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Discussion

Fragmented cell-free fetal DNA (cff DNA) present in maternal plasma is a poten  al 
source for prenatal gene  c analysis of the fetus early in gesta  on. Although the amount of fe-
tal fragments in maternal plasma is rela  vely low as compared to the excess of maternal DNA, 
results from the study of Lo et al. showed that the en  re fetal genome is present in maternal 
plasma (L  et al., 2010). In theory, this could mean that every gene  c defect in the fetus can 
be detected in maternal plasma by noninvasive prenatal diagnosis (NIPD). Since the whole 
fetal genome is present, a genome wide approach for NIPD could be used. Shotgun Whole ge-
nome sequencing (WGS) has already been applied for NIPT. However, for NIPD, shotgun WGS 
currently has its limita  ons. Many millions of sequencing reads can be obtained genome wide. 
Yet, shotgun sequencing occurs randomly and is not muta  on specifi c. Hence, the coverage 
of a muta  on or region of interest may be too low for reliable NIPD. A universal approach, 
such as WGS, for NIPD may therefore not be achievable or the preferred method of choice 
yet. Novel applica  ons as well as other approaches  could be considered and explored. There 
is a growing demand for less invasive alterna  ves in prenatal diagnos  cs. Therefore, it is to 
be expected that in the near future the number of available tests will increase drama  cally. 
In this thesis, we have described several applica  ons that make use of cfDNA from maternal 
plasma in NIPD and NIPT, such as fetal trisomy screening and targeted detec  on of paternally 
inherited muta  ons. 

Fetal markers
In both NIPD and NIPT determina  on of the fetal frac  on in maternal plasma can be 

important. Male specifi c markers (e.g. DYS14 and SRY) are used most o  en for this purpose. 
Despite the high sensi  vity and specifi city obtained in diagnos  c tests with these markers, 
a posi  ve result can only be obtained in case of a male fetus. Preferably a universal and sex 
independent marker such as fetal methylated RASSF1A (mRASSF1A) should be used to confi rm 
the presence of cff DNA in maternal plasma. This universal marker is diff eren  ally expressed 
between mother and fetus. In chapter 2 we have described a novel approach for the detec  on 
of mRASSF1A in maternal plasma. We have used a combina  on of bisulfi te conversion and py-
rophosphorolysis-ac  vated polymeriza  on (PAP) for the detec  on of mRASSF1A. Bisulfi te con-
version is necessary to reveal the diff erences in methyla  on of cytosines between maternal 
and fetal sequences. PAP is an extremely sensi  ve and specifi c technique which can be used 
to detect specifi c sequences within a high background, in this case fetal specifi c sequences 
within the maternal background. Previously, the use of PAP in NIPD has proven to be of value 
in fetal sexing (B  et al., 2007). PAP has also been described for the detec  on of residual 
tumour cells in blood, serum or plasma (M  et al., 2008). RASSF1A is a tumour suppressor 
gene and RASSF1A promoter hypermethyla  on is associated with loss of expression in tumour 
cells (H  et al., 2003). The fact that RASSF1A expression is also tumour related is a very 
important considera  on. Unknown underlying malignancies or circula  ng tumour cells in the 
maternal circula  on may result in false posi  ve results, although the prevalence of cancer in 
the reproduc  ve age group is considered to be small. The laboratory should therefore always 
be informed when women op  ng for NIPD have a history of cancer. Other alterna  ve tests 
could then be performed to confi rm the presence of cff DNA in plasma, such as the determi-
na  on of paternally inherited SNPs (A  et al., 2002; P -C  et al., 2006). This 
assay is a good, although labour intensive, alterna  ve for the PAP assay. Also, one should keep 
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in mind that SNPs may not always be informa  ve. Parents could have all tested SNPs in com-
mon, or the fetus did not inherit an informa  ve paternal SNP.

The mRASSF1A-PAP we currently perform for fetal sexing is merely a qualita  ve test, 
rather than quan  ta  ve. Quan  ta  ve detec  on of a sex independent fetal marker would be 
extremely benefi cial in both NIPD and NIPT to determine the fetal frac  on in a sample.  A 
digitalized quan  ta  ve PAP assay has previously been described, though these assays were 
performed without prior bisulfi te conversion of the DNA (M  et al., 2012; S  et al., 
2014; B  et al., 2014). It has to be elucidated whether this combina  on of bisulfi te con-
version and subsequent digitalized PAP for the detec  on of mRASSF1A in maternal plasma 
would work. It would be very advantageous to combine such a digitalized PAP assay with NIPD 
of monogenic disorders. Not only the fetal paternally inherited muta  on could then be detect-
ed, also the amount of cff DNA in the sample could be determined to defi ne fetal frac  on using 
the same sample. This in contrast to NIPT, where the amount of fetal DNA is determined either 
prior or a  er sample prep. At present, it is not yet clear which one of these determina  ons 
is the best predictor for the actual fetal frac  on of a sample, since it is also not yet clear how 
these results will best represent the fetal frac  on in the actual NGS data.  

In the last few years, the search for other diff eren  ally methylated regions (DMRs) has 
con  nued (P  et al., 2009; I  et al., 2014; X  et al., 2014). Most of this 
research is performed with methylated DNA immunoprecipita  on sequencing (MeDIP-Seq) 
together with compara  ve arrays to provide global methyla  on landscapes. The diff erences 
in methyla  on between mother and fetus are based on rela  ve diff erences in expression or 
methyla  on level. Some candidate DMRs show a high level of heterogeneity between individ-
ual fetuses. Yet, good candidate DMRs for use in NIPT or NIPD require a high level of homoge-
neity between individual fetuses and should be able to exclude maternal DNA easily (X  et 
al., 2014). Even though MeDIP-Seq will give a good indica  on of which regions are diff eren  al-
ly methylated, for use in a PAP assay, it has to be confi rmed at nucleo  de level whether these 
regions are indeed good candidate DMRs. The focus for the discovery of novel DMRs has been 
on chromosome 21 and 18. These DMRs have mostly been used for fetal trisomy screening 
(T  et al., 2006; C  et al., 2008; T  et al., 2010a; T  et al., 2010b). Furthermore, 
recent studies have shown the determina  on of the fetal methylome and transcriptome (L  
et al., 2013; T  et al., 2014). In the near future, perhaps more candidate DMRs will be dis-
covered that can be useful for NIPD or NIPT.

NIPT
For NIPT, we have proposed Helicos Single Molecule Sequencing (SMS) as an alterna  ve 

non-PCR-based sequencing pla  orm in chapter 3 and 4. In contrast to PCR-based pla  orms, 
Helicos SMS data show no GC bias. In this study, SMS was successful for both T21 and T18 
detec  on. For T13 however, it appeared less op  mal. In several NIPT studies performed on 
PCR-based pla  orms, the detec  on rate for NIPT of fetal trisomy 13 was reported to be lower 
as compared to T21 and T18 detec  on (G  et al., 2014). In several other studies, the lower de-
tec  on rate has been explained by the diff erence in GC content between these chromosomes, 
mainly because chromosome 13 has the lowest average GC content of these three chromo-
somes (C  et al., 2011; B  et al., 2012; L  et al., 2012b; P  et al., 2012; N  
et al., 2012; S  et al., 2012a). In chapter 3 we have shown that the mean number of reads 
per 50 kb bin increases when GC content increases on a PCR based sequencing pla  orm. For 
Helicos the mean read count was not infl uenced by GC content, thus Helicos data display no 
GC bias. Therefore, the diff erence in GC content could not explain the lower detec  on rate of 
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T13 with SMS. Kalousek et al. showed that all placentas from T13 and T18 fetuses examined 
in their study were mosaic (K  et al., 1996). In case of such confi ned placental mosai-
cism (CPM), the presence of large quan   es of cells with diff erent karyotypes may infl uence 
results of fetal aneuploidy detec  on. Even though CPM occurs frequently in T13 and T18 pla-
centa’s, in our preliminary study using SMS possible CPM could also not explain lower perfor-
mance observed for T13, since full karyotyping of the samples showed CPM was not present. 
It should however be noted, that the number of samples tested for these preliminary studies 
using SMS has been low. Extending this data set would be very useful to elucidate the reason 
for the lower detec  on rate of T13 screening and to inves  gate the role of GC content and/
or bias for this par  cular chromosome. Unfortunately, since 2012 Helicos services were no 
longer available because of bankruptcy of the company and these tests could therefore not be 
performed for this thesis. A revival of the company might open possibili  es to run addi  onal 
samples to extend this data for fetal trisomy screening by use of SMS. 

We have compared Helicos SMS with the Illumina GAII pla  orm, which was mostly used 
for noninvasive fetal trisomy screening at that  me. Since then, many improvements in the 
Illumina sequencing technology have been extremely benefi cial for NIPT purposes and at pres-
ent, Illumina sequencers (e.g. HiSeq) are most frequently used for NIPT. Newer updates with 
features such as a rapid run modus and decreased turn-around  me are extremely benefi cial 
for NIPT. With the introduc  on of novel sequencers such as HiSeq X Ten, which combines 
Nano technology to obtain suffi  cient data for a few genomes per single run, the costs for 
running NIPT samples may even further be reduced (B  et al., 2014; H , 2014).

Calcula  on methods and downstream analysis pipelines for NIPT have been improved 
in the last few years. Studies that use ra  o calcula  ons for fetal trisomy detec  on as described 
in chapter 3 and 4  have not been reported since. Currently the Z-score, NCV (Appendix 3) 
and student’s t-test-based methods are mostly used, either as stand-alone methods or com-
bined (C  et al., 2008; S  et al., 2011; J  et al., 2012a; L  et al., 2014; S  et 
al., 2014; B  et al., 2015). Thousands of NIPT samples have been processed in the past 
few years by many diff erent groups and all these groups have been pu   ng a lot of eff ort into 
op  mizing NIPT for use in their laboratory se   ng, most frequently using the Illumina pla  orm 
for sequencing. 

Other single molecule sequencing pla  orms beside Helicos SMS have been developed 
in the past years, although not every pla  orm may be as suitable for NIPT purposes. The 
PacBio sequencer by Pacifi c Biosciences  is a single molecule real-  me (SMRT) DNA sequenc-
ing system that records light pulses emi  ed as a by-product of nucleo  de incorpora  on. One 
of the most important features of SMRT sequencing is fast run  me (within hrs) and the ex-
tremely long read length that can be obtained. Compared to the 8-9 day running  me of the 
Helicos fl ow cells, the PacBio sequencer is faster and scalable in run  me, which is favourable 
for NIPT turn-around  me. Depending upon PacBio star  ng library, over half of the data are 
in reads > 14,000 base pairs long, star  ng from around 3000 bp with the longest reads over 
40,000 bp. Such long read lengths can indeed be benefi cial for several applica  ons, neverthe-
less cfDNA in maternal plasma is on average a hundredfold shorter than the reads that can be 
obtained with this pla  orm. Therefore, PacBio is not a suitable pla  orm for NIPT. Also Oxford 
Nanopores, a pla  orm that uses nanopores as biosensors, has similar advantages (e.g. fast 
and scalable run  me) as compared to the PacBio. Sequencing with the Oxford Nanopores 
pla  orm can also result in very long read lengths, although in contrast to PacBio where the 
fragment of interest is analysed mul  ple  mes, the read length on the Nanopore pla  orm 
equals fragment size. Although Nanopore sequencers seem to have good features for NIPT 
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purposes (e.g. single molecule, base detec  on without labels, low GC bias, mul  plexing and 
scalable in data output), the use of this pla  orm for NIPT has not been described yet (B -

 et al., 2014; Z  et al., 2014).
Ion Torrent Technology on the other hand has both the advantage of producing short 

reads in a fast and cost-effi  cient manner, although the total amount of data per run is rela  ve-
ly low compared to the previously men  oned sequencing pla  orms. NIPT with semiconductor 
sequencing has indeed been described successfully (Y  et al., 2013; L  et al., 2014). With 
the Ion Proton and/or improved chips for the Ion Torrent that will yield a larger number of 
reads, it is possible to run mul  ple samples at once and to handle a true clinical throughput 
of mul  ple samples per week (W  et al., 2014; J  et al., 2014). Hence, the improved Ion 
Torrent and especially the Ion Proton could be good alterna  ve sequencing pla  orms for NIPT 
purposes.

Many diff erent factors may infl uence the success rate of NIPT, such as the presence of 
(unknown) maternal chromosomal abnormali  es, CPM, true fetal mosaicism (TFM) or a van-
ishing twin (B  et al., 2012; H  et al., 2013; W  et al., 2013; F  et al., 2013; L  et 
al., 2014). As men  oned previously fetal frac  on is one of the key factors for successful NIPT 
and NIPD. Fetal frac  on is determined with Real-Time PCR or is calculated from NGS data. 
With Real-Time PCR it is diffi  cult to determine fetal frac  on when the percentage is very low. 
If this is the case, the data are not robust since measurement is performed in only a few copies 
of the fetal genome. When calcula  ng fetal frac  on from the actual sequencing data by using 
Y chromosomal reads, one should take into account that there is also a small percentage of 
reads from maternal origin that can be incorrectly assigned to the Y chromosome (C  et al., 
2011a; H  et al., 2014). Fetus specifi c Y chromosomal reads need to be deduced from 
the maternal background. The downside of these two methods is that they are sex depend-
ent. In a genome wide or a targeted NGS approach, millions of reads are produced from the 
cfDNA present in the sample. It is generally accepted that for NIPT ~10 million unique mappa-
ble reads are required for reliable analysis. Some studies addi  onally stress out that for such 
coun  ng-based technologies a fetal frac  on of at least 4% is required for analysis (E  et 
al., 2011; P  et al., 2011; P  et al., 2012). Low fetal frac  on may result in sample 
rejec  on or incorrect outcome. When the percentage of fetal sequences in a sample is too 
low as compared to the maternal background sequences, the rela  ve contribu  on of a third 
chromosome in case of fetal trisomy is too low for this sample to be dis  nguished from the 
euploid foetus.

As previously described for fetal markers, both the presence and in this case quan  fi ca-
 on of cff DNA should preferably be performed with a sex independent method. The DANSR 

assay is an example of a NGS based sex-independent approach to determine fetal frac  on. 
Here a set of 192 SNPs-containing loci on chromosome 1-12 was assessed for fetal trisomy de-
tec  on (S  et al., 2012a; A  et al., 2013; B  et al., 2013). This SNP based approach 
is a targeted approach, since analysis involves a selec  on of autosomes. However, for WGS 
such a SNP based targeted approach is not cost effi  cient at this moment, since it requires a 
much higher horizontal and especially ver  cal coverage of SNPs to be analysed. The study of 
Lo et al., in which they show by using WGS that the complete fetal genome is present in ma-
ternal plasma, already indicated that extremely large amounts of reads are required in WGS 
to have suffi  cient coverage of a given SNP (L  et al., 2010). At present, suffi  cient sequencing 
depth cannot be accomplished without extremely high costs and is therefore not feasible yet. 
Another method to determine fetal frac  on in a sex independent way that could be of inter-
est for NIPT was described by Yu et al. They describe the analysis of library fragment size by 
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determining a ra  o between short fetal and longer maternal fragments (Y  et al., 2014). The 
advantage of this method is that it does not require addi  onal experiments since library frag-
ment size determina  on is widely used in standard protocols and is therefore easily applied  
for this purpose as well.

Monogenic disorders
For the detec  on of monogenic disorders, at present a genome wide approach by use 

of NGS is not cost-effi  cient. To ensure that a given muta  on in the fetus will be covered suf-
fi ciently to be detected in maternal background, this would require high ver  cal coverage of 
the region of interest (L  et al., 2010). For NIPT only ~10 million unique mappable reads are 
required for analysis. In the paper by L  et al. where a genome wide approach was used for 
the detec  on of a monogenic disorder, almost 4 billion reads were produced, equivalent to 
an average 65-fold coverage of the human genome (L  et al., 2010). Even then, the fetal-spe-
cifi c read sequencing depth of a SNP ranged from only 1-8 reads per SNP. The detec  on of 
monogenic disorders by use of a genome wide approach would ul  mately lead to much high-
er sequencing costs since the amount of data necessary for analysis is many  mes higher as 
compared to NIPT. A whole exome sequencing (WES) approach would therefore be a be  er 
alterna  ve for NIPD of monogenic disorders. Instead of focussing on the en  re genome, only 
the protein-coding genes are targeted, represen  ng ~1% of the human genome. However, 
WES also has its limita  ons for NIPD. Even though muta  ons in exons are more likely to have 
severe consequences, intronic muta  ons can occur and these intronic muta  ons will not be 
targeted by use of exome sequencing. Targeted gene or disease specifi c approaches may be 
custom designed for some gene  c condi  ons, targe  ng genes with causa  ve muta  ons. How-
ever, certain regions of the genome or exome may be diffi  cult to target, such as GC rich regions 
and repeats. 

Instead of using NGS, in chapter 5 and 6 we have described alterna  ve methods for 
the detec  on of monogenic disorders. Because of the wide variety in gene  c defects, (e.g. 
point muta  on or repeat expansion) each defect may require a diff erent approach. In chapter 
5 we have pursued the op  on of blocking the maternal background in maternal plasma to 
enhance the detec  on of the fetal paternally inherited muta  on. We showed that the detec-
 on of a muta  on in the fetus can be enhanced by blocking the maternal background by use 

of complementary locked nucleic acid (LNA) probes in high resolu  on mel  ng curve analysis 
(HR-MCA). These short LNA probes were designed to perfectly match maternal wild-type (WT) 
sequences. Binding of these LNA probes subsequently resulted in preven  on of PCR amplifi -
ca  on of these maternal sequences. Moreover preferen  al amplifi ca  on and enhanced de-
tec  on of the paternally inherited allele is enabled. This method can only be applied in case 
of PCR based targeted detec  on of single muta  ons and possibly small inser  ons or duplica-
 ons. LNA probes are short, only around 12 nt in size. The target muta  on should therefore 

not exceed this size. Beside HR-MCA, the use of LNA probes in Real-Time PCR could also be an 
a  rac  ve applica  on in NIPD, to block maternal sequences and  monitor the mutant allele in 
real-  me. LNA probes will only bind with high affi  nity to complementary sequences. Because 
of the LNA modifi ca  ons, the probe will not interfere in the PCR itself by ac  ng as a poten  al 
primer or target. When LNA probes are used for blocking purposes, it remains essen  al that 
the parental genotypes are known, because there are highly polymorphic regions present in 
the human genome. In these regions the chance is high that there is a SNP present in the ma-
ternal genome at a posi  on covered by the LNA probe. Hence, the LNA probe will not bind and 
consequently no inhibi  on of the amplifi ca  on of unwanted sequences will occur. Design of 
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mul  ple LNA probes each containing one of the SNP variants could solve this problem. 
As described previously for NIPT, all PCR based techniques are infl uenced by the GC con-

tent of the template. Therefore, GC rich areas of the human genome (e.g. promoter areas) are 
more diffi  cult to amplify or target. The same holds for AT rich areas. First a  empts to design 
HR-MCA detec  on and LNA probes for a familial muta  on in a GC rich area in exon 4 of the 
NOTCH3 gene resulted in non-func  onal primers and a detec  on probe with a very high melt-
ing temperature (Tm) (unpublished data). A diff erence between Tm of the LNA probe and Tm 
of the primers is required to facilitate LNA binding and thus blocking prior to primer binding 
and extension of the template sequences. The restric  on of the amplicon size in combina  on 
with high GC content of the template was the main reason for failure in se   ng up an HR-
MCA assay for this par  cular muta  on. Increasing amplicon size could facilitate in the design 
of primers with a lower Tm when this genomic region is less GC rich. A strategy of blocking 
maternal background sequences is not necessary when the focus is on detec  ng polymorphic 
paternally inherited (extended) CAG repeats such as in Hun  ngton disease (HD). Generally 
the maternal repeats are in the normal range. Size selec  on or selec  ve blocking of shorter 
repeats in PCR cannot be accomplished with a blocking approach as was described for the 
detec  on of paternally inherited muta  ons. Because LNA probes target a specifi c sequences 
of ~12 nt, they are not able to dis  nguish between shorter or longer repeats, and in theory 
would block every repeat. 

The size of fragmented cff DNA is also a restric  on in PCR-based assays in general, for 
example in amplicon design. The large majority of cff DNA fragments have been shown to be 
on average <150 bp in length (F  et al., 2010; L  et al., 2010). This implies that these size 
constraints should be taken into account when designing NIPD assays to detect a given fetal 
target. In case a disease is caused by a repeat expansion, such as the CAG expansions in HD, 
the detec  on becomes more complex. These repeats vary greatly in length and are known to 
be unstable upon transmission. Therefore, repeat size is not predictable in advance and re-
peats may expand into a repeat size that exceeds the fragment size of cff DNA. When analysing 
a point muta  on or small inser  on or dele  on, the constraint can be accommodated quite 
easily by designing small amplicons of ~100 bp to ensure effi  cient amplifi ca  on of the target 
sequence. Fetal sequences >150 bp are also present in maternal plasma, although in minority. 
As shown in the original paper on the discovery of cff DNA in maternal plasma, Y chromosome 
specifi c primers designed to amplify a sequence (DYS14) with an amplicon size of 198 bp were 
used (L  et al., 1990; L  et al., 1997). This is larger than the average amplicon size for cff DNA 
of ~143 bp that was reported a few years later by the same group (L  et al., 2010). These re-
sults show that there is quite a range in cff DNA size. For PCR-based approaches for muta  on 
detec  on, preferably amplicon sizes should be used that do not exceed the average reported 
size of ~143 bp. 

In chapter 6 we have described the applica  on of NIPD for HD by directly measuring the 
fetal paternally inherited CAG repeat from the Hun  ng  n (HTT) gene in maternal plasma. This 
has been accomplished through a PCR based approach and subsequent fragment analysis of 
total cfDNA. For this approach to be successful for NIPD, it requires a PCR protocol that is op-
 mized for low DNA input. Also, the Taq polymerase should prevent preferen  al amplifi ca  on 

of smaller fragment as much as possible. Even though preferen  al amplifi ca  on could not be 
completely prevented, the Taq polymerase used in PCR for NIPD of HD shows that longer frag-
ments are being amplifi ed in suffi  cient amounts to be detected in fragment analysis. This is 
absolutely essen  al for detec  ng the fetal expanded paternally inherited repeats in maternal 
plasma. When directly targe  ng fetal paternally inherited CAG repeats in Hun  ngton disease, 
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we showed that we could detect a trinucleo  de repeat up to 53 and even 70 CAG repeats, 
represen  ng cff DNA fragments with a size of >170 bp and larger. As men  oned previously, 
fragments of this size have indeed been reported, though with a very low occurrence, which 
makes the detec  on of such rare long fragments even more challenging (C  et al., 2004). 
Besides restric  ons in the maximum size of repeats in the expanded HD range, our results 
show that there are restric  ons in detec  ng the paternally inherited repeats in the normal 
range. No paternally inherited repeat could be iden  fi ed in approximately 50% of the cases 
presented, because the  paternally inherited repeat coincided with the maternal repeat pat-
tern. When NIPD results are inconclusive due to absent or low levels of cff DNA, prospec  ve 
parents are given the op  on to provide a new blood sample for NIPD later on in gesta  on to 
retest for the paternally inherited fetal repeat. Nevertheless, in all cases where no paternal 
contribu  on in maternal plasma could be detected or in cases with inconclusive results, an 
invasive procedure to confi rm the fetal genotype on fetal gDNA is indicated. 

Fragment size analysis is at present the best strategy for NIPD for HD. Detec  on of large 
repeats for NIPD using other technologies such as NGS is currently diffi  cult, if not impossible. 
CAG repeats that encode for long glutamine (Q) stretches are present all through the human 
genome. To date, a total  of nine polyQ diseases have been reported (F  et al., 2014). A NGS 
mediated approach for repeat determina  on and/ or detec  on for NIPD of HD would require 
paired-end sequencing of a specifi ed and targeted repeat, in this case the HTT gene. Although 
the repe   ve sequence of a repeat is simple, errors in NGS data may interfere with correct 
data analysis. Moreover, since CAG repeat are common throughout the genome, bioinformat-
ics will have to focus on HTT specifi c CAG repeats to determine repeat size confi dently. 

Concluding remarks
Noninvasive prenatal diagnos  cs and tes  ng have strongly improved in  me and more 

and more applica  ons have become available. Since the en  re fetal genome is present in 
maternal plasma, it is to be expected that in the future the large majority if not all of prenatal 
diagnos  cs is preferably be performed using cff DNA. Whether or not this will always be per-
formed in a universal and genome wide approach using WGS has to be elucidated. Currently, 
there are s  ll limita  ons in using WGS for some prenatal requests. With WGS large amounts of 
data can be generated, which can be useful in detec  ng known but also unknown variants or 
de novo muta  ons in fetuses without a prior history or predisposi  on of a familial muta  on. 
However, shotgun sequencing is not muta  on specifi c and is currently not always cost-effi  -
cient for use in the detec  on of these specifi c muta  ons. 

The majority of prenatal requests are for fetal aneuploidy detec  on. In the Netherlands, 
during a two year na  onal implementa  on study, NIPT is currently available for high risk preg-
nant women. It is to be expected that NIPT will soon become available for low risk pregnant 
women as well. In addi  on to this, in the near future it is desirable for gene  c laboratories 
to have several NIPD alterna  ves available for prospec  ve prenatal requests. As men  oned 
previously and as shown in this thesis, no universal approach, par  cularly for NIPD, is available 
yet. For each novel applica  on, one should clearly consider the best approach in detec  ng the 
gene  c defect using NIPD. Moreover, some applica  ons (e.g. detec  on of point muta  ons) 
do not have to be restricted only to couples where the father is carrier of the mutant allele. 

In conclusion, we show several novel applica  ons for the use of cff DNA for NIPD and 
NIPT. We also show that each applica  on at present may require a diff erent approach. In the 
near future, it is to be expected that more noninvasive alterna  ves for a wider variety of ge-
ne  c anomalies will become available for prenatal diagnos  cs early in gesta  on.
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