cantor, C.R.; Lo, Y.M.D. Non-invasive prenatal diagnosis by single molecule
counting technologies. Trends Genet. 2009, 25, 324–331.
Ferguson-Smith, M.A. Placental mRNA in maternal plasma: Prospects for fetal screening. Proc.
Natl. Acad. Sci. USA 2003, 100, 4360–4362.
Wald, N.J. Guidance on terminology. J. Med. Screen 2006, 13, 53.

Diagnostics 2013, 3
11.
12.

13.
14.

15.
16.
17.
18.

19.
20.
21.
22.
23.

24.

25.
26.

27.

308

Buckley, F.; Buckley, S. Wrongful deaths and rightful lives—Screening for Down syndrome.
Down Syndr. Res. Prac. 2008, 12, 79–86.
Haddow, J.E.; Palomaki, G.E.; Knight, G.J.; Williams, J.; Pulkkinen, A.; Canick, J.A.;
Saller, D.N.; Bowers, G.B. Prenatal screening for Down‘s syndrome with use of maternal serum
markers. N. Engl. J. Med. 1992, 327, 588–593.
Benacerraf, B.R.; Gelman, R.; Friholetto, F.D. Sonographic identification of second-trimester
fetuses with Down‘s syndrome. N. Engl. J. Med. 1987, 317, 1371–1376.
Merkatz, I.; Nitowsky, H.; Marci, J.; Johnson, W. An association between low maternal serum
alpha-fetoprotein and fetal chromosomal abnormalities. Am. J. Obstet. Gynecol. 1984, 148,
886–894.
Cuckle, H.; Wald, N.; Lindenbaum, R. Maternal serum alpha-fetoprotein measurement:
A screening test for Down syndrome. Lancet 1984, 1, 926–929.
Furhmann, W.; Wendt, P.; Weitzel, H. Maternal serum-AFP as screening test for Down
syndrome. Lancet 1984, 2, doi: 10.1016/S0140-6736(84)92389-4.
Gillespie, G.; Uversky, V. Structure and function of alpha-fetoprotein: A biophysical overview.
Biochem. Biophys. Acta 2000, 1480, 41–56.
DiMaio, M.; Baumgarten, A.; Greenstein, R.; Mahoney, M. Screening for fetal Down‘s
syndrome in pregnancy by measuring maternal serum alpha-fetoprotein levels. N. Engl. J. Med.
1987, 6, 342–346.
Cole, L. New discoveries on the biology and detection of human chorionic gonadotrophin.
Reprod. Biol. Endocrinol. 2009, 7, doi: 10.1186/1477-7827-7-8.
Bogart, M.; Pandian, M.; Jones, O. Abnormal maternal serum chorionic gonadotropin levels in
pregnancies with fetal chromosome abnormalities. Prenat. Diagn. 1987, 7, 623–630.
Agarwal, R. Prenatal diagnosis of chromosomal anomalies: Pictorial essay. Indian J. Radiol.
Imaging 2003, 13, 173–188.
Canick, J.; Kellner, L. First trimester screening for aneuploidy: Serum biochemical markers.
Semin. Perinatol. 1999, 5, 359–368.
Crossley, J.; Aitken, D.; Connor, J. Second-trimester unconjugated oestriol levels in maternal
serum from chromosomally abnormal pregnancies using an optimized assay. Prenat. Diagn.
1993, 13, 271–280.
Ryall, R.; Staples, A.; Robertson, E.; Pollard, A. Improved performance in a prenatal
screening programme for Down‘s syndrome incorporating serum-free hCG subunit analyses.
Prenat. Diagn. 1992, 12, 251–261.
Reynolds, T. The triple test as a screening technique for Down syndrome: Reliability and
relevance. Int. J. Wom. Health 2010, 2010, 83–88.
Aitken, D.A.; Wallace, E.M.; Crossley, J.A.; Swanston, I.A.; Pareren, Y.V.; Maarle, M.V.;
Groome, N.P.; Macri, J.N.; Connor, M.J. Dimeric inhibin A as a marker for Down‘s syndrome in
early pregnancy. N. Engl. J. Med. 1996, 334, 1231–1236.
Brambati, B.; Macintosh, M.C.; Teisner, B.; Maguiness, S.; Shrimanker, K.; Lanzani, A.;
Bonacchi, I.; Tului, L.; Chard, T.; Grudzinskas, J.G. Low maternal serum levels of pregnancy
associated plasma protein a (PAPP-A) in the first trimester in association with abnormal fetal
karyotype. Br. J. Obstet. Gynaecol. 1993, 100, 324–326.

Diagnostics 2013, 3
28.
29.
30.

31.

32.
33.
34.

35.
36.

37.

38.

39.

40.

41.

42.

309

Knight, G.; Palomaki, G.; Haddow, J.E. Pregnancy associated plasma protein A as a marker for
Down syndrome in the second trimester of pregnancy. Prenat. Diagn. 1993, 13, 222–223.
Reis, F.; D‘Antona, D.; Petraglia, F. Predictive value of hormone measurements in maternal and
fetal complications of pregnancy. Endo Rev. 2002, 23, 230–257.
Nicolaides, K.H.; Azar, G.; Byrne, D.; Mansur, C.; Marks, K. Fetal nuchal translucency:
Ultrasound screening for chromosomal defects in first trimester of pregnancy. BMJ 1992, 304,
867–869.
Nicolaides, K.H.; Brizot, M.L.; Snijders, R.J. Fetal nuchal translucency: Ultrasound
screening for chromosomal defects in first trimester of pregnancy. J. Obstet. Gynaecol. 1994,
101, 782–786.
Committee, T.N.S. National Down‘s Syndrome Screening Program (DoSYSP). Available online:
http://fetalanomaly.screening.nhs.uk/standardsandpolicies (accessed on 20 May 2013).
Chitty, L.S.; Pandya, P.P. Ultrasound screening for fetal abnormalities in the first trimester.
Prenat. Diagn. 1997, 17, 1269–1281.
Pandya, P.P.; Altman, D.G.; Brizot, M.L.; Pettersen, H.; Nicolaides, K.H. Repeatability of
measurement of fetal nuchal translucency thickness. Ultrasound Obstet. Gynecol. 1995, 5,
334–337.
Wald, N.; Hackshaw, A.K. Combining ultrasound and biochemistry in first trimester screening
for Down‘s syndrome. Prenat. Diagn. 1997, 17, 821–829.
Spencer, K.; Nicolaides, K.H. Screening for trisomy 21 in twins using first trimester ultrasound
and maternal serum biochemistry in a one-stop clinic: A review of three years experience. Br. J.
Obstet. Gynaecol. 2003, 110, 276–280.
Nicolaides, K.H.; Spencer, K.; Avqidou, K.; Faiola, S.; Falcon, O. Multicenter study of
first-trimester screening for trisomy 21 in 75,821 pregnancies: Results and estimation of the
potential impact of individual risk-orientated two-stage first-trimester screening. Ultrasound
Obstet. Gynecol. 2005, 25, 221–226.
Jaques, A.M.; Halliday, J.L.; Francis, I.; Bonacquisto, L.; Forbes, R.; Cronin, A.; Sheffield, L.J.
Follow up and evaluation of the victorian first-trimester combined screening programme for
Down syndrome and trisomy 18. BJOG 2007, 114, 812–818.
Valinen, Y.; Rapakko, K.; Kokkonen, H.; Laitinen, P.; Tekay, A.; Ahola, T.; Ryynanen, M.
Clinical first-trimester routine screening for Down syndrome in singleton pregnancies in northern
Finland. Am. J. Obstet. Gynecol. 2007, 196, 278, doi: 10.1016/j.ajog.2006.11.040.
Wald, N.J.; Huttly, W.J.; Murphy, K.W.; Ali, K.; Bestwick, J.P.; Rodeck, C.H. Antenatal
screening for Down‘s syndrome using the integrated test at two London hospitals. J. Med. Screen
2009, 16, 7–10.
Benn, P.; Borell, A.; Chiu, R.; Cuckle, H.; Dugoff, L.; Faas, B.; Gross, S.; Johnson, J.;
Maymon, R.; Norton, M.; et al. Position statement from the aneuploidy screening committee on
behalf of the board of the international society for prenatal diagnosis, April 2013. Prenat. Diagn.
2013, 32, 1–2.
NHS Fetal Anomaly Screening Programme. Screening for Down‘s syndrome: UK NSC Policy
Recommendations 2011–2014 Model of Best Practice. Available online: http://www.fetalanomaly.
screening.nhs.uk/getdata.php?id=11393 (accessed on 13 May 2013).

Diagnostics 2013, 3
43.

44.

45.

46.
47.

48.
49.
50.
51.

52.
53.

54.

55.
56.

57.

58.

310

Fang, Y.M.V.; Benn, P.; Campbell, W.; Bolnick, J.; Prabulos, A.M.; Egan, J.F.X. Down
syndrome screening in the united states in 2001 and 2007: A survey of maternal-fetal medicine
specialists. Am. J. Obstet. Gynecol. 2009, 201, e91–e95.
Benn, P.; Borrell, A.; Crossley, J.; Cuckle, H.; Dugoff, L.; Gross, S.; Johnson, J.-A.;
Maymon, R.; Odibo, A.; Schielen, P.; et al. Aneuploidy screening: A position statement from a
committee on behalf of the board of the international society for prenatal diagnosis, January
2011. Prenat. Diagn. 2011, 31, 519–522.
Maslen, C.L.; Babcock, D.; Robinson, S.W.; Bean, L.J.; Dooley, K.J.; Willour, V.L.;
Sherman, S.L. Creld1 mutations contribute to the occurrence of cardiac atrioventricular septal
defects in Down syndrome. Am. J. Med. Genet. 2006, 140, 2501–2505.
Nyberg, D.; Souter, V. Sonographic markers of fetal trisomies: Second trimester. J. Ultrasound
Med. 2001, 20, 655–674.
Stoll, C.; Dott, B.; Alembik, Y.; Roth, M. Evaluation of routine prenatal ultrasound examination
in detecting fetal chromosomal abnormalities in a low risk population. Hum. Genet. 1993, 91,
37–41.
Hill, L. The sonographic detection of trisomies 13, 18 and 21. Clin. Obstet. Gynecol. 1996, 39,
831–850.
Kagan, K.O.; Etchegaray, A.; Zhou, Y.; Wright, D.; Nicolaides, K.H. Prospective validation of
first-trimester combined screening for trisomy 21. Ultrasound Obstet. Gynecol. 2009, 34, 14–18.
Nicolaides, K. Screening for fetal aneuploidies at 11 to 13 weeks. Prenat. Diagn. 2011, 31, 7–15.
Smith-Bindman, R.; Hosmer, W.; Feldstein, V.A.; Deeks, J.J.; Goldberg, J.D. Second-trimester
ultrasound to detect fetuses with Down syndrome: A meta-analysis. JAMA 2001, 285,
1044–1055.
Lo, Y.M.; Corbetta, N.; Chamberlain, P.F.; Rai, V.; Sargent, I.L.; Redman, C.W.; Wainscoat, J.S.
Presence of fetal DNA in maternal plasma and serum. Lancet 1997, 350, 485–487.
Tsui, D.W.; Chan, K.C.; Chim, S.S.; Chan, L.W.; Leung, T.Y.; Lau, T.K.; Lo, Y.M.; Chiu, R.W.
Quantitative aberrations of hypermethylated RASSF1A gene sequences in maternal plasma in
pre-eclampsia. Prenat. Diagn. 2007, 27, 1212–1218.
Cowans, N.; Stamatopoulou, A.; Torring, N.; Spencer, K. Early first trimester maternal
serum placental growth factor in trisomy 21 pregnancies. Ultrasound Obstet. Gynecol. 2011, 37,
515–519.
Akinlade, F.; Cowans, N.; Kisanga, M.; Spencer, K., Maternal serum CA 19-9 and CA 15-3
levels in pregnancies affected by trisomy 21. Prenat. Diagn. 2012, 32, 644–648.
Kamyab, A.R.; Shahrokhi, F.; Shamsian, E.; Nosaied, M.H.; Dibajnia, P.; Hashemi, M.;
Mahdian, R. Determination of sensitivity and specificity of a novel gene dosage assay for
prenatal screening of trisomy 21 syndrome. Clin. Biochem. 2012, 45, 267–271.
Lim, J.H.; Kim, S.Y.; Park, S.Y.; Lee, S.Y.; Kim, M.J.; Han, Y.J.; Lee, S.W.; Chung, J.H.;
Kim, M.Y.; Yang, J.H.; et al. Non-invasive epigenetic detection of fetal trisomy 21 in first
trimester maternal plasma. PLoS One 2011, 6, doi: 10.1371/journal.pone.0027709.
Du, Y.; Zhang, J.; Wang, H.; Yan, X.; Yang, Y.; Yang, L.; Luo, X.; Chen, Y.; Duan, T.; Ma, D.
Hypomethylated dscr4 is a placenta-derived epigenetic marker for trisomy 21. Prenat. Diagn.
2011, 31, 207–214.

Diagnostics 2013, 3
59.

60.

61.
62.

63.

64.
65.

66.

67.
68.

69.
70.

71.
72.

73.

74.

311

Maddocks, D.G.; Alberry, M.S.; Attilakos, G.; Madgett, T.E.; Choi, K.; Soothill, P.W.;
Avent, N.D. The SAFE project: Towards non-invasive prenatal diagnosis. Biochem. Soc. Trans.
2009, 37, 460–465.
Chitty, L.S.; van der Schoot, C.E.; Hahn, S.; Avent, N.D. SAFE-the special non-invasive
advances in fetal and neonatal evaluation network: Aims and achievements. Prenat. Diagn. 2008,
28, 83–88.
Shipp, T.; Benacerraf, B. Second trimester ultrasound screening for chromosomal abnormalities.
Prenat. Diagn. 2002, 22, 296–307.
Cicero, S.; Curcio, P.; Papageorghiou, A.; Sonek, J.; Nicolaides, K. Absence of nasal bone in
fetuses with trisomy 21 at 11–14 weeks of gestation: An observational study. Lancet 2001, 358,
1665–1667.
Donaldson, K.; Turner, S.; Morrison, L.; Liitte, P.; Nilsson, C.; Cuckle, H. Maternal serum
placental growth factor and α-fetoprotein testing in first trimester screening for Down syndrome.
Prenat. Diagn. 2013, 33, 457–461.
Wang, M.; Lu, S.; Zhu, Y.; Li, H. Adam12 is an effective marker in the second trimester of
pregnancy for prenatal screening of Down syndrome. Prenat. Diagn. 2010, 30, 561–564.
Chim, S.S.; Tong, Y.K.; Chiu, R.W.; Lau, T.K.; Leung, T.Y.; Chan, L.Y.S.; Oudejans, C.B.M.;
Ding, C.; Lo, Y.M. Detection of the placental epignetic signature of the maspin gene in maternal
plasma. Proc. Natl. Acad. Sci. USA 2005, 11, 14753–14758.
Kang, Y.; Dong, X.; Zhou, Q.; Zhang, Y.; Cheng, Y.; Hu, R.; Su, C.; Jin, H.; Liu, X.; Ma, D.;
et al. Identification of novel candidate maternal serum protein markers for Down syndrome by
integrated proteomic and bioinformatic analysis. Prenat. Diagn. 2012, 32, 284–292.
Avent, N.D. Maternal plasma biomarkers for Down syndrome: Present and future. Drugs Today
2013, 49, 145–152.
Honda, H.; Miharu, N.; Ohashi, Y.; Samura, O.; Kinutani, M.; Hara, T.; Ohama, K. Fetal gender
determination in early pregnancy through qualitative and quantitative analysis of fetal DNA in
maternal serum. Hum. Genet. 2002, 110, 75–79.
Bianchi, D.W.; Avent, N.D.; Costa, J.M.; van der Schoot, C.E. Noninvasive prenatal diagnosis of
fetal rhesus D: Ready for prime(r) time. Obstet. Gynecol. 2005, 106, 841–844.
Lo, Y.M.D.; Hjelm, M.; Fidler, C.; Sargent, I.L.; Murphy, M.F.; Chamberlain, P.F.;
Poon, P.M.K.; Redman, C.W.G.; Wainscoat, J.S. Prenatal diagnosis of fetal rhd status by
molecular analysis of maternal plasma. N. Engl. J. Med. 1998, 339, 1734–1738.
Satio, H.; Sekizawa, A.; Morimoto, T. Prenatal DNA diagnosis of a single-gene disorder from
maternal plasma. Lancet 2000, 356, doi: 10.1016/S0140-6736(00)02767-7.
Sehnert, A.J.; Rhees, B.; Comstock, D.; de Feo, E.; Heilek, G.; Burke, J.; Rava, R.P. Optimal
detection of fetal chromosomal abnormalities by massively parallel DNA sequencing of cell-free
fetal DNA from maternal blood. Clin. Chem. 2011, 57, 1042–1049.
Dan, S.; Chen, F.; Choy, K.W.; Jiang, F.; Lin, J.; Xuan, Z.; Wang, W.; Chen, S.; Li, X.;
Jiang, H.; et al. Prenatal detection of aneuploidy and imbalanced chromosomal parallel
sequencing. PLoS One 2011, 7, doi:10.1371/journal.pone.0027835.
Papageorgiou, E.A.; Patsalis, P.C. Non-invasive prenatal diagnosis of aneuploidies: New
technologies and clinical applications. Genom. Med. 2012, 4, doi: 10.1016/j.tig.2009.05.004.

Diagnostics 2013, 3
75.

76.
77.
78.
79.
80.
81.
82.

83.

84.

85.

86.

87.

88.

89.
90.

312

Hulten, M.; Dhanjal, S.; Pertl, B. Rapid and simple prenatal diagnosis of common chromosome
disorders: Advantages and disadvantages of the molecular methods fish and QF-PCR.
Reproduction 2003, 126, 279–297.
Shaffer, L.; Bui, T. Molecular cytogenetic and rapid aneuploidy detection methods in prenatal
diagnosis. Am. J. Med. Genet. 2007, 145, 87–98.
Zimmermann, B.; Holzgreve, W.; Wenzel, F.; Hahn, S. Novel real-time quantitative PCR test for
trisomy 21. Clin. Chem. 2002, 48, 362–363.
Vogelstein, B.; Kinzler, K. Digital PCR. Proc. Natl. Acad. Sci. USA 1999, 96, 9236–9261.
White, R.; Blainey, P.; Fan, H.; Quake, S. Digital PCR provides sensitive and absolute
calibration for high throughput sequencing. BMC 2009, 10, 116, doi: 10.1186/1471-2164-10-116.
Fan, H.C.; Blumenfeld, Y.J.; El-Sayed, Y.Y.; Chueh, J.; Quake, S.R. Microfluidic digital PCR
enables rapid prenatal diagnosis of fetal aneuploidy. Am. J. Med. Genet. 2009, 200, e541–e547.
Zimmermann, B.G.; Grill, S.; Holzgreve, W.; Zhong, X.Y.; Jackson, L.G.; Hahn, S. Digital PCR:
A powerful new tool for noninvasive prenatal diagnosis? Prenat. Diagn. 2008, 28, 1087–1093.
Lun, F.M.; Chiu, R.W.; Chan, K.C.; Leung, T.Y.; Lau, T.K.; Lo, Y.M. Microfluidics digital PCR
reveals a higher than expected fraction of fetal DNA in maternal plasma. Clin. Chem. 2008, 54,
1664–1672.
Lo, Y.M.D.; Lun, F.M.; Chan, K.C.; Tsui, N.B.Y.; Chong, K.C.; Lau, T.K.; Leung, T.Y.;
Zee, T.Y.; Cantor, C.R.; Chiu, R.W. Digital PCR for the molecular detection of fetal
chromosomal aneuploidy. Proc. Natl. Acad. Sci. USA 2007, 104, 13116–13121.
Lo, Y.M.; Chan, K.C.; Chiu, R.W. Nonivasive fetal trisomy 21 detection using chromosom
selective sequencing: A variation of the molecular counting theme. Expert Rev. Mol. Diagn.
2012, 12, 329–331.
Evans, M.I.; Wright, D.A.; Pergament, E.; Cuckle, H.S.; Nicolaides, K.H. Digital PCR for
noninvasive detection of aneuploidy: Power analysis equations for feasibility. Fetal Diagn. Ther.
2012, 31, 244–247.
Sonek, J.; Molina, F.; Hiett, A.K.; Glover, M.; McKenna, D.; Nicolaides, K. Paper abstracts of
the ISPD 16th international conference on prenatal diagnosis and therapy. Prenat. Diagn. 2012,
32, 1–128.
Fan, H.C.; Blumenfeld, Y.J.; Chitkara, U.; Hudgins, L.; Quake, S.R. Noninvasive diagnosis of
fetal aneuploidy by shotgun sequencing DNA from maternal blood. Proc. Natl. Acad. Sci. USA
2008, 105, 16266–16271.
Ashoor, G.; Syngelaki, A.; Wagner, M.; Birdir, C.; Nicolaides, K. Chromosome-selective
sequencing of maternal plasma cell-free DNA for first trimester detection of trisomy 21 and
trisomy 18. Am. J. Obstet. Gynecol. 2012, 206, e321–e325.
Avent, N.D. Refining noninvasive prenatal diagnosis with single-molecular next-generation
sequencing. Clin. Chem. 2012, 58, 657–658.
Chiu, R.W.; Akolekar, R.; Zheng, Y.W.; Leung, T.Y.; Sun, H.; Chan, K.C.; Lun, F.M.; Go, A.T.;
Lau, E.T.; To, W.W.; et al. Non-invasive prenatal assessment of trisomy 21 by multiplexed
maternal plasma DNA sequencing: Large scale validity study. BMJ 2011, 11, doi: 10.1136/
bmj.c7401.

Diagnostics 2013, 3
91.

92.

93.

94.

95.

96.

97.
98.

99.
100.

101.
102.

103.
104.
105.

313

Bianchi, D.W.; Platt, L.; Goldberg, J.D.; Abuhamad, A.Z.; Sehnert, A.J.; Rava, R.P.
Genome-wide fetal aneuploidy detection by maternal plasma DNA sequencing. Obstet. Gynecol.
2012, 119, 890–901.
Jensen, T.; Zwiefelhofer, T.; Tim, R.; Dzakula, Z.; Kim, S.; Mazloom, A.; Zhu, Z.; Tynan, J.;
Lu, T.; McLennan, G. High-throughput massively parallel sequencing for fetal aneuploidy
detection from maternal plasma. PLoS One 2013, 8, doi: 10.1371/journal.pone.0057381.
Sparks, A.B.; Struble, C.A.; Wang, E.T.; Song, K.; Oliphant, A. Nonivasive prenatal detection
and selective analysis of cell-free DNA obtained from maternal blood: Evaluation for trisomy 21
and trisomy 18. Am. J. Obstet. Gynecol. 2012, 206, e311–e319.
Norton, M.E.; Brar, H.; Weiss, J.; Karimi, A.; Laurent, L.C.; Caughey, A.B.; Rodriguez, H.;
Williams, J.I.; Mitchell, M.E.; Adair, C.D. Non-invasive chromosomal evaluation (nice) study:
Results of a multicenter prospective cohort study for detection of fetal trisomy 21 and trisomy 18.
Am. J. Obstet. Gynecol. 2012, 207, e131–e138.
Liang, D.; Lv, W.; Wang, H.; Xu, L.; Liu, J.; Li, H.; Hu, L.; Peng, Y.; Wu, L. Non-invasive
prental testing of fetal whole chromosome aneuploidy by massively parallel sequencing.
Prenat. Diagn. 2013, 33, 409–415.
Boon, E.M.J.; Faas, B.H.W. Benefits and limitations of whole genome versus targeted
approaches for noninvasive prenatal testing for fetal aneuploidies. Prenat. Diagn. 2013,
doi: 10.1002/pd.4111.
Chitty, L.S.; Hill, L.; White, H.; Wright, D.; Morris, S. Noninvasive prenatal testing for
aneuploidy-ready for prime time? Am. J. Obstet. Gynecol. 2012, 206, 269–275.
GenomeWeb. Aria Kicks off Clinical Trial for Non-Invasive Down Syndrome Test. Available
online: http://www.genomeweb.com/mdx/aria-kicks-clinical-trial-non-invasive-down-syndrometest (accessed on 12 May 2013).
Liu, L.; Li, Y.; Li, S.; Hu, N.; He, Y.; Pong, R.; Lin, D.; Lu, L.; Law, M. Comparison of
next-generation sequencing systems. J. Biomed. Biotechnol. 2012, doi: 10.1155/2012/251364.
Loman, N.J.; Misra, R.V.; Dallman, T.J.; Constantinidou, C.; Gharbia, S.E.; Wain, J.;
Pallen, M.J. Performance comparison of benchtop high-throughput sequencing platforms.
Nat. Biotechnol. 2012, 30, 434–439.
Pareek, C.S.; Smoczynski, R.; Trefyn, A. Sequencing technologies and genome sequencing.
J. Appl. Genet. 2011, 52, 413–435.
Benn, P.; Borrell, A.; Cuckle, H.; Dugoff, L.; Gross, S.; Johnson, J.A.; Maymon, R.; Odibo, A.;
Schielen, P.; Spencer, K. Prenatal detection of Down syndrome using massively parallel
sequencing (MPS): A rapid response statement from a committee on behalf of the board of the
international society for prenatal diagnosis. Prenat. Diagn. 2012, 32, 1–2.
Hui, L. Non-invasive prenatal testing for fetal aneuploidy: Charting the course from clinical
validation to clinical utility. Ultrasound Obstet. Gynecol. 2013, 41, 2–6.
Jiang, K. Competition intensifies over market for DNA-based prenatal tests. Nat. Med. 2013, 19,
doi: 10.1038/nm0413–1381.
Perkel, J. Finding the true $1,000 genome. BioTechniques 2013, 54, 71–74.

Diagnostics 2013, 3

314

106. Nicolaides, K.; Syngelaki, A.; Ashoor, G.; Birdir, C.; Touzet, G. Noninvasive prenatal testing for
fetal trisomies in a routinely screened first-trimester population. Am. J. Obstet. Gynecol. 2012,
207, e371–e376.
107. Anderson, C.; Brown, C. Fetal chromosome abnormalities: Antenatal screening and diagnosis.
Am. Fam. Physic. 2009, 79, 117–123.
© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

