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Eindelijk is het dan zover. Jaren van hard werken en studeren worden beloond met een mooi slot; een 
proefschriŌ . Ook al staat mijn naam op de voorkant, promoveren doe je niet alleen. Daarom wil ik via dit 
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Bert, als promotor heb je mij de kans gegeven om als promovendus aan de slag te gaan op het lab. Be-
dankt! Ik kon alƟ jd bij je binnenlopen voor een vraag, advies of een praatje. Zeker Ɵ jdens een overleg ver-
baasde ik me toch elke keer dat je precies dat ene boek of proefschriŌ  wist te pakken waar de benodigde 
informaƟ e in stond. Bij deze kan er nog een exemplaar aan de verzameling worden toevoegd.

Nicole, bedankt voor onze gesprekken Ɵ jdens onze samenwerking. Ze hebben me doen inzien dat pro-
moveren wel eens een goede vervolgstap voor mij zou zijn. En ik heb er zeker geen spijt van gehad.
Joris, bedankt dat je het vertrouwen had in mij, en mij de kans hebt geboden om een paar maanden in 
Leuven te werken. Niet alleen heb ik een topƟ jd gehad bij het CME, het heeŌ  me ook geholpen om goed 
na te kunnen denken over mijn toekomst na het behalen van mijn PhD.

De “borrelclub”, bedankt dat jullie me regelmaƟ g van het lab haalden om wat iets leuks te gaan doen. Dat 
had ik echt even nodig!

De collega’s van het LDGA voor al jullie hulp, het beantwoorden van mijn vragen, jullie geduld als ik weer 
eens met samples kwam waar iets aparts mee moest gebeuren en alle leuke gesprekken Ɵ jdens de pauzes.
Speciaal een bedankje voor de collega’s van secƟ e Prenataal die de meeste, zo niet alle samples uit dit 
proefschriŌ  wel voorbij hebben zien komen. Zonder jullie hulp, harde werk en enthousiasme zou dit 
proefschriŌ  niet zijn wat het nu is. 

Dan mijn paranimfen. Sahila, eind 2010 zijn we samen aan deze uitdaging begonnen. Dankzij al jouw voor-
werk had ik een vliegende start. Ook al zijn onze wegen (en werkzaamheden) daarna wat verder uit elkaar 
gaan lopen, het stond al heel lang vast dat jij een van mijn paranimfen zou worden. En gelukkig zei je “ja”!
En Nienke, mijn vraagbaak en ervaringsdeskundige wat betreŌ  het promoveren. Bedankt voor al je feed-
back, adviezen en antwoorden op al mijn vragen. Vergeleken met jouw promoƟ e zijn we voor deze een 
stuk minder op pad geweest. En al heeŌ  het even geduurd, nu dan eindelijk zelf ook een keer paranimf. 
Fijn dat ook jij naast me staat vandaag.

Lieve familie en schoonfamilie, “mijn boekje” is eindelijk klaar. Bedankt voor al jullie interesse in de afge-
lopen jaren!

Pa en ma, ik weet dat jullie trots op me zijn. Ook al is het weer een behoorlijke reis, fi jn dat jullie er 
vandaag weer bij zijn in dit voor jullie reeds bekende gebouw. 

En tot slot Danny, mijn grote steun en toeverlaat. Promoveren is niet alƟ jd even makkelijk. Fijn dat je daar 
alƟ jd begrip voor hebt gehad. Bedankt voor je onvoorwaardelijke steun, posiƟ viteit en opƟ misme, zeker 
Ɵ jdens het afgelopen jaar.
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Appendix 1: Confi ned placental mosaicism

Placental villi obtained with CVS can be analyzed by two disƟ nct culturing methods. 
With a semi-direct method (short-term culture or STC) cells from the invading cytotrophoblast 
are analyzed. AŌ er culture (long-term culture or LTC) cells of the mesenchymal lineage are 
evaluated. DisƟ ncƟ on between these two culturing methods and knowledge of the origin of 
the cells is very important for interpretaƟ on of the outcome of prenatal geneƟ c tesƟ ng on 
CVS material, since cells of diff erent embryogenic progenitors are analyzed for chromosomal 
analysis of the fetus with these two disƟ nct culturing methods (B®�Ä�«® et al., 1993). When 
culturing is successful and suffi  cient sample is provided, preferably a combinaƟ on of both STC 
and LTC should be used to interpret prenatal fi ndings.

In the majority of pregnancies the karyotype of the placental cells is similar to the kar-
yotype of the fetus. However, in ~2% of the pregnancies studied by CVS a cytogeneƟ c abnor-
mality is found, most oŌ en a trisomy (K�½ÊçÝ�» et al., 1996). The existence of a discrepancy 
between the karyotype from chorionic Ɵ ssue and embryonic/fetal Ɵ ssue is caused by complex 
developmental events during early embryogenesis. When a trisomy is formed soon aŌ er fer-
Ɵ lizaƟ on before the trophoblast and the inner cell mass are diff erenƟ ated, the discrepancy 
(or mosaic) can be generalized to both placenta and fetal Ɵ ssues. When it is formed aŌ er the 
separaƟ on of the fetal and placental compartments, the abnormal Ɵ ssue may be confi ned to 
either the placenta (confi ned placental mosaicism or CPM) or the fetus, but not necessarily 
to both Ɵ ssues (S®ÃÊÄ® et al., 1992). Therefore, in case of mosaicism it is very important to 
disƟ nguish between a true fetal mosaicism (TFM) and CPM and confi rmatory karyotyping on 
amniocytes is required to asses which type of mosaicism is present. Mosaicism can be classi-
fi ed according to the distribuƟ on of the abnormal cell line (Table 1) (GÙ�ã®, 2014).

Table 1: Diff erent types of mosaic outcome: (CPM; confi ned placental mosaisicm, TFM; true fetal mosaicism) found 
aŌ er chorionic villous and amniocytes karyotyping. Adapted from (GRATI, 2014).

Since cff DNA is derived from trophoblast cells, the presence of a possible CPM can also 
infl uence results of noninvasive prenatal tesƟ ng (NIPT) for common fetal aneuploidies. Due 
to feto-placental mosaicism potenƟ al false posiƟ ve (CPM type I or III) and false negaƟ ve (TFM 
type V) results may occur for mosaics in which the trophoblast is cytogeneƟ cally discrepant 
from the fetus. Even though a discrepancy between karyotypes occurs only in around 2% of 
the cases, in the majority of cases, the mosaicism is confi ned to the placenta (i.e. CPM type I, 
~35%). CPM type III and TFM type V are found in around 10% and 6% of the cases respecƟ vely 
(GÙ�ã®, 2014). For NIPT, addiƟ onal geneƟ c analysis of either amniocytes or a combinaƟ on of 
STC and LTC is therefore required to determine fetal karyotype in case of an aberrant result.

Type Nature Trophoblast (direct) Mesenchyme (culture) Amniocytes

I CPM Abnormal Normal Normal

II CPM Normal Abnormal Normal

III CPM Abnormal Abnormal Normal

IV TFM Abnormal Normal Abnormal

V TFM Normal Abnormal Abnormal

VI TFM Abnormal Abnormal Abnormal

Evaluated in: CVS(STC)/ NIPT CVS (LTC) Amniocentesis
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Appendix 2: EpigeneƟ c allelic raƟ o, haplotype raƟ o analysis and rela-
Ɵ ve mutaƟ on dosage.

Analysis of the epigeneƟ c allelic raƟ o (EAR) is a method to assess copy number of a 
parƟ cular chromosome of interest for fetal aneuploidy detecƟ on by determining the raƟ o 
of an informaƟ ve single nucleoƟ de polymorphism (SNP) on fetal alleles. This SNP is present 
within a fetal specifi c amplifi ed DNA molecule in a diff erenƟ ally methylated region (DMSR) on 
the chromosome of interest. Bisulfi te converted DNA samples are amplifi ed with methylaƟ on 
specifi c PCR (MSP). Subsequently, methylaƟ on diff erences are assessed with allele-specifi c 
primer extension. This primer extension uƟ lizes internal primers which anneal to a PCR-gener-
ated template and terminate immediately 5’ adjacent to the informaƟ ve single base variaƟ on 
(GÊÄþ�½¦Ê et al., 1997). Extension of these allele specifi c primers can disƟ nguish between 
an allele with a nucleoƟ de that is not aff ected by the conversion (allele A) and an allele with 
a polymorphism that is aff ected by the bisulfi te conversion (allele B with an unmethylated 
cytosine (C) which is converted into a thymidine). The extension reacƟ ons are designed to 
generate products of disƟ nct masses (and thus disƟ nct peaks) when analyzing the alleles with 
Mass Spectrometry. 

In euploid fetuses there are equal amounts of allele A and B. Therefore, the theoreƟ cal 
relaƟ ve peak frequency of allele A and B is both 50% (or 0.5). The EAR can subsequently be 
calculated by dividing the relaƟ ve peak frequency of A by the relaƟ ve peak frequency of B (1). 
Hence, for euploid fetuses, the EAR is 1. 

In case of a fetus with a trisomy, instead of two alleles, three alleles are present. More-
over, there is an overrepresentaƟ on of one of these alleles (e.g. either allele A (AAB) or allele 
B (ABB)). For AAB, there is twice the amount of A alleles contribuƟ ng to the total amount of 
three alleles (e.g. twice as much A compared to B). Therefore, the contribuƟ on of A relaƟ ve to 
the total amounts of alleles is 2 out of 3 (i.e. 67% or 0.67), while relaƟ ve the B allele is present 
in only 1 of the 3 alleles (i.e. a relaƟ ve peak frequency of 33% or 0.33 for B). Therefore, the 
EAR for AAB is 2 (i.e. 0.67/0.33). In case a fetal trisomy with only one A allele and two B alleles 
(i.e. ABB), the relaƟ ve contribuƟ on for A is 0.33 and 0.67 for B, resulƟ ng in an EAR for ABB of 
0.5 (i.e. 0.33/0.67). An EAR that has deviated from 1 (i.e. euploid fetus) is indicaƟ ve for a fetal 
trisomy. Adapted from (TÊÄ¦ et al., 2006).

(1)

Another method for fetal aneuploidy detecƟ on is the determinaƟ on of the haplotype 
raƟ o (HR). In HR analysis only highly heterozygous tandem SNPs on the chromosomes of inter-
est exhibiƟ ng three diff erent alleles (haplotypes) are considered informaƟ ve (i.e. two diff erent 
maternal alleles and a third disƟ ncƟ ve paternally inherited fetal allele) (Fig. 1). In contrast to 
EAR, for HR it is not required to have SNPs only present in DMR, since this method is not based 
on diff erences in methylaƟ on. 

For HR, fi rst MulƟ plexed Linear Amplifi caƟ on (MLA) is performed on DNA from maternal 
buccal swaps. This linear amplifi caƟ on product is used as a template in a “sequence specifi c” 
PCR and Cycling Temperature Capillary Electrophoresis (CTCE). When results of the maternal 
buccal swaps indicate that the maternal tandem SNP status is homozygous, the SNPs are not 
informaƟ ve. When the maternal SNPs are heterozygous, maternal plasma can be processed 
similar to the maternal buccal DNA and analyzed subsequently. Fetal chromosome dosage can 
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be determined by calculaƟ ng HR using the area under the curve of the three disƟ nct peaks 
(p1, p2 and p3) in the electropherogram aŌ er CTCE (8). As a control, gDNA from maternal 
buccal swabs or maternal lymphocytes is analyzed and compared to the mixed profi le of both 
mother and fetus in maternal plasma (Fig. 1). The maternal contribuƟ on to the fetal haplotype 
can be (quanƟ taƟ vely) compared to the paternally inherited haplotype (yellow peaks) to de-
termine fetal aneuploidy status. In Fig. 1, each peak is schemaƟ cally represented as a triangle 
and represents one haplotype; either only from the mother (e.g. no fetal contribuƟ on; white), 
only the fetus (e.g. the paternally inherited haplotype; only yellow) or a shared haplotype 
between mother and fetus (white and yellow). In a maternal plasma sample from a mother 
carrying a euploid fetus, the presence of three diff erent alleles are informaƟ ve (Figure 1 A 
and B). There is a unique non-shared maternal haplotype (white), a haplotype that is shared 
between mother and fetus (white and yellow) and a disƟ nct unique paternally inherited hap-
lotype (yellow). In a euploid fetus the paternally inherited peak p3 is equal to the relaƟ ve 
diff erence between p1 and p2, resulƟ ng in HR = 1 (2). Both maternal and paternal contribuƟ on 
to the fetal genotype is equal.

Figure 1: TheoreƟ cal CTCE electropherogram output from maternal buccal swab and maternal plasma using tandem 
SNP analysis. Adapted from (GHANTA et al., 2010).

In case of a plasma sample from a mother carrying a fetus with a trisomy, the CTCE elec-
tropherogram shows an uneven contribuƟ on between paternal (p3) and maternal haplotypes 
(p1 and/or p2) of the fetus. Fetal trisomy can be caused either by a familial form (e.g. Rober-
sonian translocaƟ on) or, in the majority of cases, by a meioƟ c nondisjuncƟ on event. A normale 
gamete (ovum or sperm) has one copy of each chromosome, containing 23 chromosomes in 
total (n). With nondisjuncƟ on, chromosomes fail to separate normally, resulƟ ng in a gain or 
loss of a chromosome in a gamete. 
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NondisjuncƟ on can occur both in mitosis and meiosis. Failure of sister chromaƟ ds to 
separate during mitosis may lead to mosaicism. Failure of a pair of homologue chromosomes 
to separate in meiosis I (i.e. primary nondisjuncƟ on) will result in both members of this homo-
logues pair to be present into the same daughter cell (Fig. 2 leŌ ) resulƟ ng in a ferƟ lized egg 
with an abnormal number of chromosomes (i.e. aneuploidy). Failure of the sister chromaƟ ds 
to separate during meiosis II (i.e. secondary nondisjuncƟ on) will result in both daughter chro-
mosomes going into the same gamete, also resulƟ ng in an abnormal number of chromosome 
in the ferƟ lized cell (Fig. 2 right). 

Figure 2: NondisjuncƟ on occurring at meiosis I (leŌ ) and meiosis II (right). NondisjuncƟ on in meiosis I will lead to 
two gametes with an extra chromosome (n+1) and two gametes with a missing chromosome (n-1). AŌ er ferƟ lizaƟ on 
this will result in a trisomy or monosomy respecƟ vely. NondisjuncƟ on in meiosis II will lead to two normal gametes (n) 
and two abnormal gametes with either an extra chromosome (n+1) or missing one chromosome (n-1).

In case of fetal trisomy, the CTCE plots can also provide informaƟ on about whether 
primary or secondary nondisjuncƟ on has occurred. When both maternal haplotypes (p1 and 
p2) are shared in the fetus, nondisjuncƟ on occurred during maternal meiosis I. The HR value 
for maternal meiosis I equals 0 (p1 = p2; therefore the relaƟ ve diff erence between p1 and p2 
= 0) (Figure 1 C). With secondary maternal nondisjuncƟ on, three alleles with diff erent areas 
are reported whereas p1 or p2 is equal to twice the area of p3, resulƟ ng in HR = 2 (Figure 1 D). 
Adapted from (G«�Äã� et al., 2010)

In addiƟ on to previous described methods used for fetal aneuploidy detecƟ on, also 
digital PCR can be used for fetal aneuploidy detecƟ on to determine the relaƟ ve overrep-
resentaƟ on of a chromosome by calculaƟ ng relaƟ ve chromosome dosage (RCD). With RCD 
the total copy number of a chromosome is assessed in a sample to determine whether this 
chromosome is overrepresented when compared to a reference chromosome. However, the 
use of digital PCR is not only restricted to fetal aneuploidy detecƟ on in NIPT. Similar to RCD, 
the principle of digital relaƟ ve mutaƟ on dosage (RMD) can also be applied to NIPD of mono-
genic diseases. With digital RMD it is no longer required to test only for paternally inherited 
mutaƟ ons or fetal sequences that are diff erent (e.g. methylated RASSF1A) or absent (e.g. SRY) 
in the mother. With RMD it is possible to compare and measure relaƟ ve amounts of both the 
maternal mutant (M) and wild type alleles (N) in maternal plasma to determine the inherited 
dosage of the mutant allele by the fetus (Fig. 3). Therefore, it is no longer necessary to disƟ n-

Appendices



149

guish between fetal and maternal sequences. Digital RMD, performed by digital PCR, deter-
mines whether the M or N alleles are in balance in maternal plasma (Fig. 3). When a pregnant 
woman and her fetus are both heterozygous for a certain mutaƟ on, the amounts of the M al-
lele and N allele are in balance (M=N). When the fetus is homozygous for the mutaƟ on, there 
will be an over-representaƟ on of the mutant allele (M>N). When the fetus is wild type, there 
will be an under-representaƟ on of the mutant allele (M<N) in the RMD. Adapted from (C«®ç 
et al., 2009; LçÄ et al., 2008b).

Figure 3: RelaƟ ve mutaƟ on dosage of mutant (M) and normal (N) wild type alleles. Adapted from (C«®ç et al., 2009)

Appendix 3: CalculaƟ ons for trisomy detecƟ on

RelaƟ ve sequence tag density (RSTD): 
Shotgun sequencing of numerous of short cfDNA sequences produced aŌ er massive 

parallel sequencing (MPS) are mapped to the chromosome of origin. For each chromosome, 
these short sequence fragments or reads are counted and summed. In addiƟ on, the median 
of these summed reads from all the autosomes was calculated. To correct for input, for each 
sample the sum of the reads per chromosome is normalized by dividing this value by the medi-
an of all autosomes; the sequence tag density (STD). Male plasma samples or maternal plasma 
samples from women carrying male euploid fetuses can be used as a reference. STD was also 
calculated for the controls or reference samples, by fi rst calculaƟ ng the average of summed 
tags per chromosome from all reference samples. Subsequently, the median is determined 
over the values of the autosomes. The average of summed tags per chromosome is normal-
ized by dividing this number by the median value of the autosomes (3). RelaƟ ve sequence tag 
density (RSTD) can be determined for each sample by calculaƟ ng raƟ os between normalized 
value per chromosome from each maternal plasma sample and normalized value per chromo-
some for the controls (4) (Adapted from (F�Ä et al., 2008). 

By determining these raƟ os, the over- or underrepresentaƟ on of any chromosome in 
maternal plasma contributed by an aneuploidy fetus can be detected. This method does not 
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require the diff erenƟ aƟ on between maternal and fetal sequence tags. When a woman carries 
a healthy fetus, both mother and fetus have 2 copies of each autosome. The RSTD between 
the normalized value for each autosome as compared to the normalized value of the controls 
is therefore ~1.

(3)

(4)
RSTD Normalized chr N

Normalized chr N
controls

sample
=

A fetus with a trisomy (e.g. trisomy 21) has an addiƟ onal copy of chromosome 21 as 
compared to mother. TheoreƟ cally, the RSTD of chromosome 21 between mother and this af-
fected fetus would be 1.5 (e.g. the mother has 2 copies of chromosome 21 while the fetus has 
3 copies). However, in maternal plasma, the fetal contribuƟ on to cfDNA in maternal plasma 
is only ~10% in the fi rst trimester. Therefore, the RSTD for a plasma sample from a fetus with 
trisomy 21 is expected to be between 1 and 1.5 due to the relaƟ vely small contribuƟ on of the 
addiƟ onal fetal chromosome 21 as compared to the maternal background (Table 2).

Table 2: TheoreƟ cal example of fold increase of chromosome 21 in fetal trisomy 21 in gDNA from chorionic villus 
sampling (CVS) and maternal plasma.

Z-scores: 
In fetal trisomy detecƟ on, the Z-score refers to the number of standard deviaƟ ons that 

the percentage of reads from a parƟ cular chromosome in a test sample diff ers from the mean 
% of that parƟ cular chromosome in a reference data set. Such reference set contains plasma 
samples from pregnancies of women carrying euploid fetuses. The advantage of a reference 
set and reference values is that they have to be established only once for a certain run seƫ  ng. 
It is therefore no longer required to run control samples together with unknown samples. 

For Z-score calculaƟ ons, fi rst the % representaƟ on of unique sequences mapped to a 
chromosome is calculated by dividing the number of unique count for chromosome N (chr N) 
by the total counts from that sample (5). Subsequently, the diff erence between % chr N (x) 
and the mean % of chr N (μ) in the reference set is determined and divided by the standard 
deviaƟ on (SD; σ) of the % chr N in the reference set to determine the Z score for chromosome 
N (6). With this Z-score, disease status of the fetus is determined by looking at the overrep-
resentaƟ on of a certain chromosome. For example, a maternal plasma sample with a % chr 21 
that is > 3 SD from the mean of the % chr 21 of the euploid reference set is considered to be a 
fetal trisomy 21 (Adapted from (C«®ç et al., 2008) and ISPD preconference NGS Course, 2012).

Sample Fetal DNA content ↑ chr 21 (21) ↑ chr 21 (fold)

CVS 100 % 50 % 1.5

Maternal plasma ~10 % 5 % 1.05
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(5) 
% chr N Total unique count

Unique count for chr N
=

(6) %
% %

chr N Z score for test sample SD chr N
chr N mean chr N

reference

sample reference
- =

-

Or Z
x
v
n

=
-

NCV: 
Normalized chromosome value (NCV) calculaƟ ons are based on correcƟ on for the in-

trarun and interrun sequencing variaƟ on in the chromosomal distribuƟ on of sequence reads. 
These variaƟ ons may obscure the eff ects of fetal aneuploidy on the distribuƟ on of mapped 
sequence sites. For NCV calculaƟ ons, a chromosome raƟ o is calculated (7), in which the count 
of mapped sites for the chromosome of interest is normalized to counts of another predeter-
mined chromosome (or set of chromosomes) of the same sample (8); Modifi ed from (S�«Ä�Ùã 
et al., 2011). 

Sehnert et al. used a training set, consisƟ ng of pregnancies with unaff ected fetuses. 
For each chromosomes of interest (e.g. chr 13, 18, and 21) they determined the denomina-
tor chromosome that minimized the variaƟ on of the chromosome raƟ os within and between 
the runs (Table 3). They also used the training set to determine parameters and boundaries 
for sample classifi caƟ on (i.e.. mean, SD and NCV classifi caƟ on). An NCV > 4.0 classifi es the 
chromosome as aff ected (i.e. aneuploidy for that chromosome). An NCV < 2.5 classifi es the 
chromosome as unaff ected. Samples with an NCV between 2.5 and 4.0 were classifi ed as “no 
call”. Similar to Z-score calculaƟ ons, this method does not require addiƟ onal control sample to 
be sequenced together with maternal plasma samples when all parameters and boundaries 
have been established. Adapted and modifi ed from (S�«Ä�Ùã et al., 2011).

(7) #
#ratio chr N reads

reads
mindeno ator

numerator=

(8)
NCV chr N SD ratio

ratio chr N mean ratio
trainingset

trainingset
=

-

Table 3: Numerator and denominator combinaƟ ons for noninvasive trisomy detecƟ on.

Note: DeterminaƟ on of appropriate control groups and calculaƟ on methods that have 
been addressed in Appendix 3 were used for fetal aneuploidy detecƟ on as described in chap-
ters 3 and 4. 
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Chromosome of interest Numerator (chromosome mapped 
sites)

Denominator (chromosome 
mapped sites)

21 21 9

18 18 8

13 13 Sum (2-6)
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