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Abstract

Background:  Noninvasive trisomy 21 detecƟ on using massively parallel sequencing is 
achievable with high diagnosƟ c sensiƟ vity and low false posiƟ ve rates. DetecƟ on of fetal tri-
somy 18 and 13 has been reported as well, but seems to be less accurate using this approach. 
Reduced accuracy can be explained by PCR introduced guanine-cytosine (GC) bias infl uencing 
sequencing data. Previously, we demonstrated that sequence data generated by single mol-
ecule sequencing show virtually no GC bias and result in a more pronounced noninvasive de-
tecƟ on of fetal trisomy 21. In this study, single molecule sequencing was used for noninvasive 
detecƟ on of trisomy 18 and 13. 

Methods: Single molecule sequencing was performed on the Helicos plaƞ orm using 
free DNA isolated from maternal plasma from 11 weeks of gestaƟ on onwards (n=17). RelaƟ ve 
sequence tag density raƟ os were calculated against male control plasma samples and results 
were compared to those of previous karyotyping.

Results:  All trisomy 18 fetuses were idenƟ fi ed correctly with a diagnosƟ c sensiƟ vity 
and specifi city of 100%.  However, low diagnosƟ c sensiƟ vity and specifi city was observed for 
fetal trisomy 13 detecƟ on.

Conclusions:   We successfully applied single molecule sequencing in combinaƟ on with 
relaƟ ve sequence tag density calculaƟ ons for noninvasive trisomy 18 detecƟ on using free 
DNA from maternal plasma. However, noninvasive trisomy 13 detecƟ on was not accurate and 
seemed to be infl uenced by more than just GC content.

Chapter 4



59

Recent large studies have confi rmed that noninvasive prenatal diagnosis (NIPD) for fe-
tal aneuploidies is achievable (F�Ä et al., 2008; C«®ç et al., 2008; C«®ç et al., 2011a; E«Ù®�« 
et al., 2011; P�½ÊÃ�»® et al., 2011; L�ç et al., 2012a; B®�Ä�«® et al., 2012). Using massively 
parallel sequencing (MPS) and subsequent quanƟ fi caƟ on of chromosome specifi c sequences, 
overrepresentaƟ on of a specifi c chromosome can be determined with high diagnosƟ c accu-
racy. Successful detecƟ on of fetal trisomy 21 (T21) in maternal plasma was shown in several 
clinical validaƟ on studies (C«®ç et al., 2011a; P�½ÊÃ�»® et al., 2011; E«Ù®�« et al., 2011; L�ç 
et al., 2012a; B®�Ä�«® et al., 2012). For noninvasive detecƟ on of trisomy 18 (Edwards Syn-
drome, T18) and trisomy 13 (Patau Syndrome, T13), however, it seems to be more diffi  cult 
to achieve similar results (C«�Ä et al., 2011; L�ç et al., 2012a; P�½ÊÃ�»® et al., 2012; B®�Ä�«® 
et al., 2012). Although theoreƟ cally molecules from diff erent regions of a genome should be 
sequenced uniformly by MPS, preferenƟ al amplifi caƟ on of sequences, depending on diff erent 
guanine-cytosine (GC) content, has been observed (DÊ«Ã et al., 2008; F�Ä et al., 2008; ò�Ä 
��Ä O�ò�Ù et al., 2012). In contrast to an average GC content of chromosome 21, chromo-
somes 13 and 18 have a relaƟ vely low GC content (F�Ä et al., 2008; ò�Ä ��Ä O�ò�Ù et al., 
2012). Therefore, non-uniform amplifi caƟ on of these chromosomes could occur on PCR based 
MPS plaƞ orms. As a result, several studies have used specifi c algorithms or internal references 
to correct for GC content to opƟ mize noninvasive detecƟ on rates for T18 and T13 (C«�Ä et al., 
2011; P�½ÊÃ�»® et al., 2012; SÖ�Ù»Ý et al., 2012a; L�ç et al., 2012b). 

We previously demonstrated that sequence data generated by single molecule se-
quencing show virtually no GC bias (ò�Ä ��Ä O�ò�Ù et al., 2012). This specifi c method of se-
quencing requires no PCR amplifi caƟ on step during sample preparaƟ on or during fl ow cell 
processing and results in a more pronounced noninvasive detecƟ on of T21. Therefore, this 
approach could also be applicable for the detecƟ on of other common fetal aneuploidies such 
as T18 and T13. 

To test this hypothesis, a retrospecƟ ve study was performed on fi rst and second tri-
mester pregnant women with an increased risk for fetal aneuploidy based on previous serum 
screening and/or ultrasound results. Maternal peripheral blood samples were collected in 
EDTA coated tubes and processed within 24 hrs aŌ er collecƟ on. All blood samples were drawn 
at a median gestaƟ onal age of 12 weeks + 6 days (range 11w +4d to 22w +1d, see Table 1) prior 
to an invasive procedure, except for one sample, which was obtained 6 days aŌ er amniocen-
tesis. Plasma was obtained by double centrifugaƟ on of the blood samples and stored at -80⁰C 
unƟ l further processing. Material from all invasive procedures was sent to our cytogeneƟ cs 
laboratory for karyotyping as the gold standard. 

A total of 21 plasma samples were used in this study. Four plasma control samples from 
anonymous male blood donors and 17 samples of singleton pregnancies (Table 1), consisƟ ng 
of 9 cases of T18 (2 female and 7 male fetuses), 4 cases of T13 (2 female and 2 male fetuses), 
and 4 euploid pregnancies (all male fetuses) were included. All maternal blood samples were 
processed within 24 hrs aŌ er collecƟ on. Cell-free DNA was isolated from plasma using the EZ1 
Virus Mini Kit v2.0. For quality control purposes, fetal sex and the total amount of free DNA in 
maternal plasma were determined by Real-Time Taqman PCR assays as described previously 
(BÊÊÄ et al., 2007; ò�Ä ��Ä O�ò�Ù et al., 2012). In addiƟ on, using this data, the percentage of 
cell-free fetal DNA (cff DNA) for male pregnancies was esƟ mated (ò�Ä ��Ä O�ò�Ù et al., 2012). 
All samples were de-idenƟ fi ed to the invesƟ gators before sample preparaƟ on and data anal-
ysis. Libraries were prepared according to manufacturer’s ChipSeq protocol and a standard 
120-cycle sequencing run was performed on the Helicos plaƞ orm (Helicos BioSciences, www.
helicosbio.com). 

NIPT for T18

4



60

Figure 1. RaƟ os of normalized RelaƟ ve Sequence Tag Density for noninvasive fetal aneuploidy detecƟ on.
RaƟ os were calculated against anonymous male plasma controls (n=4). Samples are divided in either disomic (closed 
symbols) or trisomic (open symbols) for that specifi c chromosome. Chromosome 21 is displayed as circles, chromo-
some 18 as triangles and chromosome 13 as diamonds. 99% Confi dence intervals for disomic samples were calculated 
for each chromosome and upper boundaries are depicted in the graph as a line. Euploid fetuses (n=4), T18 fetuses 
(n=9), T13 fetuses (n=4). ND: Not determined.

Raw data analysis was performed with the HeliSphere soŌ ware package. RaƟ o calcu-
laƟ ons and staƟ sƟ cs were executed as described previously (ò�Ä ��Ä O�ò�Ù et al., 2012). In 
short, for fetal trisomy detecƟ on, raƟ os of relaƟ ve sequence tag density (RSTD) were calculat-
ed by dividing the normalized total summed number of reads for each sample by the normal-
ized mean of male plasma controls for each chromosome of interest. AŌ er alignment against 
hg19 reference genome and fi ltering of gaps and repeats a mean of 1.21x106 + 0.69x106 (SD) 
reads, with a median of 1.12x106, were obtained per sample. In 11 maternal plasma samples 
from women carrying a male fetus, the percentage of cff DNA was esƟ mated, resulƟ ng in a 
mean percentage of 11 % (Table 1).

For noninvasive T18 detecƟ on we showed that using RSTD calculaƟ ons for chromosome 
18, all T18 samples (n=9) were correctly idenƟ fi ed as being aneuploid and all euploid controls 
and T13 samples as being disomic for chromosome 18. When construcƟ ng a 99% confi dence 
interval from all samples disomic for chromosome 18 (n=8), all T18 samples were outside the 
upper boundary of the 99% CI [0.991, 1.016], while all euploid controls and T13 samples were 
on or below this upper boundary (Fig. 1). For noninvasive T13 detecƟ on, only 1 out of 4 T13 
samples was correctly idenƟ fi ed. False posiƟ ve results (4/13) were observed in both euploid 
(n=2) and T18 (n=2) samples when using RSTD raƟ o and 99% CI calculaƟ ons for chromosome 
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13, resulƟ ng in a diagnosƟ c sensiƟ vity and specifi city of 25% and 69% respecƟ vely (Fig. 1). As 
a control we calculated RSTD raƟ os for chromosome 21 for all samples tested in this study 
(n=17) using the 99% CI previously published (ò�Ä ��Ä O�ò�Ù et al., 2012). All samples tested 
in this study were indeed idenƟ fi ed as disomic for chromosome 21 (Fig 1). When calculaƟ ng 
a 99% CI using RSTD results from this study a similar upper boundary was obtained, thus con-
fi rming this result.

As a follow up on noninvasive T21 detecƟ on using single molecule sequencing, in the 
present study we demonstrated successful noninvasive detecƟ on of T18 (100% diagnosƟ c 
sensiƟ vity and specifi city) using free DNA from maternal plasma from 11w + 4d of gestaƟ on 
onwards. The mean percentage of cff DNA in maternal plasma in the fi rst trimester was 4.03% 
and we observed an increase in fetal fracƟ on during the second trimester, with a mean per-
centage of 21.1%. This observaƟ on is concordant with previous reports (LçÄ et al., 2008a; 
LÊ et al., 1998). Even though the percentage increased, we sƟ ll observed quite a large range 
between individuals with an approximate 4-fold change for the second trimester pregnancies, 
up to a 13-fold diff erence between fi rst trimester samples. 

Compared to noninvasive detecƟ on of T18, our data showed low diagnosƟ c sensiƟ vity 
and specifi city for detecƟ on of T13 using single molecule sequencing. Previous publicaƟ ons 
from other groups also reported reduced diagnosƟ c sensiƟ vity and/or specifi city for noninva-
sive T13 detecƟ on (C«�Ä et al., 2011; L�ç et al., 2012b; P�½ÊÃ�»® et al., 2012; B®�Ä�«® et al., 
2012). However, the values were not as low as observed in this study. Furthermore, in these 
cases it was thought to be related to the GC content of chromosome 13 given that PCR based 
Next GeneraƟ on Sequencing (NGS) plaƞ orms were used. As shown in our previous study, data 
for chromosome 13 are biased on such plaƞ orms (ò�Ä ��Ä O�ò�Ù et al., 2012). Chromosome 
13, compared to 18 and 21, has the lowest GC content of all three (38.5%) (DçÄ«�Ã et al., 
2004). This low GC content could be reason for a misrepresentaƟ on of the amount of sequenc-
ing reads coming from these PCR based NGS plaƞ orms. However, in the current study, single 
molecule sequencing results were not infl uenced by a chromosome’s GC content, implying 
that other factors might be involved in lowering the diagnosƟ c sensiƟ vity and specifi city for 
noninvasive trisomy 13 detecƟ on. 

The fetal contribuƟ on of free DNA in maternal plasma is derived from syncyƟ otropho-
blasts undergoing apoptosis (A½��ÙÙù et al., 2007). Placental apoptosis is a naturally occurring 
process during gestaƟ on in both normal and abnormal pregnancies, resulƟ ng in fragmented 
fetal DNA circulaƟ ng in the maternal circulaƟ on (H��þ�½½ et al., 2008; A½��ÙÙù et al., 2007). 
Some studies have demonstrated the diff erence in size between fetal and maternal free DNA 
fragments and have even shown that the enƟ re fetal genome is present (LÊ et al., 2010). How-
ever, virtually no studies have considered that fetal DNA from chromosomes of diff erent sizes 
and/or those of diff ering GC contents may fragment at diff erent rates. Considering that chro-
mosome 13 is the largest acrocentric chromosome with the lowest gene density among all 
human chromosomes (DçÄ«�Ã et al., 2004), its stability may diff er from chromosome 18 and 
21. A less stable chromosome is hypothesized to degrade faster, which could lead to a skewed 
number of DNA fragments from this parƟ cular chromosome in maternal plasma. Also, several 
segmental duplicaƟ ons with at least 90% homology and regions with a high SNP density due to 
the presence of paralogous sequence variants have been shown for chromosome 13 (DçÄ«�Ã 
et al., 2004). This may infl uence data analysis, resulƟ ng in improper assignment of reads to 
a certain chromosome during alignment. Which factors exactly play a role is not clear at this 
point and needs to be studied in more detail; however, our study suggests that sequencing 
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Table 1. Overview of included maternal plasma samples.
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data are infl uenced by more than just GC content alone. Data analysis for noninvasive fetal 
trisomy 13 detecƟ on may therefore require a diff erent approach.

In summary, we demonstrate successful noninvasive T18 detecƟ on using a combinaƟ on 
of single molecule sequencing and relaƟ ve sequence tag density raƟ o calculaƟ ons, while non-
invasive T13 detecƟ on is not accurate using this approach.
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