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Chapter 1: General introducƟ on

1.1. Current prenatal tesƟ ng in the Netherlands
In the Netherlands, prenatal screening has been off ered to pregnant women since the 

1970s. The main focus has been on screening for fetal aneuploidies, such as Down syndrome 
(trisomy 21, T21). In the past few decades, screening approaches have changed. Originally 
risk assessments were only based on alpha-fetoprotein concentraƟ ons in maternal serum. 
Currently, prenatal screening is performed by use of a fi rst trimester combined test (FCT), to-
gether with a 20-week anomaly scan to screen for neural tube defects and other structural ab-
normaliƟ es. FCT is a noninvasive screening method that uses an individualized risk-calculaƟ on 
to esƟ mate the chance of carrying a fetus with a fetal trisomy (G�þÊÄ�«�®�ÝÙ���, 2001; V�Ù-
ó�®¹, 2014). In the fi rst trimester, several parameters have been established for FCT calcula-
Ɵ ons, such as biomarker measurement in maternal serum (e.g. intact or total human chorionic 
gonadotropin and pregnancy-associated plasma protein A) and a nuchal translucency (NT) 
scan. During this scan, the amount of fl uid at the back of the neck of the fetus is determined. 
Increased amounts of this fl uid will result in an increased NT and this may indicate that the 
fetus has a chromosomal abnormality. Both these parameters, combined with maternal age 
are subsequently used to calculate the a posteriori risk for women of carrying a fetus with fetal 
trisomy 13, 18 or 21 (MÊ½ et al., 2004). Subsequently, women can be off ered amniocentesis 
or chorionic villi sampling (CVS) for further prenatal tesƟ ng. Both methods involve an invasive 
procedure to obtain fetal DNA for subsequent DNA analysis in the laboratory and have a small 
procedure-related risk of miscarriage (Mç¹�þ®ÄÊò®� et al., 2007; T��ÊÙ et al., 2010; �»Ê½�»�Ù 
et al., 2014). Because of this risk, currently only women with an increased risk aŌ er FCT (i.e. an 
a priori risk of >1:200) or women at risk because of geneƟ c indicaƟ ons (e.g. a familial mono-
genic disease or a previous child with a chromosomal anomaly) are off ered invasive prenatal 
tesƟ ng (www.rivm.nl). 

Figure 1: Transcervical chorionic villus sampling of fetal material from the chorion membrane of the placenta (leŌ ) 
and amniocentesis; sampling of amnioƟ c fl uid from the uterus (right). Adapted from www.hopkinsmedicine.org.

CVS is usually performed around 11-14 wks of gestaƟ on and can be executed both tran-
scervically or transabdominally. Ultrasound is used to guide the catheter/ forceps to obtain 
placental Ɵ ssue for DNA isolaƟ on (Fig. 1). However, when performing geneƟ c tesƟ ng on cho-
rionic villi DNA, false posiƟ ve and false negaƟ ve results are possible due to confi ned placental 
mosaicism (CPM; Appendix 1). In case of suspected mosaicism amniocentesis is recommend-
ed to determine the type of mosaicism (i.e. CPM or true fetal mosaicism (TFM)). With am-
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niocentesis or amnioƟ c fl uid sampling a small amount of amnioƟ c fl uid is sampled from the 
amnioƟ c sac surrounding a developing fetus (Fig. 1). Amniocentesis can be performed as early 
as 15 weeks though it is usually performed between 16 and 22 weeks of gestaƟ on.

Fetal geneƟ c material obtained through either one of these invasive procedures is sub-
sequently used for prenatal diagnosis in the laboratory and this analysis can be performed 
with cytogeneƟ c as well as molecular techniques. CytogeneƟ c techniques include G-banding 
analysis/ karyotyping or FISH (fl uorescent in situ hybridizaƟ on) analysis of chromosomes and 
are used to facilitate interpretaƟ on of possible translocaƟ ons and/or mosaic fi ndings (Appen-
dix 1). Both amniocytes and chorionic villi can be cultured ex vivo. For CVS analysis in general a 
combined approach of both direct preparaƟ on/short-term culture (STC) and long-term culture 
(LTC) is preferred. This culturing process on average takes about two weeks. Direct DNA isola-
Ɵ on or DNA isolaƟ on from cultured cells for molecular analysis can be performed in a shorter 
Ɵ me frame. Results of subsequent molecular analysis can be obtained within a few hours. 
An example of a molecular technique for prenatal diagnosis is quanƟ taƟ ve fl uorescent poly-
merase chain reacƟ on (QF-PCR). QF-PCR was introduced as a fast, precise and cost-eff ecƟ ve 
alternaƟ ve to analyze the most common autosomal and sex chromosomal aneuploidies and is 
based on mulƟ plex PCR amplifi caƟ on of mulƟ ple geneƟ c markers on chromosome 13, 18, 21, 
X and Y, together with some addiƟ onal controls on diff erent autosomes. Karyotyping, which is 
sƟ ll considered to be the gold standard for prenatal geneƟ c tesƟ ng, should be performed ad-
diƟ onally to QF-PCR to confi rm results in case of an aneuploidy. Moreover, karyotyping is per-
formed in case of a parental/familial chromosomal anomaly such as translocaƟ ons (balanced/
unbalanced) or inversions, oŌ en complimented with addiƟ onal FISH analysis or chromosomal 
microarrays. The diagnosƟ c accuracy of performing prenatal diagnosis on fetal material ob-
tained in these invasive procedures is virtually 100%. However, similar to every other medical 
intervenƟ on, the invasive procedures used for obtaining the fetal geneƟ c material are asso-
ciated with procedure-related risks such as miscarriage (Mç¹�þ®ÄÊò®� et al., 2007; T��ÊÙ et 
al., 2010; A»Ê½�»�Ù et al., 2014). Therefore, researchers have been exploring other minimally 
invasive or noninvasive ways to sample fetal material, to diminish such procedure associated 
risks of miscarriage and to have prenatal diagnosis available to more women. 

In addiƟ on to invasive tesƟ ng, with the start of the TRIDENT study (TRial by Dutch labo-
ratories for EvaluaƟ on of Noninvasive prenatal TesƟ ng) in April 2014, in the Netherlands wom-
en with high risk pregnancies (i.e. a priori risk >1:200 in the FCT) are off ered an addiƟ onal 
opƟ on for fetal trisomy screening. During this naƟ onal implementaƟ on study, women with 
high risk pregnancies may opt for noninvasive prenatal tesƟ ng (NIPT) in which fetal trisomy 
screening is performed by use of Next GeneraƟ on Sequencing (NGS). With the availability of 
this addiƟ onal screening method, the number of invasive procedures and subsequent risk of 
miscarriage can be reduced.

1.2. Noninvasive prenatal diagnosis
In the past decades, a lot of eff ort has been put into developing tests for noninvasive 

prenatal diagnosis (NIPD) that would eliminate the small but signifi cant risk (< 1%) of proce-
dure-related fetal loss and would be equally reliable as the results of prenatal tesƟ ng aŌ er 
invasive sampling (Mç¹�þ®ÄÊò®� et al., 2007; T��ÊÙ et al., 2010; A»Ê½�»�Ù et al., 2014). Already 
at the end of the 19th century, maternal blood was considered to be a useful source of fetal 
geneƟ c material for noninvasive prenatal diagnosis when the fi rst observaƟ on of fetal cells 
present in maternal circulaƟ on was published (S�«ÃÊÙ½, 1893). 
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1.2.1.  Fetal cells
Georg Schmorl is considered to be the fi rst researcher to document on feto-maternal 

cellular traffi  cking aŌ er idenƟ fying trophoblast cells in lung capillaries of woman dying of ec-
lampsia (S�«ÃÊÙ½, 1893; L�Ö�®Ù� et al., 2007). He also speculated that feto-maternal traf-
fi cking might occur in normal gestaƟ ons. This theory has indeed been confi rmed in the past 
century by many others scienƟ sts that have reported fi ndings of a variety of fetal cells present 
in maternal circulaƟ on. 

The presence of fetal leukocytes in maternal circulaƟ on was fi rst described by the group 
of Walknowska et al. (W�½»ÄÊóÝ»� et al., 1969). They idenƟ fi ed metaphases of male origin 
in cultured lymphocytes isolated from blood of healthy pregnant woman, who subsequently 
gave birth to a male infant. Fetal leukocytes do not have a limited life span and are therefore 
likely to persist between pregnancies. In addiƟ on to the study of Walknowska et al., Bianchi 
et al. described the prolonged persistence of male progenitor cells in a woman who had her 
last son 27 years prior to blood sampling (B®�Ä�«® et al., 1996). As fetal leukocytes may persist 
through mulƟ ple pregnancies for long periods of Ɵ me, they are not likely to be considered the 
best source for NIPD on fetal cells, since it is very diffi  cult to disƟ nguish between cells derived 
from the current or a previous pregnancy. 

In contrast to fetal leukocytes, nucleated red blood cells (NRBCs) and their precursors 
could be a beƩ er source of fetal geneƟ c material for NIPD. They are of interest because they 
are mononuclear and present in abundance in the fetus in the fi rst trimester, while rare in ma-
ternal blood (B®�Ä�«®, 1995). In contrast to fetal leukocytes, NRBCs do have a limited life span 
with a relaƟ vely short half-life of about 25-35 days (P��ÙÝÊÄ, 1967). 

Placental trophoblast cells are another potenƟ al source of fetal material to be sam-
pled from maternal blood. Trophoblasts are the main cellular components of the placenta and 
originate from the trophectoderm of the blastocyst early in pregnancy (SãÙ�Ýþ�óÝ»®-C«�ò�þ 
et al., 2005). One of the potenƟ al drawbacks to the use of throphoblasts for noninvasive fe-
tal cytogeneƟ c diagnosis includes the previously menƟ oned phenomenon of CPM (Appendix 
1). As a developing organ, the placenta undergoes constant Ɵ ssue remodeling. The turnover 
Ɵ me of a villous trophoblast cell is around 3-4 wks (HçÖÖ�Ùãþ et al., 2004). DeportaƟ on of the 
detached end stage syncyƟ al cells to the maternal lung is a process that occurs in all human 
pregnancies. The number of cells increases with gestaƟ on and has been described to increase 
even further in paƟ ents with pathologic condiƟ ons such as (pre-)eclampsia (T¹Ê� et al., 2006; 
B�Ä®ÙÝ�«»� et al., 2010). 

Even though there are some cell types that can be a potenƟ al source of fetal geneƟ c 
material to be used in NIPD, the number of fetal cells that can be isolated from maternal blood 
is limited. IsolaƟ on and enrichment of these cells remains therefore challenging because of 
their low frequency in maternal blood (OÊÝã�Ùó®¹» et al., 1996). 

1.2.2.  Cell-free fetal DNA
Instead of looking for intact fetal cells, in 1997 the group of Lo et al. was the fi rst to show 

the presence of fetal geneƟ c material in the acellular component of blood. They demonstrat-
ed the detecƟ on of Y chromosomal sequences in plasma and serum of woman pregnant with 
male fetuses (LÊ et al., 1997). However, they were actually not the fi rst scienƟ sts to observe el-
evated levels of geneƟ c material in maternal plasma. Elevated levels of nucleic acids (DNA and 
RNA) in plasma of a pregnant woman had already been observed over 60 years ago by Mandel 
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and Métais, who were the fi rst to measure nucleic acids in human plasma in 10 healthy sub-
jects and 15 subjects with various condiƟ ons, including 1 pregnant female at 7 months of ges-
taƟ on (M�Ä��½ et al., 1948). In two independent measurements they found disƟ nct elevated 
levels of nucleic acids in maternal plasma and already expressed their interest in a follow-up 
of this interesƟ ng study object. A few decades later increased quanƟ Ɵ es of DNA were also 
found in serum of cancer paƟ ents in the study of Leon et al. (L�ÊÄ et al., 1977). Reasoning that 
the rapidly growing fetus and placenta possessed “pseudomalignant” tumor-like qualiƟ es, the 
group of Lo et al. was the fi rst to show that there is signifi cantly more placental DNA present 
in cell-free plasma (or serum) of pregnant women as compared to the number of intact fetal 
cells in the cellular fracƟ on of maternal blood during pregnancy (LÊ et al., 1997). Moreover, 
placental DNA fragments could also be detected in maternal urine (TÝç® et al., 2012). These 
circulaƟ ng placental DNA fragments in the maternal circulaƟ on are (perhaps erroneously) re-
ferred to as cell free fetal DNA (cff DNA), since the placenta may not always fully refl ect the 
actual fetal karyotype.

Low levels of circulaƟ ng cell free DNA (cfDNA) in plasma are a common phenomenon 
in every individual as a result of clearance of cells dying of apoptosis. However, during preg-
nancy, total levels of circulaƟ ng cfDNA increase due to the addiƟ onal placental contribuƟ on. 
These levels of placental cff DNA have been reported to be present from as early as 4 weeks 
of gestaƟ on (I½½�Ä�Ý et al., 2007). Nevertheless, the fetal fracƟ on or percentage of placental 
cff DNA in plasma is relaƟ vely small in the fi rst trimester. The majority of total cfDNA in mater-
nal plasma is of maternal hematopoieƟ c origin (Lç® et al., 2002). Fetal fracƟ on is one of most 
crucial factors infl uencing NIPD or NIPT results and has been subject of study in many publica-
Ɵ ons (C«ç et al., 2010; J®�Ä¦ et al., 2012b; C�Ä®�» et al., 2013; Hç���Êò� et al., 2014). Blood 
withdrawal for noninvasive tesƟ ng is usually performed around 10-11 weeks of gestaƟ on. The 
percentage of cff DNA in the fi rst trimester is on average ~10%, but diff ers quite extensively in 
range depending on gestaƟ onal age and between individuals (LÊ et al., 1998; LçÄ et al., 2008a; 
GÊ et al., 2010; S®»ÊÙ� et al., 2010; C«®ç et al., 2011a; H�«Ä et al., 2011). Sampling later on in 
pregnancy (e.g. second or third trimester) will consequently result in a higher percentage of 
placental sequences and thus a higher fetal fracƟ on. However, the great advantages of NIPD 
and NIPT is that it can be applied already very early on in gestaƟ on. Moreover, since maternal 
blood withdrawal has no risk for the fetus, it is preferred over invasive sampling procedures. 

High maternal weight and inherent increased body-mass index (BMI) have been shown 
to negaƟ vely infl uence the amount of placental DNA recovered from maternal plasma and 
consequently infl uence the success rate of downstream tesƟ ng (P�½ÊÃ�»® et al., 2011; SÖ�Ù»Ý 
et al., 2012a; AÝ«ÊÊÙ et al., 2013; W�Ä¦ et al., 2013; Hç���Êò� et al., 2014). There is an in-
creased turnover of adipocytes in obese women. A high level of apoptosis in maternal blood 
may result in a lower fetal fracƟ on, since the total amount of maternal cfDNA in plasma in-
creases, at the expense of the percentage of placental DNA fragments. There has been some 
debate about whether BMI or maternal weight alone would be the best indicator for success 
rate. BMI corrects for length. However, tall women may also have a higher total blood volume 
as compared to smaller women with similar weight. This higher blood volume may also result 
in a diluƟ on eff ect on the percentage of cff DNA (W�Ä¦ et al., 2013). For counƟ ng-based tech-
nologies such as shotgun whole genome sequencing or targeted sequencing a fetal fracƟ on > 
4% is required for analysis (E«Ù®�« et al., 2011; P�½ÊÃ�»® et al., 2011; P�½ÊÃ�»® et al., 2012). 
Several studies show that the failure rate of tesƟ ng with insuffi  cient fetal fracƟ on increases 
extensively with a maternal weight of 100 kg or higher (W�Ä¦ et al., 2013; C�Ä®�» et al., 2013; 
AÝ«ÊÊÙ et al., 2013). The ulƟ mate covariates for the predicƟ on of the success rate for NIPD or 
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NIPT have not been determined yet. Preferably, covariates such as weight, height, body type 
and BMI should be provided and documented with each request for NIPT to determine which 
of these covariates would be the best predictor of the success rate and ulƟ mately results in 
the best fetal fracƟ on determinaƟ on in a large data set.

Total cfDNA can be isolated from maternal plasma. Plasma separaƟ on from blood is 
mostly performed by centrifugaƟ on. More recently, opƟ ons for microscale methods for plas-
ma isolaƟ on have become available with microfl uidic chips. Plasma can be isolated from blood 
cells passively either through sedimentaƟ on of cells, microfi ltraƟ on of cells through pores or 
cell deviaƟ on of cells fl owing in microchannels. Another opƟ on is acƟ ve separaƟ on by use of 
an external fi eld (e.g. acousƟ c, electric or magneƟ c) (K�ÙÝ�ç�ù-K�Ù«Ê�Ý et al., 2013; K�ÙÝ�ç-
�ù-K�Ù«Ê�Ý et al., 2014). Cff DNA in plasma from pregnant women appears to be stable up to 
5 days aŌ er blood withdrawal (Mç½½�Ù et al., 2011). Maternal blood cells on the other hand 
are not stable. Lysis of maternal blood cells will lead to a massive increase of the total amount 
of cfDNA, resulƟ ng in a diluƟ on eff ect of the fetal fracƟ on. Several studies show that per-
forming plasma separaƟ on within 24 hrs aŌ er collecƟ on is essenƟ al to prevent maternal cell 
lysis (Mç½½�Ù et al., 2011; BçùÝÝ� et al., 2013). The addiƟ on of formaldehyde may reduce or 
prevent cell lysis and has been described to enrich for cff DNA (D«�½½�Ä et al., 2004). However, 
confl icƟ ng results have been obtained in other studies (C«çÄ¦ et al., 2005; C«®ÄÄ�Ö�Ö�¦�Ù® 
et al., 2005). 

Enrichment of placental sequences can be achieved through an epigeneƟ c approach 
by using methylaƟ on specifi c/dependent techniques (e.g. bisulfi te conversion in combinaƟ on 
with methylaƟ on specifi c PCR, restricƟ on enzyme digesƟ on or MeDIP (methylated DNA immu-
noprecepitaƟ on)) (O½� et al., 2007; TÊÄ¦ et al., 2007; P�Ö�¦�ÊÙ¦®Êç et al., 2009). At sequence 
level, there are no diff erences between the maternal contribuƟ on to the fetal genome and 
the maternal genome itself. At epigeneƟ c level however, several markers have been described 
that diff er between mother and fetus. EpigeneƟ c modifi caƟ ons are somaƟ c alteraƟ ons to the 
DNA that do not alter the actual geneƟ c sequence but do aff ect gene expression. One of the 
most common and best-known forms of modifi caƟ ons is methylaƟ on. Cytosine methylaƟ on 
at the 5-carbon posiƟ on is the only known stable base modifi caƟ on found in the mammali-
an genome (P�ãÙ� et al., 2008). It typically occurs at the cytosine-phosphate-guanine (CpG) 
sites where DNA methyltransferases turn a cytosine into a 5-methylcytosine (B��«Ã�ÄÄ et al., 
2012). CpG rich sites are mainly located in the promoter region of genes and DNA methylaƟ on 
results in diff erenƟ al expression of maternally and paternally inherited genes due to transcrip-
Ɵ onal silencing of either one of these genes (i.e. genomic imprinƟ ng) (B��«Ã�ÄÄ et al., 2012). 

A diff erence in size has been observed between maternal and placental cfDNA. This 
diff erence may permit the development of size-based strategy for selecƟ ve enrichment of 
the fetal fracƟ on from maternal plasma (L® et al., 2004; JÊÙ¦�þ et al., 2009; Yç et al., 2014). In 
earlier studies, a diff erence in size had already been noƟ ced between circulaƟ ng DNA mole-
cules in plasma of pregnant and non-pregnant women (C«�Ä et al., 2004). Analysis of a range 
of amplicon sizes targeƟ ng the lepƟ n and SRY (sex determining region Y) genes, showed that 
the plasma of pregnant women contained a higher percentage of smaller size fragments (<201 
bp), suggesƟ ng that the fetal/placental contribuƟ on to circulaƟ ng cfDNA molecules is causa-
Ɵ ve for this size diff erence. Post-transplantaƟ on chimerism studies in sex-mismatched bone 
marrow transplantaƟ on recipients showed that DNA in plasma and serum is predominantly of 
hematopoieƟ c origin (Lç® et al., 2002). Moreover, data from paired-end (PE) massively paral-
lel sequencing (MPS) of plasma DNA samples from sex-mismatched hematopoieƟ c stem cell 
transplant recipients and one liver transplant recipient indicated that non-hematopoieƟ cally 
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derived DNA, resembling the fetal fracƟ on, is shorter than hematopoieƟ cally derived DNA, 
which can be considered the bulk of maternal cfDNA (Lç® et al., 2002; Z«�Ä¦ et al., 2012). 
Concordant to this, several studies indeed demonstrate that placental cff DNA fragments are 
shorter than maternal cfDNA (C«�Ä et al., 2004; L® et al., 2004; LÊ et al., 2010; F�Ä et al., 
2010). Analysis of paired-end sequencing reads show that the enƟ re fetal genome is repre-
sented in maternal plasma, displaying an average fetal fragment size of ~143 bp against an 
average maternal fragment size of ~166 bp (LÊ et al., 2010; Z«�Ä¦ et al., 2012). These meas-
ured sizes of fragmented DNA seem to correspond to the number of bp that is packaged in 
a single nucleosome. A nucleosome is the fundamental repeaƟ ng subunit of chromaƟ n and 
consists of two of each of the histones H2A, H2B, H3 and H4 that come together to form a his-
ton octamer (AÄÄçÄþ®�ãÊ, 2008). Chromosomal DNA is Ɵ ghtly wrapped around such a histon 
octamer forming a nucleosome. This way of packaging allows the DNA to be condensed into 
a smaller volume. An octamer binds on average 1.7 turns or 146 bp of chromosomal DNA. H1 
histone with a binding capacity of minimal 20 bp stabilizes the two full turns of DNA around a 
single octamer, creaƟ ng a nucleosome with a total length of at least 166 bp. Each chromosome 
consists of hundreds of thousands of nucleosomes, which are joined together by H1 bound 
to linker DNA (varying in size between ~20-80 bp in length) like beads on a string (O½®ÄÝ et 
al., 2003; Lç¦�Ù, 2003). The diff erence in average size between placental and maternal frag-
mented DNA is likely due to presence of linker fragments (LÊ et al., 2010; B��ç��ã, 2011). This 
may also indicate that placental DNA is cleaved or degraded in a diff erent non-hematological 
manner in the maternal circulaƟ on.

The kineƟ cs of the cff DNA contribuƟ on within the maternal circulaƟ on suggests that the 
placenta is the predominant source of this DNA. Non-reproducƟ ve syncyƟ al cells of the troph-
oblast are cleared eff ecƟ vely as they enter the pulmonary circulaƟ on (B�Ä®ÙÝ�«»�, 1994). Ap-
propriate removal of dying cells prior to the release of its intracellular components is criƟ cal 
for the prevenƟ on of fetal rejecƟ on (A�Ù�«�ÃÝ et al., 2004). The clearance of these apoptoƟ c 
cells is driven by apoptosis or programmed cell death in which macrophages play a key role 
(A�Ù�«�ÃÝ et al., 2004; SãÙ�Ýþ�óÝ»®-C«�ò�þ et al., 2005; T¹Ê� et al., 2006; B�Ä®ÙÝ�«»� et al., 
2010). DegeneraƟ on of these non-reproducƟ ve syncyƟ al cells results in the release of placen-
tal cff DNA and cff RNA into the maternal circulaƟ on within microparƟ cles that protects them 
from degradaƟ on by plasma nucleases (B®�Ä�«®, 2004; B®Ý�«Ê¥¥ et al., 2005; T¹Ê� et al., 2006; 
A½��ÙÙù et al., 2007; F��Ý et al., 2012; Hç® et al., 2013). Concentrated plasma pellets sub-
jected to electron microscopic analysis demonstrated the presence of nucleosomes among 
structures containing chromaƟ n that are likely to be ruptured apoptoƟ c bodies (B®Ý�«Ê¥¥ et 
al., 2005). In addiƟ on, the same group fl ow-sorted nucleic acid posiƟ ve material from the 
acellular fracƟ on of plasma samples taken from maternal plasma samples at 12-16 wks of 
gestaƟ on. Microscopic analysis revealed the presence of apoptoƟ c bodies and nucleosomes. 
They further demonstrated that fetal Y chromosome sequences could be amplifi ed from these 
apoptoƟ c bodies, showing that at least a part of the circulaƟ ng cfDNA is packed in apoptoƟ c 
bodies or microparƟ cles (MPs) (B®Ý�«Ê¥¥ et al., 2005; OÙÊþ�Ê et al., 2008). Because MPs are 
heterogeneous in nature, further characterizaƟ on is required before clinical use. If fetal-spe-
cifi c MPs would express unique surface markers from their original cells (i.e. trophoblasts), 
these markers could be used for enrichment strategies. By isolaƟ ng fetal specifi c MPs, the fetal 
fracƟ on could be opƟ mized (OÙÊþ�Ê et al., 2008). However, no such unique markers have yet 
been described.
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Placental cff DNA is cleared rapidly from maternal plasma following delivery with a short 
circulaƟ on half-life of ~16 min in a range between 4-30 min. Results from quanƟ taƟ ve detec-
Ɵ on of the Y chromosomal marker SRY by PCR showed that cff DNA is virtually undetectable in 
the maternal circulaƟ on within 2 hrs postpartum (LÊ et al., 1999). A more recent study by Yu 
et al. describes the use of MPS for the detecƟ on of fetal sequences in maternal plasma and 
urine and describes a somewhat diff erent clearance paƩ ern. This study shows that clearance 
of cff DNA occurred in 2 phases; an iniƟ al rapid phase with a mean half-life of approximately 1 
hr and a subsequent slow phase with a mean half-life of approximately 13 hrs, with a complete 
clearance at about 1-2 days postpartum (Yç et al., 2013). This rapid clearance makes NIPD 
on cff DNA pregnancy specifi c and in addiƟ on, brings clear benefi ts of early tesƟ ng, improved 
safety and ease of access. 

1.3. The use of cff DNA in clinical pracƟ ce
In the years since the discovery of cff DNA in maternal plasma, remarkable develop-

ments in noninvasive prenatal diagnosis have taken place. Early eff orts focused on the detec-
Ɵ on of paternally inherited sequences absent in the maternal genome. Recent development 
in technologies have also enabled the detecƟ on of fetal trisomies and have allowed analysis of 
several monogenic disorders. Ever since, many of these applicaƟ ons have made the step from 
research to clinically applicable and available technologies.

1.3.1.  Rhesus D genotyping and fetal sex determinaƟ on 
The fi rst and currently leading applicaƟ on of NIPD in the Netherlands has been Rhesus 

D (RhD) genotyping in maternal plasma at around 27 weeks of gestaƟ on (www.rivm.nl). RhD 
blood group incompaƟ bility between mother and fetus can occasionally result in maternal 
alloimmunizaƟ on; an immune response to foreign anƟ gens of the same species. AnƟ -D anƟ -
bodies can subsequently cross the placenta and aƩ ack fetal red cells, causing fetal anaemia 
and ulƟ mately fetal death. Knowledge of the fetal anƟ gen status of the RhD locus is benefi cial 
to facilitate pregnancy management in alloimmunized women with a heterozygote partner 
or for RhD negaƟ ve women carrying a RhD posiƟ ve foetus (MÊ®Ý�, Jr., 2008). Fetal RhD gen-
otyping is currently performed as a standard screening in the Netherlands (�� H��Ý et al., 
2014). Around 12 weeks of gestaƟ on, all women are screened for blood group and RhD status. 
Around 27 weeks of gestaƟ on addiƟ onal fetal RhD typing is performed on cff DNA in maternal 
blood of RhD negaƟ ve women (www.rivm.nl, www.sanquin.nl). Historically, fetal tesƟ ng could 
only be performed aŌ er birth using cord blood (ò�Ä ��Ù S�«ÊÊã et al., 2008). Performing RhD 
genotyping on cff DNA makes it possible to restrict immunoprofylaxis (administered antenatal 
in the 30th week of gestaƟ on and postnatal) only to non-immunized RhD negaƟ ve women 
carrying a RhD posiƟ ve foetus (F��Ý et al., 1998; S�«�¥¥�Ù et al., 2011; �� H��Ý et al., 2014).

Since half of the fetal genotype is similar to the maternal genotype, most of the earlier 
NIPD applicaƟ ons were based on the detecƟ on of diff erences between mother and fetus, such 
as paternally inherited sequences. Amplifi caƟ on of a fetal marker that confi rms the presence 
of cff DNA allows a negaƟ ve result to be interpreted as a true negaƟ ve result. Failure to detect 
these sequences could be due to lack of amplifi caƟ on of the targeted sequence or may be 
indicaƟ ve of low concentraƟ ons or even complete absence of cff DNA in maternal plasma, and 
thus may lead to a false negaƟ ve result. 
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The most studied fetal markers for male pregnancies are sequences of the Y chromo-
some, such as DYS14, a mulƟ copy marker located within the TSPY(1) (tesƟ s specifi c protein, 
Y-linked (1)) gene or specifi c loci on the SRY gene (AÙÄ�Ã�ÄÄ et al., 1987; S�ãÊ et al., 2010). 
Both these markers have been studied extensively in fetal sex determinaƟ on, which is also one 
of the fi rst and well described applicaƟ ons for the use of cff DNA in diagnosƟ cs in addiƟ on to 
fetal RhD genotyping. Fetal sex determinaƟ on is important in case of X-linked geneƟ c condi-
Ɵ ons where pregnancies with male fetuses are primarily at risk. Furthermore, early determi-
naƟ on of fetal sex is also clinically indicated for those at risk of condiƟ ons associated with am-
biguous development of the external genitalia (e.g. congenital adrenal hyperplasia or CAH). 
Early maternal treatment with dexamethasone can reduce the degree of virilisaƟ on of female 
fetuses with CAH (FÊÙ�Ýã et al., 1998; R®¹Ä��ÙÝ et al., 2002). Noninvasive determinaƟ on of 
fetal sex can also be performed by ultrasound at as early as 11 weeks’ gestaƟ on, though not 
always reliably (O��« et al., 2009). In contrast, Y chromosomal sequences in maternal plasma 
can be detected as early as 4 wks of gestaƟ on, although reliably from 7 wks onwards (I½½�Ä�Ý 
et al., 2007; D�ò�Ä�ù et al., 2011). Both SRY and DYS14 have been used for the idenƟ fi caƟ on 
of male cff DNA in maternal plasma (Z®ÃÃ�ÙÃ�ÄÄ et al., 2005; BÊÊÄ et al., 2007; LçÄ et al., 
2008a; W«®ã� et al., 2012; KÊ½®�½�ø® et al., 2012). This was mostly performed by quanƟ taƟ ve 
Real-Ɵ me PCR. Even though Y chromosomal sequences can be detected with high sensiƟ vity 
and specifi city early in gestaƟ on, a posiƟ ve result can only be obtained in pregnancies with a 
male fetus, and alternaƟ ve markers are required to confi rm the presence of female cff DNA in 
maternal plasma in an universal and sex independent fashion. 

1.3.2.  Universal fetal markers
A sex independent approach to confi rm the presence of fetal DNA is to analyze panels of 

SNPs or inserƟ on/deleƟ on polymorphisms for the detecƟ on of paternally inherited sequences 
(A½®þ���« et al., 2002; P�¦�-C«Ù®Ýã®��ÄÝ et al.; 2006; TùÄ�Ä et al., 2011). However, this meth-
od of detecƟ on can be quite laborious when not all markers are informaƟ ve. In this case, a 
large panel of diff erent markers needs to be tested for both biological parents along with the 
plasma sample.

Markers that are diff erenƟ ally methylated between mother and fetus could also be 
used to confi rm the presence of fetal DNA in maternal plasma in a sex-independent approach. 
The use of genomic imprinƟ ng in NIPD was fi rst shown by the group of Poon et al. displaying 
methylaƟ on diff erences between mother and fetus in a region of the human IGF2-H19 locus 
(PÊÊÄ et al., 2002). Since it has been shown that cff DNA in maternal plasma originates from 
trophoblast cells of the placenta, the search for diff erenƟ ally methylated markers has focused 
on genes expressed in placental Ɵ ssues (B®�Ä�«®, 2004; B®Ý�«Ê¥¥ et al., 2005; T¹Ê� et al., 2006; 
A½��ÙÙù et al., 2007; B�Ä®ÙÝ�«»� et al., 2010; F��Ý et al., 2012; Hç® et al., 2013). The two main 
fetal specifi c markers that have been studied in NIPD are SERPINB5 (serpin pepƟ dase inhibitor, 
clade B (ovalbumin) member 5, also known as MASPIN or mammary serine protease inhibitor) 
and RASSF1A (Ras associaƟ on (RalGDS/AF-6) domain family member 1, isoform or transcript 
variant A ) (C«®Ã et al., 2005; C«�Ä et al., 2006; C«®ç et al., 2007; TÝç® et al., 2007; B�½½®�Ê et 
al., 2010; D�½½� et al., 2010; Z«�Ê et al., 2010; W«®ã� et al., 2012; L�� et al., 2013). 

Both SERPINB5 and RASSF1A are tumor suppressor genes. SERPINB5 is located on 
chromosome 18q21.3 and is diff erenƟ ally expressed during human placental development 
(DÊ»Ù�Ý et al., 2002). In maternal blood SERPINB5 is hypermethylated, while in the placenta 
this gene is hypomethylated (C«®Ã et al., 2005). In contrast to SERPINB5, the methylaƟ on 
paƩ ern of RASSF1A in the developing placenta shows an opposite paƩ ern, with fetal RASSF1A 
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being hypermethylated, while maternal blood cells are hypomethylated (C«�Ä et al., 2006; 
C«®ç et al., 2007; W«®ã� et al., 2012). The RASSF1 locus at 3p21.3 contains eight exons. Alter-
naƟ ve splicing and usage of two diff erent promoters give rise to eight diff erent transcripts; 
RASSF1A-RASSF1H (DÊÄÄ®Ä¦�Ù et al., 2007; R®�«ã�Ù et al., 2009). The RASSF1A isoform is a 
39 kDa protein and the gene is frequently inacƟ vated by methylaƟ on rather than mutaƟ onal 
events (A¦�ã«�Ä¦¦�½Êç et al., 2005). InacƟ vaƟ on through promoter region hypermethylaƟ on 
of RASSF1A has also been reported in a large variety of tumors in both adult and childhood 
cancers, including lung, breast, kidney, neuroblastoma and gliomas (A¦�ã«�Ä¦¦�½Êç et al., 
2005). During fetal development, the promoter region of RASSF1A is described to be diff eren-
Ɵ ally methylated between mother and fetus, which makes it an interesƟ ng universal marker 
to quanƟ fy or confi rm the presence of cff DNA in maternal plasma (C«�Ä et al., 2006; C«®ç et 
al., 2007; Z�¹Ý»Êò� et al., 2010; W«®ã� et al., 2012). AddiƟ onally, several studies show that the 
concentraƟ ons of fetal hypermethylated RASSF1A sequences not only increase according to 
advancing gestaƟ on, but also before the onset of clinical manifestaƟ on of pregnancy compli-
caƟ ons secondary to placental dysfuncƟ on, such as preeclampsia (HÙÊÃ��Ä®»Êò� et al., 2010; 
K®Ã et al., 2013; P�Ö�ÄãÊÄ®Êç et al., 2013). 

1.3.3.  Fetal aneuploidy screening
The majority of requests for prenatal diagnosis aŌ er invasive sampling are related to fe-

tal aneuploidy tesƟ ng due to aberrant results aŌ er FCT. Therefore, the need for novel reliable 
noninvasive sampling and/or screening methods for subsequent fetal aneuploidy detecƟ on 
had created a strong interest in the fi eld of NIPT. The main focus has been on the detecƟ on of 
fetal T21 with a prevalence of 1 in 700 live born children, although many studies also address 
T18 detecƟ on, T13 detecƟ on and/or aneuploidy of the sex chromosomes (M�¦�Ù��Ä� et al., 
2009). Even though the percentage of placental cff DNA in maternal plasma is relaƟ vely small, 
the addiƟ on or absence of a parƟ cular chromosome in the fetus can be detected with high ac-
curacy using various approaches, such as a targeted or whole genome sequencing approach. 

Targeted approach

Besides the use as fetal specifi c epigeneƟ c markers for the confi rmaƟ on of the presence 
of cff DNA in maternal plasma, several markers located on chromosome 21 or 18 have also 
been described for use in fetal aneuploidy detecƟ on. These markers are located in regions 
with a diff erence in methylaƟ on paƩ ern which are described as diff erenƟ ally methylated re-
gions (DMRs). SERPINB5 has been described as a diff erenƟ ally methylated marker for fetal 
T18 detecƟ on in NIPT. The group of Tong et al. showed that the aneuploidy status of the fetus 
could be determined using bisulfi te modifi caƟ on followed by methylaƟ on specifi c PCR (MSP). 
The epigeneƟ c allelic raƟ o (EAR) of a SNP present within diff erenƟ ally methylated SERPINB5 
promoter sequences in maternal plasma can be calculated to determine fetal aneuploidy sta-
tus for T18 in a fetus as compared to a control group of euploid fetuses (Appendix 2) (TÊÄ¦ 
et al., 2006).

For T21 detecƟ on 3 epigeneƟ c markers (i.e. HLCS, PDE9A and DSCR4) on chromosome 
21 have been described for NIPT. The putaƟ ve promoter of HLCS is hypermethylated in the 
placenta while hypomethylated in maternal blood cells. The group of Tong et al. fi rst devel-
oped a male specifi c test for detecƟ on of T21 by comparing chromosome dosage (Appendix 
2) of the number of copies from the HLCS marker to the ZFY (zinc fi nger protein, Y-linked) on 
chromosome Y to determine the presence of an addiƟ onal copy of chromosome 21 (TÊÄ¦ 
et al., 2010b). AddiƟ onally, they developed a sex independent test where they used meth-
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ylaƟ on-sensiƟ ve restricƟ on endonuclease digesƟ on followed by Real-Time or digital PCR to 
analyze chromosome dosage (Appendix 2). Instead of using sequences on the Y-chromosome, 
in the subsequent study they compared the results of the digesƟ on-resistant HLCS gene to 
a paternally inherited SNP (TÊÄ¦ et al., 2010a). Another marker that has been described for 
epigeneƟ c based T21 detecƟ on is PDE9A, which is hypomethylated in placental Ɵ ssues and 
hypermethylated in maternal blood (C«®Ã et al., 2008; L®Ã et al., 2011b). Here, diff erences 
in levels of maternal methylated (M-PDE9A) and fetal unmethylated (U-PDE9A) levels were 
quanƟ fi ed for detecƟ on of T21 detecƟ on using quanƟ taƟ ve MSP with two diff erent primer 
sets specifi c for either M-PDE9A or U-PDE9A sequences aŌ er bisulfi te conversion (L®Ã et al., 
2011b). Levels of U-PDE9A were signifi cantly elevated in women carrying T21 fetuses as com-
pared to women carrying normal fetuses. DSCR4 is also considered to be a candidate fetal 
specifi c marker for fetal T21 detecƟ on and the promoter region shows a similar methylaƟ on 
paƩ ern compared to PDE9A (Dç et al., 2011). Other groups have also described the search for 
more candidate DMR for noninvasive T21 detecƟ on (C«®Ã et al., 2008; P�Ö�¦�ÊÙ¦®Êç et al., 
2011; L®Ã et al., 2014).

For fetal aneuploidy detecƟ on using digital PCR the focus is not on detecƟ ng specifi c 
fetal markers, mutaƟ ons or sequences. For this approach it is no longer required to disƟ nguish 
between maternal or fetal sequences. Digital PCR is a single molecule counƟ ng technique 
that allows the quanƟ fi caƟ on of DNA by counƟ ng one molecule at the Ɵ me. Single molecules 
are isolated by diluƟ on and individually amplifi ed by PCR. Each PCR product is then analyz-
ed individually. This technique is very useful in quanƟ fying the contribuƟ on of an addiƟ onal 
chromosome, for example an addiƟ onal copy of chromosome 21 in case of fetal T21, when 
compared to euploid pregnancies (LÊ et al., 2007a; F�Ä et al., 2007; Z®ÃÃ�ÙÃ�ÄÄ et al., 2008; 
F�Ä et al., 2009).

For idenƟ fying fetal trisomies, also SNP based approaches have been described. Total 
cfDNA isolated from maternal plasma is amplifi ed in a single mulƟ plex PCR reacƟ on target-
ing 11,000 SNPs on chromosome 13, 18, 21, X and Y (Z®ÃÃ�ÙÃ�ÄÄ et al., 2012). StaƟ sƟ cal 
methods that incorporate parental genotypes are used to determine copy number of these 
chromosomes. Even higher sensiƟ vity and specifi city of the detecƟ on of fetal aneuploidies 
could be obtained when expanding the number of polymorphic loci to 19,488 SNPs (S�Ã�Ä-
¦Ê-SÖÙÊçÝ� et al., 2013). Ghanta et al. analyzed highly heterozygous tandem SNP sequences 
as short haplotypes by using capillary electrophoresis (G«�Äã� et al., 2010). Heterozygous 
informaƟ ve tandem SNPs from maternal buccal swaps were subsequently measured in ma-
ternal plasma by capillary electrophoresis and were used to determine fetal aneuploidy sta-
tus through haplotype raƟ o analysis (Appendix 2) (G«�Äã� et al., 2010). A similar approach 
described by Sparks et al., also enriched cfDNA for chromosomes of interest (SÖ�Ù»Ý et al., 
2012b). They developed the digital analysis of selected regions (DANSR™) method, which was 
developed to reduce the amount of sequencing required for NIPT. This method selecƟ vely 
evaluates specifi c clinical relevant genomic fragments or loci for each chromosomes of inter-
est (i.e. 13, 18 and 21) to esƟ mate the chromosome proporƟ on and fetal fracƟ on by calculat-
ing the chromosome to reference chromosome raƟ o for each of the chromosomes of interest 
(e.g. chr. 21 from sample vs reference chr. 21). The DANSR method can be combined with the 
addiƟ onal FORTE™ (fetal fracƟ on opƟ mized risk of trisomy evaluƟ on) algorithm to calculate 
the likelihood of fetal trisomy. In addiƟ on to the fetal fracƟ on, also age-related risks are taken 
into account in this algorithm to provide an individualized risk score for fetal trisomy (SÖ�Ù»Ý 
et al., 2012a; SÖ�Ù»Ý et al., 2012b; JçÄ��ç et al., 2014). 
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Whole Genome approach

Instead of using specifi c markers or SNPs, shotgun massively parallel whole genome 
sequencing (WGS) permits locus independent simultaneous sequencing of extreme large 
quanƟ Ɵ es of fetal and maternal DNA molecules. In 2008, the fi rst studies that described the 
applicaƟ on of WGS for fetal aneuploidy screening were published (F�Ä et al., 2008; C«®ç et al., 
2008). Since, many studies for the validaƟ on and implementaƟ on of fetal aneuploidy screen-
ing have been published (C«®ç et al., 2011a; S�«Ä�Ùã et al., 2011; E«Ù®�« et al., 2011; L�ç et 
al., 2012b; B®�Ä�«® et al., 2012). The majority of these studies have used Illumina sequence 
analyzers, although the SOLiD (Sequencing by OligonucleoƟ de LigaƟ on and DetecƟ on) plat-
form and Ion Torrent have been described as well for noninvasive aneuploidy detecƟ on (F��Ý 
et al., 2012; Yç�Ä et al., 2013). Both SOLiD and Illumina use fl uorescently labeled nucleoƟ des 
for visualizaƟ on. In contrast to SOLiD sequencing by ligaƟ on, the Illumina plaƞ orm uses se-
quencing by synthesis technology, tracking the addiƟ on of fl uorescently labeled nucleoƟ des 
as the DNA chain is copied, in a massively parallel fashion. Also the Ion Torrent plaƞ orm or 
ion semiconductor sequencing plaƞ orm is a sequencing by synthesis method. However, this 
method is based on the detecƟ on of hydrogen ions that are released during dNTP incorpora-
Ɵ on. The semiconductor chip measures diff erences in pH with each incorporaƟ on.

AŌ er sequencing each fragment (i.e. read) can be assigned back to the chromosome of 
origin. If a fetal aneuploidy is present, there should be a relaƟ ve excess or defi cit for the chro-
mosome in quesƟ on. However, it is necessary to sequence many millions of fragments in WGS 
to ensure suffi  cient counts since, for instance, chromosome 21 represents only ~1.5% of the 
human genome. The count of fragments or reads mapped back to a parƟ cular chromosome 
can subsequently be compared with the expected counts for euploid fetuses to determine 
the presence of a fetal aneuploidy (Appendix 3). With the improvement of the techniques, 
the possibility of running mulƟ ple samples simultaneously (i.e. mulƟ plexing) is available. The 
addiƟ on of a sample specifi c bar-code or tag sequence to each fragment allows the idenƟ fi -
caƟ on of the fragment to the sample of origin. Originally, the fi rst mulƟ plex studies described 
only duplexed samples (2-plex) since the total number of reads produced by the sequence 
analyzers was relaƟ vely low. Currently with improved technology, suffi  cient numbers of reads 
are produced to run 8-plexed, 12-plexed  or even 24-plexed samples for noninvasive aneu-
ploidy detecƟ on on the Illumina plaƞ orm (L�ç et al., 2012b; B®�Ä�«® et al., 2014, B�ù®Ä�®Ù et 
al., 2015). 

In the majority of these studies for NIPT, the main focus is on T21 screening. When com-
paring DNA sequencing to standard prenatal aneuploidy screening (i.e. FCT), the false posiƟ ve 
rates when using cfDNA from maternal plasma were signifi cantly lower than those with stand-
ard fi rst trimester screening (B®�Ä�«® et al., 2014). Both the sensiƟ vity and specifi city of fetal 
T21 detecƟ on exceed 99% (B�ÄÄ et al., 2012; M�ÙÝù et al., 2013; G®½ et al., 2014). In addiƟ on, 
performance for fetal trisomy 18 and 13 screening has also been reported, with detecƟ on 
rates of 96.8% and 92.1% respecƟ vely (G®½ et al., 2014). 

PreferenƟ al amplifi caƟ on of sequences has been observed on PCR-based MPS plat-
forms (F�Ä et al., 2008; DÊ«Ã et al., 2008). Many studies reported have suggested that this 
lower performance for T18 and T13 detecƟ on is due to the guanine and cytosine (GC) content 
(C«�Ä et al., 2011; B®�Ä�«® et al., 2012; L�ç et al., 2012b; P�½ÊÃ�»® et al., 2012; NÊÙãÊÄ et al., 
2012; SÖ�Ù»Ý et al., 2012b). Together with the dynamics and development in the sequencing 
technology, bioinformaƟ cs soŌ ware and analysis tools are constantly changing and improved. 
New algorithms used for the analysis of WGS and targeted NGS data are conƟ nuously devel-
oped and upgraded. For example, the RAPID (Reliable Accurate Prenatal non-Invasive Diag-
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nosis) analysis method is available as RAPIDR, an open source R package for the detecƟ on of 
monosomy X and fetal sex in addiƟ on to trisomy 13, 18 and 21. This pipeline implements a 
combinaƟ on of several published and validated NIPT analysis methods such as NCV (Normal-
ized Chromosomal Value; Appendix 3) calculaƟ ons and correcƟ on to account for GC bias (LÊ et 
al., 2014). With the WISECONDOR (WIthin SamplE COpy Number aberraƟ on DetectOR) tool, 
copy number aberraƟ ons can be detected and, in contrast to the RAPIDR method, analysis is 
no longer restricted to chromosome 13, 18 and 21 only (SãÙ�ò�Ù et al., 2014).

1.3.4.  Monogenic disorders
The large majority of prenatal requests in the laboratory are related to fetal aneuploidy 

detecƟ on. With NIPT for common aneuploidies already available, the next step is to focus on 
NIPD for monogenic disorders. This research area represents a smaller part of the total diag-
nosƟ c fi eld in noninvasive prenatal geneƟ c tesƟ ng. Nevertheless, there is also a request from 
paƟ ents and physicians to expand the NIPD repertoire. 

NIPD for single gene disorder has been described for a variety of monogenic disorders, 
such as achondroplasia, cysƟ c fi brosis and α- and β-thallassaemia (GÊÄþ�½�þ-GÊÄþ�½�þ et al., 
2002; L® et al., 2007; L®Ã et al., 2011a; Y�Ä et al., 2011; P«ù½®ÖÝ�Ä et al., 2012). NIPD can be 
applied for both autosomal dominant and recessive cases, most effi  ciently when the moth-
er does not carry the mutant allele or carries a diff erent mutaƟ on as the biological father 
(BçÝã�Ã�Äã�-AÙ�¦ÊÄ�Ý et al., 2012; D�½�ù et al., 2014). In addiƟ on, detecƟ on of de novo 
mutaƟ ons can be performed as well. Several approaches to perform NIPD for the detecƟ on of 
paternally inherited mutaƟ ons or de novo mutaƟ ons have been described, ranging from more 
basic molecular methods such as quanƟ taƟ ve PCR and QF-PCR to more complex methods 
such as MALDI-TOF mass spectrometry (GÊÄþ�½�þ-GÊÄþ�½�þ et al., 2003a; L® et al., 2007; S®Ù-
®�«Êã®ù�»ç½ et al., 2012; C«®ããù et al., 2013). The detecƟ on of maternally inherited mutaƟ ons 
or autosomal recessive monogenic diseases with parents sharing idenƟ cal mutaƟ ons is more 
challenging in NIPD. Since maternally inherited fetal alleles are genotypically idenƟ cal to the 
maternal background, one cannot determine fetal status by simply detecƟ ng the presence of 
a maternal mutaƟ on in maternal plasma. A relaƟ ve mutaƟ on dosage (RMD) approach using 
digital PCR is an example of an approach that can be used for NIPD of monogenic diseases for 
cases where the mother also carries a mutaƟ on (Appendix 3) (LçÄ et al., 2008a; Z®ÃÃ�ÙÃ�ÄÄ 
et al., 2008; C«®ç et al., 2009). By measuring the relaƟ ve amounts of the maternal mutant and 
wild type alleles in maternal plasma, the inherited dosage of the mutant fetal allele can be 
determined.

1.4. Scope of the thesis
There is a growing need in the fi eld of prenatal diagnosƟ cs for alternaƟ ve laboratory 

tests to complement and/or replace current invasive tesƟ ng. With the discovery of the pres-
ence of cell-free fetal DNA (cff DNA) in maternal plasma, an alternaƟ ve method for obtaining 
fetal geneƟ c material is now available. Many studies describing applicaƟ ons for the use of 
cff DNA show promising results for noninvasive prenatal diagnosis (NIPD) or noninvasive pre-
natal tesƟ ng (NIPT). The aim of this thesis is to develop and validate new applicaƟ ons for the 
use of cff DNA that may complement or replace current diagnosƟ c tests. 

In order to study the use of cff DNA, it is crucial that the presence of cff DNA in maternal 
plasma can be confi rmed. Many studies have shown that confi rmaƟ on can be accomplished 
in a sex-dependent manner through the detecƟ on of Y-chromosomal sequences. However, in 
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case of a female fetus, this sex-dependent method is not informaƟ ve. In chapter 2 we describe 
the validaƟ on of a novel approach for the detecƟ on of fetal methylated RASSF1A (mRASSF1A) 
in maternal plasma. We describe the use of bisulfi te conversion in combinaƟ on with pyroph-
osphorolysis-acƟ vated polymerizaƟ on (PAP) to confi rm the presence of fetal DNA in maternal 
plasma in a sex-independent manner. 

An applicaƟ on for NIPT that previously has been described is fetal trisomy screening by 
means of shotgun massive parallel sequencing (MPS). With this technique millions of short 
sequencing reads are produced that can be mapped back to the chromosome of origin to 
determine fetal aneuploidy status through a relaƟ ve overrepresentaƟ on for chromosome 21 
in case of fetal T21. Studies have reported that high-throughput next generaƟ on sequencing 
(NGS) plaƞ orms previously tested use a PCR step during sample preparaƟ on, which results in 
amplifi caƟ on bias in GC-rich areas of the human genome. This GC bias may result in a lower 
sensiƟ vity for fetal trisomy screening. In chapter 3 we describe an alternaƟ ve method for fetal 
trisomy 21 (T21) detecƟ on by means of single molecule sequencing (SMS) on the Helicos plat-
form to eliminate this bias and we compare SMS to the previously described Illumina plaƞ orm. 
In addiƟ on to this, we also describe the applicaƟ on of single molecule sequencing for trisomy 
18 (T18) and trisomy 13 (T13) detecƟ on in chapter 4.

Instead of the detecƟ on of a relaƟ ve overrepresentaƟ on of an enƟ re chromosome, NIPD 
can also be used for the detecƟ on of paternally inherited pathogenic repeats or alleles. De-
tecƟ ng low levels of fetal sequences in the excess of maternal cell-free DNA is sƟ ll challenging. 
Whole genome shotgun NGS as currently applied for NIPT may not always be the fastest and 
available method of choice for the detecƟ on of merely 1 or 2 variants at a short turn-around 
Ɵ me as is required when performing prenatal diagnosƟ cs for monogenic disorders. Moreover, 
the detecƟ on of large repeat sequences with NGS is currently diffi  cult, if not impossible. In 
chapter 5 we describe the development of a sensiƟ ve, mutaƟ on specifi c and fast alternaƟ ve 
for NGS-mediated NIPD. We report a novel PCR based applicaƟ on of high-resoluƟ on melƟ ng 
curve analysis in combinaƟ on with a blocking locked nucleic acid (LNA) probe to detect pa-
ternally inherited mutaƟ ons in both autosomal dominant and recessive disorders. In chapter 
6 we addiƟ onally show the applicaƟ on of NIPD for the detecƟ on of paternally inherited CAG 
repeats in maternal plasma. We describe the validaƟ on for use of NIPD aimed at the detecƟ on 
of polymorphic paternally inherited CAG repeats in the HunƟ ngƟ n (HTT) gene for fetuses at 
risk of HunƟ ngon disease (HD). 

A general discussion of the data is presented in chapter 7 and a summary of the major 
fi ndings of this thesis is presented in chapter 8.
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