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ABSTRACT 
 

Objective: The main objective of this study was to evaluate array Comparative Genomic 

Hybridisation (CGH) for the non-invasive prenatal testing (NIPT) for trisomy 21 (T21) based on 

analysis of cell-free DNA (cfDNA) in maternal plasma. In addition, the potential for detection of 

trisomy 18 (T18), trisomy 13 (T13) and common microdeletion syndromes was explored.  

Method: Pregnant women attending maternity units for invasive diagnostic testing were 

consented to donate a blood sample. CfDNA was extracted from maternal plasma. Results of 

invasive testing were known. In the Pre-evaluation Study 100 samples, including 20 T21, were 

tested on the array CGH based NIPT assay (arrayNIPT) and a variety of statistical analyses and 

methods were evaluated for results analysis. In the Evaluation Study 438 plasma samples, 

including 92 T21, 20 T18 and 5 T13, were tested by arrayNIPT. The potential to detect 

subchromosomal changes was explored using both spike-in and maternal plasma samples.  

Results: The Stouffer analysis method was found to be the best performing for T21 detection, 

showing 98.8% sensitivity and 97.2% specificity. For T18 detection, the assay sensitivity was 

77.8% and specificity 99.7% when using the Stouffer analysis method. Re-designing the assay 

and using the Pooled control analysis method, assay sensitivity for T13 could reach 75.0% and 

specificity 100.0%. All microdeletions were identified in spike-in samples, with the exception of 

two 5% spike-ins. When considering maternal plasma samples, three with fetal fraction ≤3.8% 

were not identified and two samples with fetal fraction ≥14.5 were correctly identified. A 

sample with 7.5% fetal fraction was correctly identified, while two DiGeorge Syndrome 

samples with 6.9% and 9.6% fetal fraction were false-negatives.  

Conclusions: ArrayNIPT promises a low cost, rapid and easily transferrable test for the 

detection of T21, that could allow in-house NIPT with minimal capital outlay and running costs 

compared to Next Generation Sequence technologies. The detection of T18, T13 and 

subchromosomal changes is also feasible, but further research is required to improve 

performance and establish assay sensitivity and specificity.  
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Chapter 1:  INTRODUCTION 

The discovery of the presence of fetal DNA in the cell-free DNA (cfDNA) circulating in the 

plasma of pregnant women in 1997 (1) paved the way to the non-invasive detection of genetic 

conditions in the unborn fetus.  

1.1 CELL FREE DNA AND FETAL FRACTION 

1.1.1 cfDNA origin 

The majority of cfDNA in the maternal plasma is of maternal origin and it is thought to be 

mainly of haematopoietic origin (2). However around 3-10% of cfDNA is of fetal origin (3-9). 

The cell free fetal DNA (cffDNA) is believed to derive from apoptotic placental cells (10) and 

more specifically from the trophoblast (11, 12). Several case reports support this theory, 

showing false-positive results due to confined placental mosaicism (CPM) (13-17). A very small 

proportion of cffDNA could also derive from fetal cells that enter the maternal circulation (18, 

19). Nevertheless the facts that 1) cffDNA is detectable in anembryonic pregnancies at the 

same levels as in normal ones, 2) is detectable before the feto-placental circulation is 

established and 3) placenta-specific mRNAs are also present in the maternal circulation,  

further support that  the major source of cffDNA is the placenta (18).  

Since the main origin of cffDNA is the trophoblast, the amount of cffDNA (fetal fraction) is 

increased in twin and multiple pregnancies, probably due to larger placenta(s) (20). 

1.1.2 Fetal fraction and gestation 

cffDNA is reliably detectable from 7 weeks gestation onwards (3, 21, 22), but it can be 

detected as early as 4 weeks gestation in some cases (23). This makes it ideal for early testing 

by shortening the stressful waiting period and making it more manageable for pregnant 

couples (24, 25), especially given the parental anxiety that arises when undergoing invasive 

testing later in pregnancy. cffDNA increases with gestation (3, 22, 26); between 10 and 21 

weeks it increases by 0.1% per week and thereafter by 1% per week (6). The majority of it 

clears from the maternal circulation within two hours of delivery/termination and there is 

none detectable after a few days (22, 27-32) which makes it pregnancy specific. 

Initially it was believed that around 3.4% of cfDNA was of fetal origin in early gestation and 

around 6.2% in later gestation (3). Using more sensitive techniques, such as digital Polymerase 

Chain Reaction (PCR) (33), it was then shown that the fetal fraction might actually be more 

than two times higher; around 9.7% for the first, 9.0% for the second and 20.4% for the third 
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trimester (4). However, the fetal fraction can vary widely, being below 5% to over 30% in 

different pregnancies of the same or similar gestation (34-36). 

1.1.3 cfDNA fragment size  

cfDNA is thought to be apoptotic DNA and hence fragmented and showing characteristics of 

nucleosomal DNA (9, 26, 37, 38). The majority of cfDNA is shown to be between 145 and 201 

bp long (9). Its average length is 169 bp which is similar to the length of a chromatosome, 

supporting the hypothesis that it is derived via cell apoptosis (26). The length of cfDNA peaks 

at 166bp and also shows a smaller peak at 143 bp (7). cffDNA has been shown to be shorter 

than the maternal cfDNA (7-9, 37, 38), potentially due to further cleavage of the ~20 bp linker 

DNA (7), and there is an increase of fetal fraction in fragments below 150 bp and a decrease at 

166 bp (7). 

1.1.4 Invasive procedures risks 

Genetic testing of fetal material requires the performance of an invasive procedure; chorionic 

villus sampling (CVS), amniocentesis or cordocentesis. These procedures carry a risk of 

miscarriage and other complications, such preterm labour, prelabour membrane rupture, 

chronic amniotic fluid leakage, amnionitis and fetal limb reduction defects (39). Cordocentesis 

usually carries the highest risk and historically amniocentesis carries the lowest (40, 41). 

According to a large meta-analysis study the amniocentesis related risk is 0.9% for pregnancy 

loss before 24 weeks and 1.9% for total pregnancy loss, and the CVS related risk  is 1.3% for 

pregnancy loss before 24 weeks and 2% for total pregnancy loss (42). Nevertheless, most 

studies performed were not randomised and lacked appropriate controls (42). More recent 

studies conclude that this risk is lower than initially thought and non-statistically significant; up 

to 0.22% for CVS (43) and 0.11% (43) or 0.6% for amniocentesis (44) before 24 weeks. For 

cordocentesis a 1.3% risk has been recently quoted (41). These figures could also vary 

depending on the Fetal Medicine Unit (FMU), operator experience (40, 45) and equipment 

used. In any case, cfDNA allows testing via a minimally invasive blood draw, avoiding any risk 

of invasive procedure related miscarriage or complication. Hence, multiple studies have shown 

that NIPT has dramatically decreased the number of invasive procedures (46). 

1.1.5 cfDNA characteristics make it an ideal source of material for prenatal testing  

As already mentioned, cffDNA is detectable from very early on during pregnancy and its 

proportion increases with gestation. It is cleared from the maternal circulation soon after 

delivery and therefore it is pregnancy specific. Relying only on phlebotomy, nullifies the risks 

associated with invasive procedures, such as amniocentesis, CVS and cordocentesis. All the 
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above mentioned characteristics make cfDNA ideal for the detection of or screening for 

genetic conditions in the fetus. However, the main challenge of non-invasive testing is the very 

high maternal DNA background, against which the fetal DNA has to be analysed, as well as the 

fact that half of the maternal genetic information is shared by the fetus. 

1.2 FETAL FRACTION MEASUREMENT 

1.2.1 Importance of accurately measuring fetal fraction 

Accurately measuring the fetal fraction is very important, especially for certain applications, 

such as Relative Mutation Dosage (RMD) and Relative Haplotype Dosage (RHDO) for single-

gene disorders (47-50), digital Relative Chromosome Dosage (RCD) for trisomy detection (51), 

Genome-wide Relative Allelic Dosage (GRAD) for analysis of maternally inherited SNPs (52) and 

non-invasive Whole Genome Sequencing (WGS) of the fetus (53).  

1.2.1.1 In Non-Invasive Prenatal Testing (NIPT) for trisomies 

For example in RCD, a reduction in fetal fraction would require more reactions in order to 

detect a trisomy; a reduction in fetal fraction by two would require 4 (22) times more reactions 

for trisomy detection (51). When using counting methods, the expected increase in counts 

from the trisomic chromosome depends on the fetal fraction; for 10% fetal fraction a 5% 

increase of chromosome 21 is anticipated in T21 cases (54) and for 20% fetal fraction this 

chromosome 21 increase is 10% (55). Irrespective of the detection method used, whether 

based on counting or genotyping, higher fetal fraction results in higher percentage of trisomic 

vs. disomic reads, i.e. greater differentiation between trisomic and disomic chromosomes, 

increasing sensitivity (34, 56). When using genotyping based methods, specificity is also likely 

to increase with higher fetal fraction (56). Therefore, very low fetal fraction could potentially 

lead to false-negative results. Often false-negative results or true-positive results close to the 

cut-off limit arise in cases with fetal fraction below 7% (34, 35). As a result, some NIPT studies 

have set a cut-off of 4% fetal fraction for results interpretation (57-59). Commercial Non-

Invasive Prenatal Testing (NIPT) providers who measure fetal fraction (e.g. Ariosa, BGI and 

Natera) have also set a cut-off of 2.8% - 4% (60). Historically, the 4% cut-off was set-up 

statistically and it should potentially be adjusted for the specific NIPT technique used, as 

samples with fetal fraction as low as 2% have been shown to be reliably detected (61).  

Targeted approaches are expected to have a higher cut-off than shotgun approaches, due to 

the additional variation and bias introduced by PCR (62). On the other hand, providers who did 

not measure fetal fraction would interpret any low fetal fraction sample, as well as a non-

pregnant female sample, as a normal female fetus (63). The percentage of samples with fetal 
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fraction below 4% differs among studies, with figures reported varying from 0.5 to 8.5% (6, 56, 

61, 64-67), potentially also depending on sample demographics, such as gestational age and 

maternal weight. 

1.2.1.2 In Non-Invasive Prenatal Diagnosis (NIPD) of single-gene disorders 

For the non-invasive detection of single-gene disorders arising due to a paternally inherited or 

de novo mutation, or for presence/absence tests (e.g. sexing and Rhesus D status) low fetal 

fractions could lead to false-negative results due to failure of the sequence of interest to 

amplify (68, 69). In negative cases, amplification of paternally inherited sequences, such as 

indels (70, 71), microsatellites (72) and SNPs or detection of fetal-specific epigenetic markers, 

such as RASSF1A (73, 74), could aid in distinguishing a true negative from a false-negative 

result due to low fetal fraction. When RMD is used for recessive (47, 75), maternally inherited 

dominant or X-linked conditions (48, 50), the fetal fraction plays a pivotal role in the 

calculation used to assess if the fetus carries the mutation (50); relatively small deviations from 

the actual fetal fraction could lead to both false-positive (when the fetal fraction is under-

estimated) and false-negative (when the fetal fraction is over-estimated) results. In addition, a 

minimum of 7% fetal fraction may be necessary for correct fetal zygosity determination (75). 

Similarly, accurate fetal fraction determination is crucial for RHDO analysis (49, 76-78). True 

results have been reported for fetal fraction as low as 4.7%, but results are also dependent on 

the sequencing depth and number of informative SNPs; the lower the fetal fraction, the 

greater the number of informative SNPs and sequencing depth needed for successful diagnosis 

(76).  

1.2.2 cfDNA stability and sample collection conditions  

1.2.2.1 Collection in EDTA tubes 

Since the high maternal background poses a real challenge for non-invasive prenatal testing 

(NIPT) and diagnosis (NIPD), it became apparent that sample collection and processing 

conditions might affect cfDNA quality and testing results. The majority of studies conclude that 

the cffDNA concentration remains stable for at least 24hr after phlebotomy, but the total 

amount of cfDNA significantly increases after 6 hrs, with an even more dramatic increase at 

20-24 hrs after phlebotomy. This increase of total cfDNA over time is probably the result of 

lysis of the maternal blood cells that increase the amount of maternally derived cfDNA (69, 79-

83), further diluting down the already low fetal fraction. Some studies have not reported such 

a pronounced difference in total plasma cfDNA in up to 24 hrs (83-85). Norton et al. have 

shown using spiked samples that not only detection of total DNA copies increases, but also the 

detection of fetal copies might progressively decrease after 7 and 14 days (85). Plasma cfDNA 
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from blood samples collected in EDTA tubes and stored/transported for up to 5 days may still 

be acceptable for presence/absence PCR applications (69). Clotting and cfDNA extraction from 

serum were also found to increase the total cfDNA (3, 81, 84). Similarly, shipping or agitation 

of samples over time, to simulate transportation, was shown to increase total cfDNA (85). 

Storing the maternal blood sample at 4-6°C  instead of room temperature before processing 

does not seem to prevent maternal cell lysis (80, 81, 85). Therefore several studies concluded 

that centrifugation of the blood sample to isolate the plasma as soon as possible after 

phlebotomy is the best approach (80, 84, 86). It is widely accepted that the initial 

centrifugation step to separate the plasma should be at relatively low force in order to avoid 

maternal blood cell lysis (86-88), although centrifugation of bone marrow transplantation 

patient plasma at speeds between 300 x g and 16000 x g did not reveal significant difference in 

total cfDNA (89). Centrifugation at low force will not remove all maternal cells, hence further 

processing is needed for optimal results; Chiu and colleagues have shown that the initial 

centrifugation step followed by microcentrifugation or filtration is sufficient to produce cell-

free plasma, with microcentrifugation being easier and cost-effective. Initial centrifugation 

followed by Percoll gradient separation is not effective and produces higher total cfDNA (90). 

In addition care should be taken after the initial centrifugation not to disturb the buffy coat 

when transferring the plasma, because it contains maternal cells that could reduce the fetal 

fraction if lysed (85, 86, 88, 90).  

After the initial centrifugation step, plasma samples can be stored at room temperature for up 

to a week. However, by two weeks the total cfDNA increases and the fetal fraction decreases 

(86). The same samples can be stored for at least 3 days at 4°C, -20°C and two weeks at -80°C 

before a second centrifugation step without compromising the fetal fraction (86, 90, 91). 

Likewise, freezing of double-centrifuged plasma at -80°C for at least up to 2 weeks does not 

compromise the fetal fraction, although repeated (x3) thaw-freezing cycles of double-

centrifuged plasma lead to further DNA fragmentation. This is not the case when extracted 

plasma DNA is thawed-frozen multiple times (x3) (81). 

Other factors, such as collection tube size and blood amount collected, have also been 

suggested to affect fetal fraction (82, 91). 

1.2.2.2 Collection in cell-stabilising tubes (Streck) 

The use of formaldehyde-free (92) cell-stabilising Streck tubes prevents or minimises the 

increase in total cfDNA seen over time, at least for up to 3 (80, 82) or 7 days post phlebotomy 

(83, 85). At the day-14-after-phlebotomy time-point at room temperature studies are 
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discordant; some have concluded that Streck tubes stabilise cells (93), some that they show 

only a relatively small total cfDNA increase (85) and others that they show a significant total 

cfDNA increase (83). Streck tubes can also prevent the increase in cfDNA seen when EDTA 

samples are shipped or shaken (85) and their performance is not affected by drops during 

shipping (83). Nevertheless, Streck tubes are not as effective if kept at low (e.g. with frozen gel 

packs or at temperatures 4-7°C) (82, 83, 85), or high (23°C, 37°C, 40°C) (83, 85) temperatures, 

with total cfDNA increasing and fetal fraction decreasing as the storage temperature rises (83). 

The Streck cell-stabilising reagents do not affect cfDNA downstream applications (83). 

1.2.3 Enrichment methods 

Given that higher fetal fraction will facilitate the detection of both trisomies and monogenic 

disorders, researches have tried to enrich the cfDNA with fetal fragments. 

1.2.3.1 Formaldehyde 

It has been suggested that the use of formaldehyde after phlebotomy and careful 

centrifugation dramatically increases the fetal fraction, potentially by stabilising the 

enucleated cells in the maternal circulation, inhibiting DNases and preserving the cfDNA (88, 

94). However, other groups have not been able to replicate these results (95, 96). 

Formaldehyde is carcinogenic and promotes nucleic acid – protein cross-linking, damaging the 

nucleic acids and hindering their extraction (85, 92). Streck cell-stabilising tubes do not contain 

free formaldehyde (92) and have been shown by several studies to prevent maternal blood cell 

lysis, so they could be a better alternative (80, 82, 85, 93). 

1.2.3.2 Selection of shorter fragments 

Considering that cffDNA is shorter than the maternal, another enrichment method used was 

the isolation (37, 97) or preferential utilization (47) of the shorter cfDNA fragments. Li et al. 

isolated the shorter fragments of cfDNA by electrophoresis and PCR in a proof-of-principle 

study (37) and then used this method to detect paternally inherited point mutations in β-

thalassemia (97). This method is labour intensive and could be prone to contamination (98) 

and therefore Lun et al. adopted a different method taking advantage of the shorter length of 

fetal fragments compared to maternal, called digital nucleic acid size selection (NASS). More 

specifically, primers were designed so that they would produce a long (~180bp) and a 

completely overlapping short (~65bp) amplicon by using a single reverse and two different 

forward primers (or vice versa). Since it is expected that the proportion of fetal fragments will 

be higher for the short amplicon, only results from the short amplicon were taken into 

consideration for mutation analysis (47). 
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1.2.3.3 Selection of regions that are differentially methylated in the placenta 

Differential expression of genes in different tissues or throughout development is achieved by 

epigenetic changes, most commonly DNA methylation (99). The different methylation status of 

placental genes compared to maternal blood cell genes could be used in order to enrich for 

fetal sequences and several differentially methylated regions have been identified in the 

placenta (100-102).  

Hypo-methylated placental sequences, such as the promoter of the maspin (SERPINB5) gene 

on chromosome 18, can be chemically altered using bisulfite modification. Bisulfite 

modification converts cytosine to uracil in non-methylated regions only. Methylation-specific 

PCR can then be used to preferentially amplify non-methylated loci, hence enriching for fetal 

sequences and excluding maternal. This approach has been used for the detection of T18 

(103). 

On the other hand, hyper-methylated placental sequences can be preferentially amplified after 

either enriching them using immunoprecipitation (104) or digesting the maternal hypo-

methylated regions with restriction enzymes (105, 106). Both approaches have been used for 

the non-invasive detection of T21. 

1.2.4 Factors affecting fetal fraction 

Maternal weight has been identified by numerous studies as the main factor affecting fetal 

fraction (5, 6, 56, 107-110). Body Mass Index (BMI) has also been reported to have a negative 

correlation to fetal fraction (111). In a study of over 4600 women, the median fetal fraction 

was 15.8% for maternal weight below 60 kg, 10.5% for weight between 80 and 89 kg and 6.4% 

for over 110kg (56). Another study has estimated the median fetal fraction at 12 weeks’ 

gestation to be 13.7%, 9.8%, 6.5% and 3.9% for women weighing 40kg, 80kg, 120kg and 160kg 

respectively (5). Similar estimations have also derived from a different study (35). This negative 

correlation might be due to either cfDNA deriving from maternal adipose tissue and increasing 

the maternal background or higher blood volume and more lysed maternal white cells diluting 

down the cffDNA (56, 112, 113). These hypotheses are supported by the fact that total cfDNA, 

but not cffDNA, has been found to increase with increasing maternal Body Mass Index (BMI) 

(110, 114-116).  

There is also a weaker positive correlation between fetal fraction and PAPP-A (Pregnancy 

Associated Plasma Protein - A) and free β-hCG (human Chorionic Gonadotropin) (5, 107, 108, 

110, 111). Both these metabolites are produced by the placenta and are indicators of placental 

size which could explain this positive association.  
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Gestational age (6, 107, 116) and fetal crown-rump length (CRL) have also been reported to 

have a weak positive correlation with fetal fraction (5, 107, 111). One study has found lower 

fetal fraction in Afro-Caribbean compared to Caucasian women (5), but this finding was not 

replicated by others (116) and another study found lower fetal fraction in South Asian women 

compared to Caucasians (111). Increased fetal fraction has been reported in smokers in a 

single study (5). 

A couple of studies found an increase in fetal fraction in cases with trisomy 21 (T21) when 

compared to disomic cases (5, 116). Rava et al. reported a decrease in fetal fraction in cases 

with T13, T18 and Turner Syndrome (116). Another study also found a decrease in fetal 

fraction in T18 cases, but they concluded that this was only a consequence of low placental 

mass (108).  

Fetal fraction is also increased in twin pregnancies (117), although the fetal fraction per fetus is 

decreased (118). 

Most studies have shown no correlation between fetal fraction and risk group, nor between 

fetal fraction and specific a priori pregnancy risk factors, such as maternal age, serum 

screening result and nuchal translucency (NT) (5, 107, 108, 119). A single study found a 

negative correlation to maternal age (111). In addition, fetal gender, method of conception 

and maternal height (5, 108) have not shown any significant correlation with fetal fraction, 

although one study reported lower fetal fraction in assisted reproduction technology (ART) 

pregnancies (111). 

1.2.5 Measuring fetal fraction 

The measurement of fetal fraction is challenging and different techniques can produce 

different results. Initially, measurement of fetal fraction relied on sequences from the Y 

chromosome, such as SRY, ZFY and DYS14.  DSY14 is a multi-copy sequence in gene TSPY1 and 

could therefore increase the limit of detection compared to single-copy SRY (120) for 

qualitative experiments. However, DSY14 seems to amplify in some female pregnancies (70) 

and also the exact number of DSY14 copies per Y chromosome can vary (80, 121), making 

precise fetal fraction quantitation impossible. Real-time PCR was the first technique used to 

measure fetal fraction (3, 120, 122), followed by mass spectrometry (MS) and digital PCR 

(dPCR) (4, 75, 80). The latter was found to be more accurate and sensitive and showed the 

least bias compared to the other techniques, and especially when shorter amplicons were used 

(4, 123). All these assays depend on a single locus.  
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Next Generation Sequencing (NGS) allowed the determination of fetal fraction using the 

counts derived from the whole of Y chromosome when counting methods were used (26, 124, 

125). All the above mentioned assays could only measure fetal fraction in male pregnancies. 

dPCR or t-NGS using genotyping methods, such as single nucleotide polymorphisms (SNPs) or 

indels, allowed fetal fraction determination in both male and female bearing pregnancies (34, 

58, 75, 108, 126-128), with NGS also allowing for multiple loci to be tested simultaneously, 

potentially leading to higher accuracy. Additionally, SNP based NGS could also allow measuring 

the fetal fraction in twin pregnancies (126). Finally, MALDI-TOF MS (matrix-assisted laser 

desorption/ionisation-time of flight mass spectrometry) has also been used to determine fetal 

fraction utilising two loci (TBX3 and SOX14) that are not methylated in maternal blood cells but 

are hypermethylated in the placenta (129). 

More recently cfDNA fragment size has been used to determine fetal fraction. Plasma samples 

from male pregnancies were sequenced with paired-end WGS. The ratio of reads between 100 

and 150 bp (mainly derived from the fetus) over reads between 163 and 169 bps (mainly 

derived from the mother) was used to estimate fetal fraction and was highly correlated to the 

fetal fraction measurement calculated by the proportion of reads obtained from the Y 

chromosome (125). Similarly, size information obtained from libraries using microchip 

electrophoresis (Agilent Bioanalyser) was also used to calculate fetal fraction and again 

showed a high correlation with the fetal fraction measurement calculated by the proportion of 

reads from the Y chromosome (125).  

Other universally informative fetal fraction measurement methods were developed based on 

the difference in chromatin structure between maternal and fetal cfDNA. Placental DNA is 

hypomethylated (130) and it has been suggested that cffDNA is more densely packed than 

maternal, with shorter linker DNA between nucleosomes or stronger binding of the histones 

(131). This difference seems to lead to non-uniform representation of maternal and fetal DNA 

in WGS of maternal cfDNA, with cffDNA being more likely to originate from euchromatic 

regions of the genome and hence these regions are enriched for fetal reads on WGS. Using 

read count and a statistical weighting scheme, these regions can be used to measure fetal 

fraction with the seqFF method (132). Similarly, fetal reads are more likely to start at positions 

covered by nucleosomes. Comparing the number of reads starting in linker DNA to the reads 

starting in nucleosome DNA provides another method of fetal fraction estimation (131). 

Additionally, given that DNA fragmentation is not random, it has been suggested that the end 

sites of plasma cfDNA are enriched for specific genomic locations and some of these are mainly 

originated from either placental or maternal fragments. This property of the cfDNA has also 

been exploited to measure fetal fraction (52). 
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It becomes clear, that when performing whole genome sequencing for NIPT, various 

algorithms can then be applied on the data to determine fetal fraction. Often these algorithms 

show some concordance, however the fetal fraction estimations usually differ. Comparison of 

such algorithms has suggested that Y chromosome read counting methods perform more 

consistently, but universally informative measurements are sufficient for approximate 

measurement of fetal fraction in female fetuses (133).  

Very recently, Ariosa reported the accurate determination of fetal fraction using SNPs probes 

on microarray (134). 

Four of the five main private NIPT providers report fetal fraction, with two utilising SNPs, one 

size fragmentation and one bisulphite conversion for measurement (60). In general, there is 

lack of standardisation both for measuring and for reporting fetal fraction (60, 135) with some 

laboratories not measuring it, some measuring and reporting it and some measuring it for 

internal quality control only. In 2016 the American College of Medical Genetics and Genomics 

(ACMG) recommended that all laboratories should report fetal fraction and should establish 

the analytical and clinical validity of their fetal fraction measurement assay (136).  

1.3 cffDNA APPLICATIONS IN CONSTITUTIONAL GENETICS 

1.3.1 Detection of single gene disorders (NIPD) 

1.3.1.1 Initial applications: detection of de novo or paternally inherited sequences 

cfDNA was initially exploited for determining the presence or absence of fetal-specific 

sequences, e.g. SRY or DYS14 for sexing (21, 70, 137-139), fetal Rhesus D determination (73, 

140-143), de novo or paternally inherited dominant genetic disorders (68, 87, 144-148) and 

exclusion of inheritance of paternal mutation in recessive conditions (87, 149-152). Recessive 

conditions where both parents carry the same mutation, maternally inherited mutations and 

X-linked conditions could be inferred using the fetal SNP haplotyping approach for positions 

around and in the close proximity of the mutation of interest (151, 152).  

These initial applications used techniques such as end-point PCR and electrophoresis, PCR-RED 

(Restriction Enzyme Digest), PCR and MS or real-time PCR. These techniques, and especially 

the first two, require extensive optimisation, are susceptible to contamination and the analysis 

of the results depends on the presence or absence of faint bands on the electrophoresis gel 

and therefore can be subjective (68).  
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1.3.1.2 Introduction of more sensitive techniques and detection of maternally inherited 
sequences 

Subsequently, the advent of more sensitive techniques, such as dPCR (33, 153-156) and NGS 

(157, 158), improved the sensitivity of detection of de novo or paternally inherited dominant 

conditions (159) and the exclusion of inheritance of the paternal allele in recessive conditions 

(160, 161). Furthermore, these techniques also allowed the detection of autosomal recessive 

(77) and maternally inherited genetic syndromes (47, 48, 50, 75, 78). 

The principle of dPCR lies in using a limiting dilution of the sample so that in theory a single or 

no DNA molecules are present per reaction. Each reaction takes place in a separate chamber 

(for microfluidics dPCR, such as the Fluidigm microchips) or droplet (for droplet dPCR, such as 

the Raindance and Bio-Rad systems) and will give rise to a presence or absence signal. This 

digital output allows accurate and sensitive counting (33, 155, 156), with the limit of detection 

and sensitivity depending on the number of reaction chambers available or droplets formed. In 

practice, due to the random distribution of molecules (162), a positive reaction might contain 

more than one DNA molecules. This will also depend on the original concentration of the 

sample. The actual number of molecules per reaction, and hence absolute quantification of the 

original sample, can be determined using Poisson statistics and probability (163). dPCR was 

found to be more sensitive for the detection of monogenic disorders than other PCR based 

techniques (68) and using the RMD method allowed the detection of conditions inherited from 

the mother, whether dominant, recessive (47, 75) or X-linked (48, 50). However, experience in 

the NETRGL and others has shown that microfluidics dPCR can be quite costly per sample (50, 

68), while droplet dPCR provides a more affordable, scalable and safe option, which is more 

likely to provide a true result even at fetal fraction <10% (50, 161). 

NGS relies on the massively parallel sequencing (MPS) of the whole genome or of selected 

targeted regions, generating millions of reads. This translates into hundreds of reads per locus, 

allowing digital counting and providing high sensitivity. Due to its massively parallel nature, 

both the sample throughput and the number of loci tested can be much higher than with other 

techniques, ultimately making NGS-based NIPD more flexible, accurate and cost-effective (68, 

159). NGS coupled with the appropriate type of library capture and data dosage analysis can 

provide detection of mutations of all inheritance patterns. Even previously challenging 

mutations, e.g. in genes that have pseudogenes (49, 77), deletions, X-linked (78) or maternally 

inherited, can now be detected using RHDO analysis.  

The RHDO approach usually requires interrogation of the haplotypes of the parents and of an 

affected or unaffected proband. More recently, using microfluidics-based linked-read 
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sequencing (164) of haplotypes, the necessity for a proband was abolished, allowing NIPD even 

when a proband is not available (76).   

1.3.2 Screening for common aneuploidies (NIPT) (see also section 1.4) 

Soon after the detection of cffDNA in the maternal circulation, several proof-of-principle 

studies for the detection of T21 were published using various detection approaches, such as 

fetal-specific mRNA (51, 165, 166), genetic-epigenetic (51, 105, 106), DNA methylation (104) 

and DNA counting (167) based. Then small scale studies for the detection of T18 and T13 

followed (103, 168). 

Techniques such as MS (165, 166), real-time PCR (104), dPCR (51, 105, 106, 166, 167), Multiple 

Ligation-dependent Probe Amplification (MLPA) (169) and NGS have been used, with NGS 

overtaking NIPT due its potential to generate massive amounts of data from multiple loci or 

the whole genome in parallel, allowing digital counting of all chromosomes of interest, as well 

as sensitive and accurate detection.  

NGS based NIPT can be either whole-genome (or shotgun) (124, 170), targeted (34) or SNP (36) 

based and multiple large scale studies have now been reported. Studies were initially 

conducted in the high-risk population only (34, 35, 58, 59, 171) and were later extended to the 

general population (66, 172, 173), revealing improved detection and decreased false-positive 

rates compared to conventional prenatal screening programs (65, 174). 

1.3.3 Detection of subchromosomal copy number changes 

NGS has also been used for the non-invasive detection of fetal subchromosomal copy number 

changes (CNVs) (175-182). Depending on the detection algorithm used, these CNVs can be 

detected either at targeted (175, 178, 179, 181, 183-186) or random positions across the 

genome (176, 177, 180, 182, 187-189). Subchromosomal changes have also been found as 

incidental findings using s-NGS NIPT (117, 190). Detection of CNVs on s-NGS based NIPT has 

been shown to be a function of CNV size, fetal fraction and read depth (180, 188, 189, 191) 

Since approximately 2014, most private NIPT companies are now offering extended NIPT 

packages to include targeted recurrent microdeletion syndromes (192), often with limited 

validation on spiked samples only. Sequenom also offers genome-wide CNV detection for 

changes >7 Mb. False-positive (176, 179, 180, 189, 193, 194) and false-negative (179, 180, 184, 

189) results seem to arise relatively frequently, resulting in low sensitivity and specificity for 

mainstream diagnostic testing or screening. Moreover, the prevalence of such pathogenic 

CNVs is low in the general population, resulting in low positive predictive value (PPV) (188, 
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194-199). Consequently, the non-invasive prenatal detection of subchromosomal CNVs is at 

the moment of limited clinical value (188, 200).  

In addition, fetal CNV detection is complicated if the mother carries a copy number change 

(188, 189). Recently, Yu et al. used a combined count- and size- based approach to correctly 

diagnose five fetuses (two negative and three positive) in pregnancies where the mother was 

carrying the CNV. Such an approach could improve specificity and PPV (185). 

Both the International Society for Prenatal Diagnosis (ISPD) and the ACMG have published 

recommendations against the use of NIPT for screening for subchromosomal copy number 

changes (136, 201), due to the high false-positive rate, that would reverse the benefits of the 

decrease in invasive procedures, and counselling concerns (201).  

1.3.4 Whole Genome Sequencing 

In a proof-of-principle study Lo et al. showed that it is feasible to construct the whole genomic 

profile of the fetus by sequencing the maternal plasma at 65x coverage (7). Although very 

complicated bioinformatics algorithms, including haplotype-based RHDO, and high costs are 

involved, this study proved that the whole fetal and maternal genomes are present in the 

maternal plasma in stable relative dosages and that in the future it could be feasible to detect 

both CNVs and single nucleotide changes in a single test. The possibility of sequencing the 

whole fetal genome non-invasively was subsequently confirmed by another two studies (202, 

203). Although these studies used different methodologies, they both achieved over 99% 

accuracy. Nevertheless, the greatest challenge in all cases is distinguishing between 

sequencing errors and de novo mutations in the fetus (53). The principles used to infer the 

fetal genome are explained in a review by Snyder et al. (53). 

More recently, the utilisation of ultra-deep whole-genome NGS (195x – 270x coverage) data in 

combination with cfDNA fragmentation pattern information and the SNP-based GRAD 

algorithm, allowed the non-invasive interrogation of the whole fetal genome at substantially 

higher resolution, sensitivity and PPV. This “second generation” non-invasive fetal genome 

analysis also allowed better detection of de novo mutations. Nevertheless, the possibility to 

routinely use this approach in clinical practice is restricted by its prohibiting high cost (52).  
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1.4 NON-INVASIVE PRENATAL TESTING (NIPT) 

1.4.1 NIPT is a screening test 

NIPT is highly sensitive and specific (65, 204), but there is still a low rate of discordant results 

(205, 206). Therefore, NIPT is considered a stringent screen, not a diagnostic test, and 

confirmation by an invasive procedure is recommended and necessary for all positive results 

(55, 136, 197, 207-209).  

1.4.2 Discordant results  

False-positive and false-negative results might arise from NIPT due to various reasons, but 

most commonly due to CPM. Appropriate pre-test counselling should be provided, but that is 

not always the case (136, 210). 

1.4.2.1 Confined placental mosaicism and placental mosaicism 

Whole chromosome mosaicism may occur during mitosis, due to anaphase lag or chromosome 

non-disjunction (211). Depending on which stage of embryonic development the mutation 

occurs, the new cell line(s) may be present in the fetus only, in the placenta only or in both 

(211). When the mosaicism is only present in the placenta, but not the fetus, it is called CPM. 

CPM is a well-documented phenomenon in Cytogenetics that occurs in 1-2% of CVS cases (212-

215). During the rapid mitotic divisions of placentation, errors may occur giving rise to trisomic 

cell lines that are only present in the placenta and do not affect the fetus per se. Similarly, in 

the case of a trisomic conception the extra chromosome might get lost during placentation in a 

proportion of the placenta, while the fetus remains affected (trisomy rescue). CPM might only 

affect the trophoblast (CPM type I), or the mesenchymal villous core (CPM type II), or both 

(CPM type III). Direct CVS preparations reflect the karyotype of the trophoblast, while long-

term CVS cultures reflect the karyotype of the mesenchymal core. During development, the 

cells that will form the trophoblast differentiate earlier from the cells that will give rise to the 

fetus, meaning that the karyotype of the mesenchymal core cells reflects more closely the fetal 

karyotype, when compared to the trophoblast (214). Discordant results between short-term 

CVS cultures, long-term CVS cultures, Quantitative Fluorescence – PCR (QF-PCR) on CVS 

material and true fetal karyotype due to CPM are well-documented in Cytogenetics (212-214, 

216-218).  

Since, as already discussed, the main origin of cffDNA is the placenta, the most common 

reason for discordant results between NIPT and invasive testing or true fetal trisomy status is 

CPM. There are several case reports of discordant NIPT results due to CPM in the literature, 
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leading mainly to false-positive results (11-14, 16, 17, 190, 205, 209, 219-223) or incorrect fetal 

sex assignment (224). 

Mosaicism in the placenta, while the fetus is either trisomic or mosaic (true fetal mosaicism), 

may lead to false-negative results, because the levels of the trisomic chromosome might not 

be elevated enough to reach the detection threshold (15-17, 205, 225-227). Both the level and 

spatial distribution of placental mosaicism might affect the NIPT results (226). Interestingly, 

Brison et al. recently showed that using a sophisticated algorithm, that incorporates the read 

counts of the aneuploid chromosome and the fetal fraction measurement, the presence of 

(C)PM can be predicted in at least 90% of cases. Identifying NIPT screening positive 

pregnancies at risk of (C)PM could inform and improve pregnancy management (228). 

True fetal mosaicism with a normal cytotrophoblastic layer in the placenta is also expected to 

significantly contribute to false-negative NIPT results (1/107 cases) (208). 

1.4.2.2 Maternal chromosomal abnormality 

The presence of a copy number gain for the whole or part of a chromosome in the mother, 

may lead to a false-positive NIPT result (205, 229-231). Such gains could also result in false-

positive results in future pregnancies (230). Zhang et al. described 21 such cases of false-

positive results, with the maternal copy number change sizes varying from 0.5 to 14 Mb (205). 

It has also been suggested that longer chromosomes show a higher distribution of larger CNVs, 

and hence chromosomes 13 and 18 are more likely to give false positive results than 

chromosome 21 for this reason (230). However, NIPT providers often try to adjust for maternal 

CNVs through their analysis algorithms (232). 

Respectively, the presence of a maternal copy number loss could complicate reporting (190) or 

lead to a false-negative NIPT result for an affected fetus (230), although, to my knowledge, 

such an occurrence has not been reported.  

Likewise maternal constitutional whole chromosome mosaicism will lead to false-positive 

results and can be relatively common for sex chromosomes (172, 190, 231, 233, 234). The loss 

of one X chromosome with age in women is well-documented (235) and could potentially 

affect sex chromosome NIPT (231). 

The presence of malignancy in the mother contributing cfDNA in the circulation has also been 

extensively reported to lead to false-positive results (225, 236-240). Strikingly, exploiting 

tissue-specific methylation patterns and genome-wide methylation NGS has been recently 

shown to be able to determine the tissue of origin of aberrations detected in plasma. Using 
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this technique copy number changes found in maternal plasma, including T21, were shown to 

have derived from B lymphocytes and therefore, representing maternal follicular lymphoma 

instead of true fetal abnormality (237). 

1.4.2.3 Multiple pregnancies, vanishing twin and triploidy 

The fetal fraction is increased in twin/multiple pregnancies (20, 241). This could lead to 

improved detection rates for monozygotic twins, considering that they will share the same 

genetic material, but could also impede correct detection of trisomic status in dizygotic twins, 

if they are discordant for their trisomy status. When counting methods are used in discordant 

dizygotic twins, either a positive or negative result will be given for the whole pregnancy, but 

not for each fetus (242, 243).  However, since the two fetuses might not be contributing 

equally to the cffDNA fraction, false-negative results might arise when the affected fetus 

contributes less cfDNA than the unaffected (174). False-positive T21 results have been 

reported in twin pregnancies (205). False-positive results or incorrect sex determination may 

also arise due to the presence of an aneuploid or male vanishing twin (225, 231, 244, 245), 

because the placenta might still be viable while the fetus is not. An ultrasound scan to 

determine the number of fetuses, chorionicity and the potential presence of an empty sac 

before NIPT would aid interpretation of results in such cases (246).  

Genotyping NIPT methods could potentially determine zygosity and give a separate risk for 

each fetus (126, 127). Genotyping methods could moreover detect triploidy which would be 

missed by counting NIPT methods leading to false-negative results, as well as the presence of a 

vanishing fetus (225, 247). 

An algorithm developed by Brison et al. to non-invasively detect pregnancies at risk of (C)PM 

could also be used to detect dizygotic twins where one twin is affected and the other one is 

unaffected (228).  

1.4.2.4 Chromosome specific considerations 

The low prevalence of T13 and T18 makes their predictive values lower than that of T21, 

potentially leading to a disadvantageous balance between true-positives and false-positives 

(209, 221, 223, 225, 248). Additionally, chromosome 13 is the chromosome with the second 

lowest GC content and shows more variation in sequencing parameters compared to 

chromosome 21, making it more prone to false results (26, 249). In contrast, chromosome 18 

shows significant less variation that 13 and 21 (116), meaning that T18 is potentially more 

easily detected, even if in mosaic state in the placenta (221). Lastly, the high rate of false-
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positive T13 and T18 results might also arise due to the higher prevalence of CPM for these 

trisomies compared to T21 (214, 228). 

1.4.2.5 Other biological causes of discordant results 

cfDNA from transplanted organs can also lead to discordant results. At least three cases of a 

male result on NIPT and a normal female baby have been encountered, where the mothers 

had received transplants from male donors (210, 231). 

Benign uterine fibroids have been reported to contribute to non-reportable NIPT results due to 

multiple genomic changes (240) and could therefore also lead to false results. 

Discordant results might also arise if the mother has had stem cell therapy, immunotherapy or 

a recent blood transfusion, although, to my knowledge, such cases have not been reported. 

As previously discussed, low fetal fraction could generate false-negative results (34, 35). 

Therefore, factors that lead to low fetal fraction, such as early gestation (3) at sampling and 

maternal obesity (5, 6, 56, 107-110), might result in discordant results. 

1.4.2.6 Non-biological causes of discordant results 

Apart from the biological causes of discordant result, assay-specific false-positive and false-

negative results might arise. The sensitivity and specificity of NIPT for sex chromosome 

abnormalities is lower than for the common autosomal trisomies (T13, T18, T21), leading to 

frequent false-positive (110, 171, 209, 250) and false-negative results (172). However, 

biological reasons might underlie differences in sensitivity and specificity for certain 

chromosomes. 

Finally, discordant results could arise due to sample mix-up or laboratory error (171, 225). 

1.4.3 NIPT methods 

1.4.3.1 Initial methods and proof-of-principle studies 

Considering the very high maternal background against which the cffDNA has to be tested and 

the limitations of traditional techniques, most NIPT methods used initially relied on selection 

or enrichment for fetal sequences. Most published studies are small scale and proof-of-

principle with lack of larger clinical validation studies. 
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1) Epigenetic markers: 

With epigenetic markers being present in abundance across the genome (100, 102, 251, 252), 

such methods had the potential of being universally utilised. However, approaches depended 

on allelic ratios would require multiple markers available for testing in order to achieve 

coverage of the whole population (54). 

A)  Epigenetic allelic ratio approach 

The first published report of NIPT was based on the epigenetic allelic ratio approach (103). 

According to this approach, the promoter of the maspin (SERPINB5) gene on chromosome 18, 

that is hypo-methylated in the placenta, was chemically altered by bisulfite modification and 

amplified by methylation-specific PCR. With the aid of informative (heterozygous) SNPs in the 

region, detection of T18 was possible. More specifically, a 1:1 ratio for the two SNP alleles 

represented a euploid fetus, while a 1:2 or 2:1 ratio represented an aneuploid fetus. The main 

disadvantage of this method is that bisulfite modification degrades the DNA (253), decreasing 

the already low amount of cffDNA present. Additionally, universal chemical modification is 

usually not achievable (254). Finally, in order for the assay to be informative, the SNP has to be 

in a heterozygous state in the fetus. 

B) Epigenetic-genetic approach 

Other methods utilising epigenetic markers have also been used successfully for NIPT. The 

epigenetic-genetic approach used the promoter of the HLCS gene on chromosome 21, that is 

hypermethylated in the placenta, and a fetal specific paternally derived marker, either ZFY 

(105) or an autosomal SNP allele (106) to normalise the counts. More specifically, the maternal 

hypo-methylated HLCS was digested with restriction enzymes and then samples were 

amplified using either real-time or digital PCR. The dosage of HLCS was compared to either ZFY 

or a paternally inherited SNP in order to infer euploid and trisomic fetuses. The main 

disadvantage of this method lies in the fact that the differentially methylated loci used need to 

coincide with a restriction site, in order to be able to digest them (104). Other disadvantages 

are that for female pregnancies informative SNPs need to be identified for normalisation and 

that it is possible that, depending on the specific allele, equally accurate results might not be 

produced (106).  

C) Methylated DNA Immunoprecipitation approach 

Papageorgiou et al. developed a different epigenetic method based on Methylated DNA 

Immunoprecipitation (MeDIp) (104). Chromosome 21 loci that are hyper-methylated in the 

placenta were enrich by immunoprecipitation using 5-methylcytidine specific antibodies and 



Chapter 1: INTRODUCTION 

41 
 

amplified by real-time PCR. Multiple loci (twelve) were used to achieve higher sensitivity and 

specificity. The results were then compared to results from known euploid pregnancies, giving 

an expected theoretical ratio of 1 for euploid and 1.5 for aneuploid pregnancies. The main 

advantage of this approach is that it does not depend on SNPs being informative and thus can 

be universally used. Additionally, only simple, easy and cost-effective reagents and equipment 

available in any lab are necessary. Finally no plasma separation is needed; DNA can be 

extracted directly from only 1ml of whole blood (104).  

2) Placental RNA-SNP allelic ratio: 

Apart from cffDNA, fetal RNA has also been detected in maternal plasma (255) and has been 

shown to be very stable in plasma separated from blood collected in EDTA tubes (256). It has 

been suggested (98) that the plasma RNA stability might arise because it is particle-associated 

(257) and hence protected against RNase degradation (258). 

Soon after the epigenetic allelic ratio approach, the RNA-SNP allelic ratio approach was 

developed (51, 165). The principle of this method lies in the fact that mRNA produced only 

from the placenta will be fetal specific and this is the only method utilising mRNA instead of 

DNA. The PLAC4 gene is located on chromosome 21 and is specifically expressed in the 

placenta. PLAC4 mRNA was reverse-transcribed and amplified. Amplification products were 

detected using MS (165, 166) or dPCR (51, 166) and an informative (heterozygous) SNP within 

the region was used in order to detect aneuploidy. Euploid samples showed a 1:1 SNP allele 

ratio, while trisomy 21 samples showed a 2:1 or 1:2 ratio. This method was also used to detect 

T18 (168). As with other allelic ratio based approaches, detection depends on the SNP being 

informative and thus it is not universal. For any given SNP around 45% of fetuses would be 

informative (259). Moreover it has not been proven that mRNA is equally transcribed from 

both alleles of any gene. A proposed advantage of this method is that natural amplification of 

the mRNA of interest occurs, because more than one mRNA copies would be transcribed from 

each copy of a gene (98). 

3) Physical cffDNA enrichment: 

Formaldehyde treatment of maternal blood has been suggested to dramatically increase fetal 

fraction (88, 94), although this result was not replicated by other groups (95, 96). Nevertheless, 

Dhallan et al. used this enrichment method and multiple SNPs to identify T21 pregnancies. The 

methodology is relatively complicated and requires informative SNPs that include two 

different restriction sites in proximity to the SNP. SNP loci on chromosomes 21 and 13 were 

amplified by PCR, labelled and run on sequencing gels. Maternal buffy coat and maternal 
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plasma DNA electrophoresis results were compared using pixel density software in order to 

determine allelic ratio. Paternal DNA was also run to aid interpretation. Apart from the fact 

that formaldehyde treatment enrichment has not been supported by other studies, this 

approach is quite labour-intensive and possibly not as accurate since it relies on the 

quantification of sequencing gel bands. 

4) Molecular counting with dPCR: 

Lo et al. developed a method based on digital counting and named it RCD (Relative 

Chromosome Dosage) (51). A locus on chromosome 21 was amplified using dPCR along with a 

locus on a reference chromosome (chromosome 1). The digital output of the results allowed 

comparison between the two loci. A ratio equal to 1 represented a euploid sample, while an 

increased ratio for the chromosome 21 locus represented a T21 sample. The exact increase 

would depend on fetal fraction; for example for 10% fetal fraction a theoretical ratio of 1.05 is 

expected (51). Fan and Quake have also performed a proof-of-principle study of this approach 

using spike-in samples and a locus on chromosome 12 as reference (167). The main advantage 

of this approach is that it does not depend on SNPs being informative. Because the output is 

digital, the technique is very sensitive and allows direct counting without prior enrichment for 

fetal sequences. However, for the same reason that it does not involve any kind of fetal 

genetic material selection or enrichment, it can be more challenging. Accuracy and limit of 

detection will depend on fetal fraction and number of dPCR reactions. dPCR is quite labour-

intensive and costly. 

5) High-throughput Ligation-dependent Probe Amplification (HLPA) 

In a proof-of-principle study, a modification of the MLPA technique showed 100% sensitivity 

and 99.7% specificity for T21 detection. HLPA allowed the amplification of 200 loci in a single 

reaction and could provide a cost-effective solution for NIPT (169). 

6) The Vanadis assay 

Vanadis Diagnostics developed a NIPT method based on cfDNA fragmentation, probe 

hybridisation and fragment circularisation, rolling circle replication, labelling and imaging. This 

method interrogates ~3500 chromosome 21 loci and eliminates the use of PCR and NGS. In a 

small proof-of principle study (104 women) all 30 T21 cases were correctly identified. If it is 

proven highly sensitive and specific in larger prospective cohorts, it could provide a cost-

effective NIPT solution (260). 
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1.4.3.2 Next Generation Sequencing based methods 

The advent of NGS allowed not only improved sensitivity, but also investigation of multiple loci 

simultaneously and hence detection of all common aneuploidies in a single assay. In general 

there are three main NGS based NIPT methods: 

1) Shotgun or whole genome NGS (s-NGS):  

This method relies on sequencing the whole genome, aligning the reads to the relevant 

chromosomes and counting. Since the fetal fraction is already low, a trisomic sample will show 

only minimally raised counts for the chromosome of interest compared to a euploid sample. 

Theoretically, if the fetal fraction is 20%, then just a 10% increase in chromosome 21 counts is 

expected in T21 (55). Given that the fetal fraction is often much lower and that chromosome 

21 only represent ~1.5% of the genome, it becomes apparent that millions of reads should be 

generated in order to reach statistically significant cut-offs and accurately detect an 

aneuploidy (261). As the read depth decreases, so does the sensitivity (124). For the detection 

of aneuploidy the chromosome of interest can be either compared to chromosomes that are 

expected to be in a disomic state in the same run (26) or to a reference datafile comprising 

pooled data from normal pregnancies (117, 262). Correction for GC content might improve 

results, especially for the detection of T13 and T18 (117, 170, 262, 263). 

The first NIPT NGS-based proof-of-principle studies used s-NGS (26, 249). This approach has 

been adopted by most private NIPT providers (Verinata, Sequenom, BGI, Berry Genomics) 

(261) and its sensitivity and specificity have been calculated by several large prospective 

studies, both in high and low risk populations (35, 57, 172, 173).  

The advantage of this method is that, in theory, using the appropriate algorithms and depth of 

sequencing, aneuploidies and copy number changes of any chromosome could be identified. In 

addition, library preparation could be fast and easy, because it does not require capturing 

specific sequences. The main disadvantage is that in order to achieve adequate read depth, the 

cost is higher and the multiplexing potential is lower compared to other methods. However, 

depending on the NGS technology and sequencer used, even up to 48 or 96 samples can be 

multiplexed in one run, providing high throughput capability. In addition, NGS costs keep 

decreasing. 

2) Targeted NGS (t-NGS): 
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This approach includes an extra step of capturing during library preparation which targets 

specific regions or chromosomes of interest (264). It has been mainly used by a single private 

provider (Ariosa) and prospective studies using this approach have been published (58, 265).  

The main advantage of t-NGS is either the increase in multiplexing and consecutive reduction 

in cost per sample or the potential for deeper sequencing for the same cost and hence higher 

sensitivity. Clearly, in order to extend detection to other chromosomes or regions of interest 

the assay would need to be re-designed. It might also be slightly more labour-intensive due to 

the extra capturing step, although this is not necessarily the case (261). 

Interestingly, around 2014 Ariosa started using microarrays instead of t-NGS (section 1.6.4). 

3) SNP based NGS (SNP-NGS): 

The SNP-NGS approach is essentially a targeted approach, but instead of counting reads it 

utilises the presence of SNPs. These SNPs may only be present in the fetus and not the mother 

or any SNP can be utilised if both parental haplotypes are known (36). Although paternal blood 

samples are requested and tested, the assay can be performed without them, albeit with a 

higher failure rate (55). As with t-NGS, a single private provider uses this approach (Natera) 

and prospective studies have been published (66, 266). 

This genotyping approach has advantages over counting ones. Triploidy, twin zygosity (126, 

127), parental origin of imbalance and uniparental disomy could potentially be detected (55, 

64, 174). However, it cannot distinguish between twin pregnancy, vanishing twin and diandric 

triploidy, due to the same SNP profiles produced in all three cases. Investigation by ultrasound 

is needed to differentiate (247). Diandric triploid cases can be easily identified, while digynic 

triploid cases could be more difficult to detect due to the small placenta and hence low fetal 

fraction (247). In the case of dizygotic twins, a separate result could be reported for each twin. 

This approach could also be used for paternity testing and could identify consanguinity (55, 

64). Finally, the detection of paternally derived sex-chromosome aneuploidies is expected to 

be improved (55). This is the case for all XYY pregnancies, and around half of Turner and 

Klinefelter syndrome pregnancies. As this is a targeted approach, it is cost-effective compared 

to whole genome approaches. A disadvantage of this method is that in order to test for more 

chromosomes or regions the assay should be re-designed. Also, the potential for testing will 

depend on enough SNPs being present in the region of interest. In egg donour pregnancies, 

the donour genetic material contribution should be taken into consideration during results 

analysis. 
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1.4.4 NIPT performance 

Several large prospective studies investigating the clinical implementation of NIPT have been 

published in peer-reviewed journals in the last five years, each one reporting sensitivity and 

specificity for the common aneuploidies. NIPT sensitivity and specificity might also depend on 

the specific assay used (64). In order to assess the overall NIPT performance, meta-analysis of 

these data is necessary.  

Gil et al. performed a meta-analysis of 37 such studies conducted in both high-risk and low-risk 

pregnancies. They showed very high detection rate (DR) (99.2%) with a very low false-positive 

rate (FPR) (0.09%) for T21 in singleton pregnancies. DR and FPR for the other common 

aneuploidies and in twin pregnancies was not as good (65) (Table 1.1), but still improved 

compared to conventional screening. 

Table 1.1: NIPT detection and false-positive rate calculated by meta-analysis of 37 studies (65) 

Pregnancy Singleton Twin 

Aneuploidy T21 T18 T13 XO* SCA** T21 

DR (%) 99.2 96.3 91.0 90.3 93.0 93.7 

FPR (%) 0.09 0.13 0.13 0.23 0.14 0.23 
* Monosomy X      
** Sex Chromosome Aneuploidies other than Monosomy X 

 
Cuckle et al. performed a separate meta-analysis based on results from 13 studies conducted 

in high-risk pregnancies only and predicted NIPT performance for different screening scenarios 

and disorders (174). They predicted a DR and FPR for T21 in singleton pregnancies very similar 

to the ones calculated by Gil et al. (99.3 and 0.11 vs 99.2 and 0.09, respectively), when NIPT is 

used as the primary screen. In accordance to Gil et al., Cuckle et al. predicted worst 

performance metrics for T18 and T13 (Table 1.2) and calculated similar metrics for monosomy 

X (DR = 89.5%, FPR = 0.2%) and twin pregnancies (Table 1.3). 

Table 1.2: Performance of NIPT vs. conventional prenatal screening in singleton pregnancies 
(174) 

 T21 T18 T13 T21, T18 or T13 

 
Screening 

DR 
(%) 

FPR 
(%) 

PPV 
(%) 

DR 
(%) 

FPR 
(%) 

PPV 
(%) 

DR 
(%) 

FPR 
(%) 

PPV 
(%) 

DR 
(%) 

FPR 
(%) 

PPV 
(%) 

Conventional 
combined 

84.5 5.0 2.2 85.0 n/a n/a 96.2 n/a n/a 85.2 5.0 2.6 

NIPT primary 99.3 0.11 54.0 96.9 0.09 15.0 97.3 0.23 3.5 98.3 0.43 27.0 

NIPT contingent 
(20% highest risk) 

93.6 0.02 85.0 90.3 0.02 45.0 86.6 0.05 15.0 92.8 0.09 63.0 
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Table 1.3: Performance of NIPT in twin pregnancies based on 957 results reported in 8 studies 
(174) 

Pregnancy Discordant Twins Concordant Twins  

Aneuploidy T21 T18 T13 T21 T18 

DR (%) 95.3 88.9 100 100 100 

FPR (%) 0 0 0 0 0 

 
Benn performed a meta-analysis and calculated the DR, FPR and no result rate (NR) for the 

main three different NIPT methods (Table 1.4). For s-NGS his calculations were based on eight 

studies from different groups/providers with some differences in methodologies. The seven 

studies used for t-NGS and two studies used for SNP-NGS included results reported from a 

single NIPT provider for each method (Ariosa and Natera, respectively) (64). Hence, this 

performance comparison should be interpreted with caution. 

Table 1.4: Performance of NIPT depending on the sequencing method used (64) 

 T21 T18 T13 

NIPT Method DR (%) FPR (%) NR* (%) DR (%) FPR (%) NR* (%) DR (%) FPR (%) NR* (%) 

s-NGS 99.0 0.19 2.3 97.6 0.15 2.3 89.2 0.32 2.8 

t-NGS 99.4 0.01 4.3 97.9 0.08 4.3 81.8 0.06 3.2 

SNP-NGS 100.0 0.00 7.7 96.4 0.09 7.6 100.0 0.00 7.7 

*NR: no result rate due to low fetal fraction or technical failure 

 
The prevalence of “failed” and “inconclusive” or “no call” results should also be taken into 

consideration when assessing NIPT performance. Such results may arise due to low fetal 

fraction, sample or assay quality assessment failure, result falling within a “grey zone” or close 

to the detection cut-off (174). Meta-analysis of studies revealed that on average 6.1% of 

pregnancies did not proceed to NIPT due to sample quality, with this figure ranging from 0.8% 

to 9.9% depending on the study and stringency of sample testing criteria (55). A further 2% of 

cases received a failed result due to low fetal fraction or assay technical failure.  This figure 

ranged between 0% and 6.4% for different studies (55, 174). In the case of providers 

measuring fetal fraction, half of the failed results were due to fetal fraction not reaching the 

cut-off (~3-4%) for testing (55). Blood re-draw rates after a failed result varied among studies 

(between 0.7% and 1.9%) and, as expected, substantially increased the turnaround time of a 

final result (55). In addition, in one study it was reported that in 44% of cases with low fetal 

fraction a successful report was not produced after redraw (6). 

1.4.5 Commercialisation  

The number of pregnancies requiring prenatal testing for single gene disorders is low (68), and 

even lower when considering every disorder separately. This provided no incentive for private 

companies to develop and commercialize NIPD assays. 
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On the other hand, the vast majority of prenatal testing is performed to diagnose common 

aneuploidies (T13, T18, T21 and monosomy X). Therefore the potential to use cfDNA for the 

detection of these more common conditions drove development and commercialisation; NIPT 

has been routinely offered by private companies since 2011 (267), allowing for much more 

sensitive and specific prenatal screening compared to traditional methods (maternal serum 

biomarkers and/or nuchal translucency) (65, 204).  

1.4.6 In-house NIPT testing 

The development of NIPT assays in-house or for in-house use in diagnostic laboratories has 

lagged behind and only relatively recently commercially available kits for in-house use, such as 

the Iona (Premaitha) and Clarigo (Multiplicom) tests, came on the market. These kits rely on 

NGS platforms and thus incur high running costs and require substantial capital outlay, which 

can be proven prohibiting, especially for smaller genetics laboratories. In-house NIPT testing 

could allow a cost-effective implementation of this technology within the National Health 

Service (NHS). It could also potentially allow faster reporting turnaround times, given that the 

private providers average reporting time can be between 5 working (225) and 13 calendar days 

(110). 

1.5 PRENATAL SCREENING IN THE UK 

All pregnant women in the UK (except Northern Ireland) are offered screening for common 

trisomies. The current screening for T21 recommended by the UK National Screening 

Committee (UKNSC) is the first trimester combined test, measuring the fetal nuchal 

translucency (NT) and the maternal serum PAPP-A and free β-hCG levels at around 11 wks 

(268). Until recently, this was also the recommended screening test by the International 

Society for Prenatal Diagnosis (ISPD) (269, 270). Other screening tests, such as the quadruple 

and serum integrated offer lower detection rates, while the integrated test offers slightly 

higher detection rate and lower false-positive rate, but requires two separate appointments 

and thus more NHS resources (271). Until 2015, for T13 and T18 the screening recommended 

by the UKNSC was performing a second trimester ultrasound scan to reveal any fetal 

sonographic abnormalities. From April 2015, in England these two conditions should also be 

screened for with the combined test (268). In 2015 NIPT was recommended as the first line 

screening for common aneuploidies by ISPD (204). The American College of Obstetricians and 

Gynecologists recommended  NIPT high risk pregnancies, while stating that conventional 

biochemical screening should remain the first choice for low-risk women (207, 272). In 2016, 
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the ACMG recommended NIPT for all non-obese women as the primary screening test for 

common aneuploidies (136). 

Offering NIPT within the NHS could benefit women and their partners by offering more 

accurate screening earlier in pregnancy and reducing the number of invasive procedures 

performed (273). However, NIPT is costly and counselling can be complicated (206, 274-276), 

so its implementation would require further research into such aspects, as well as 

consideration of the most efficient ways of implementing it (e.g. first line screening, second 

tier screening, etc.) (174, 201, 246).  

The UKNSC commissioned a systematic review into the accuracy of NIPT for common trisomies 

(277). The review included 41 studies and concluded that accuracy is very high and NIPT can 

contribute to prenatal screening. Pooled sensitivity was found to be 99.3% for T21 and 97.4% 

for T18 and T13, and pooled specificity was 99.9% for all trisomies. In addition, the review 

concluded that sensitivity is lower in singleton pregnancies, in the first trimester and in the low 

risk population. The accuracy did not differ depending on assay used and the failure rate varied 

from 0% to 12.7%, with 13.9% of cases failing upon repeat testing. The study highlighted the 

fact that NIPT is a screening test and that confirmation of positive results by an invasive 

procedure is necessary, especially when considering termination of pregnancy due to trisomy 

(277). This report informed the UKNSC decision to recommend the use of NIPT in the NHS in 

2016. A gradual three year roll-out offering NIPT as a second tier fetal anomaly screening 

programme is to begin in 2018. 

1.6 MICROARRAYS 

In recent years genomic microarrays (278-280) have been used routinely in diagnostic genetics 

laboratories for both postnatal (281) and prenatal (282) cases, due to their higher diagnostic 

yield compared to conventional karyotyping. There are two microarray techniques; array 

Comparative Genomic Hybridisation (CGH) and Single Nucleotide Polymorphism (SNP) arrays.  

1.6.1 Array Comparative Genomic Hybridisation 

Array CGH is based on the differential labelling of a normal control and a sample DNA with Cy5 

and Cy3 dyes respectively. The two labelled DNAs are then mixed together and hybridised on 

an array slide bearing DNA probes (initially BAC probes, but oligonucleotide probes are used 

nowadays (283)). The control and sample DNA compete for hybridisation to the 

complementary probes. Following hybridisation the slide is scanned by a microarray scanner 

that detects the Cy5 and Cy3 fluorescence for each probe. If for a certain probe there is the 
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same number of copies in the sample and control DNA, then there will be the same amount of 

Cy3 and Cy5 fluorescence emitted (Cy3:Cy5 ratio = 1). If for a certain probe there are more 

copies of sample DNA compared to the control, then there will be higher amount of Cy3 

compared to Cy5 fluorescence emitted (Cy3:Cy5 ratio > 1) and vice versa (Cy3:Cy5 ratio < 1). A 

feature extraction software processes the image files generated by the microarray scanner and 

plots each probe on the x axis along the length of the chromosomes according to its genomic 

position and on the y axis according to its Cy3:Cy5 ratio. Probes with a Cy3:Cy5 ratio equal to 1 

indicate a normal copy number. Probes with a Cy3:Cy5 > 1 indicate a copy number gain in the 

sample and probes with a Cy3:Cy5 ratio < 1 indicate a copy number loss in the sample 

compared to the normal control. Figure 1.1A explains the technique in more detail (280). 

1.6.2 Single Nucleotide Polymorphism array  

When testing using SNP arrays, only the sample DNA is fluorescently labelled and hybridised 

on a slide bearing oligonucleotide probes for both alleles (A and B) of SNPs. The DNA will 

preferentially hybridise to the probe bearing the allele(s) present in the sample. After 

hybridisation, the slide is scanned by a microarray scanner. If for a certain SNP the sample is 

heterozygous (AB), then the fluorescent intensity of the allele A and B probes will be the same 

(A = B). If for a certain probe the sample is homozygous (AA or BB), then theoretically there will 

be fluorescence emitted only from the A or B allele probe. A feature extraction software 

processes the image file generated by the microarray scanner, compares it to an in silico 

reference normal control and generates two plots: 1) A copy number plot where each SNP is 

plotted on the x axis along the length of the chromosomes according to its genomic position 

and on the y axis according to the fluorescence intensity of the A and B probes together and 2) 

An allele frequency plot where each probe is plotted on the x axis along the length of the 

chromosomes according to its genomic position and on the y axis according to the 

fluorescence intensity and whether it represents allele A or B. The copy number plot provides 

copy number information, while the allele frequency plot provides both copy number and 

genotyping information. Figure 1.1B explains the technique in more detail (280). 
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Figure 1.1: Microarray techniques - A) array CGH: The patient DNA and a normal control DNA, used as 

reference are differentially labelled using fluorescent dyes. The two DNAs are then mixed together and 
hybridised on a microarray slide bearing immobilised probes. Each probe, i.e. each spot on the slide, 
represents a specific locus in the genome. The DNA will bind to probes with complementary sequence. After 
hybridisation the slide is scanned and the fluorescence of each dye for each probe measured. The relative 
intensity between the two fluorescent dyes is calculated for each probe. The normal copy number for any 
locus in the genome is usually 2. An equal intensity (sample:control 2:2) for the two dyes, would represent 
the same amount of sample (two copies) and control (two copies) DNA and therefore a normal copy number. 
Higher intensity for the sample DNA (sample:control 3:2) would represent a gain (three copies), while a lower 
intensity for the sample DNA (sample:control 1:2) would represent a loss (one copy) for the particular probe. 
Analysis software plots each probe along the length of the chromosomes depending on its location and also 
on, above or below a baseline (that represents the normal copy number) according to its relative fluorescent 

dye intensity. B) SNP array: The patient DNA is labelled using a fluorescent dye and is subsequently 

hybridised on a microarray slide. Each spot on the slide represents either the A or B allele for a specific locus 
in the genome. Both alleles are represented multiple times on the array. The DNA will bind to probes with 
complementary sequence. After hybridisation the slide is scanned by a scanner that measures the 
fluorescence of each probe. The fluorescence intensity for each locus and for each allele at that locus is 
calculated. A heterozygous locus (AB) will show equal intensity for both alleles. A homozygous locus (AA or 
BB) will show higher intensity for the allele present (A or B). Copy number information can also be 
extrapolated from this data. Analysis software compares the data to a reference datafile in silico and plots 
each probe along the length of the chromosomes depending on its location and fluorescence intensity, but 
also on the B Allele Frequency (BAF) plot according to the presence or absence and fluorescent intensities of 
the A and B alleles (figure and legend replicated from (280)). 

 
 

1.6.3 Advantages of an array-based NIPT method 

An array-based NIPT method could have a few advantages. Microarrays are being widely used 

for both postnatal (281) and prenatal (282) testing and hence most laboratories are familiar 

with the technique and have extensive in-house experience and expertise. Additionally, 

microarray hardware, such as microarray scanners, is already in place. These two features 

would make a microarray based NIPT method easily and readily adoptable by most 

laboratories. The reporting turnaround time could be short, 2-3 days, which is suitable for 

rapid prenatal results, minimising parental anxiety and providing important information for the 

Figure taken from  
Karampetsou et al., 2014 
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management of the pregnancy early on (24, 25). Moreover, a microarray based NIPT assay 

could provide flexible format, allowing both low and high throughput depending on the 

volume of referrals. It could be automated using robotics, minimising labour and allowing 

higher throughput, if needed. Finally, microarray reagents and running costs are competitively 

prised.  

On the other hand, NGS is not as widely adopted yet, requires substantial capital outlay for a 

sequencer, and reagents and running costs are quite costly, making NGS-based NIPT difficult or 

even prohibiting for in-house implementation, especially for smaller laboratories. Therefore, 

microarrays could be a good alternative to NGS for NIPT. 

1.6.4 SNP arrays in NIPT 

Using the same cfDNA amplification method (DANSRTM) and analysis algorithm (FORTETM), 878 

samples were tested non-invasively for common aneuploidies by both microarray (Affymetrix) 

and NGS. Results from the two techniques were compared and arrays showed lower assay 

variability and thus more accuracy, faster turnaround times (7.5hrs vs. 56hrs for NGS) and 

improved fetal fraction measurement due to more polymorphic loci analysed. In addition, 

laborious and time-consuming multiplexing was not required when testing by arrays  (284). 

Based on these results, microarrays are now being used diagnostically by Ariosa Diagnostics 

Inc. replacing NGS.  

1.7 AIM AND HYPOTHESIS 

The main objective of this study was to evaluate array CGH for the non-invasive prenatal 

detection of T21 based on analysis of cell-free DNA.  

The research hypothesis was that array CGH based NIPT (arrayNIPT) can reliably detect T21. 

In addition, the potential for detection of T18, T13 and common microdeletion syndromes by 

arrayNIPT was explored. The effect of factors, such as sample haemolysis and low fetal 

fraction, on the performance of the arrayNIPT assay was investigated. 
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Chapter 2:  MATERIALS AND METHODS 

2.1 Overall Materials & Methods 

2.1.1 Samples and Sample Preparation 

2.1.1.1 Ethics approval 

The collection and use of samples was approved by the National Research Ethics Service 

Committee London (Bentham) (Study title: New Methods of Detecting Problems in Pregnancy, 

REC reference: 01/0095). 

2.1.1.2 Samples  

Pregnant women attending maternity units in England for invasive diagnostic testing due to 

high risk for aneuploidy were consented to donate a blood sample for use in the development 

of NIPT. These samples were stored in the RAPID BioBank (see also section 2.1.1.3) and will be 

referred to as BioBank samples. Results of invasive testing were known in all cases. In addition, 

other information, such as date and time of sample collection, date and time of first and 

second centrifugations, maternal age, gestation, collection tube, fetal sex, maternal ethnicity, 

maternal weight and height and maternal diabetes and smoking status, were also recorded in 

the BioBank database. 

Some normal plasma samples were also purchased from the Geneticist Biorepository 

(Geneticist). 

Genomic DNA (gDNA) was either purchased by the Coriell Biorepository (USA) or obtained 

from the BioBank or from anonymized NETRGL samples.  

2.1.1.3 BioBank sample collection and processing 

Maternal blood was collected in EDTA or cell-stabilising (Cell-Free DNA BCT, Streck) tubes. The 

latter were used if samples were expected to be in transit for longer periods of time and will 

be referred to as Streck tubes. 20-30 ml of blood was collected from each patient. Samples, 

and especially the ones collected in EDTA tubes, were processed as soon as possible to 

maximise DNA yield. More specifically: 

1. The blood sample was centrifuged at ~1000 g for 15 mins at room temperature.  
2. The plasma was aspirated and transferred into a new tube. 

* Steps 1 and 2 often took place at the Fetal Medicine Unit (FMU) or its local genetics 
laboratory. 
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3. The tubes proceeded immediately to step 4 (if at the North East Thames Regional 
Genetics Laboratory (NETRGL)) or were stored at -20°C until sent to NETRGL and then 
proceeded to step 4. 

4. The plasma was aliquoted into eppendorf tubes and centrifuged at ~20000 g for 10 mins 
at room temperature in a microfuge. 

5. The supernatant was transferred in new 2 ml eppendorf tubes and 
6. stored at -80°C in the RAPID BioBank. 

 
2.1.1.4 Haemolysis measurement and investigations 

The plasma Optical Density (OD) at 414 nm (OD414) (absorbance peak of free haemoglobin) was 

measured using the NanoDrop spectrophotometer (Thermo Fisher Scientific) in order to assess 

haemolysis status (285). 

The effect of some sample collection conditions, such as recruiting centre, time lapsed before 

the first and second centrifugation and type of collection tube, on haemolysis were 

investigated (see also section 2.1.1.2).  

2.1.1.5 DNA extraction 

2.1.1.5.1 cfDNA 

(1) manual Qiagen kit for samples run on the arrayNIPT assay  

Plasma samples were defrosted and cfDNA was extracted from both BioBank samples and any 

plasma samples purchased from the Geneticist Biorepository (Geneticist)  using 4-5 ml of 

plasma and the QIAmp Circulating Nucleic Acid Kit (QIAGEN) as per manufacturer‘s protocol. 

The DNA was eluted in 100 μl of water.  

For each sample 3 μl of plasma DNA were mixed with 7 μl of water, denatured for 7 mins at 

95°C, snap-frozen for 5 mins on ice and concentration was measured on the Qubit 2.0 

Fluorometer using the Qubit ssDNA Assay Kit (Invitrogen) as per manufacturer’s instructions. 

Expected concentrations were between 0.2 ng/μl and 2.5 ng/μl. 

The remaining DNA was dried down using a SpeedVac Concentrator (Thermo Fisher Scientific) 

at 40-50°C and resuspended in 15 μl of water. 

(2) automated QIAsymphony for samples used for fetal fraction investigations 

BioBank plasma samples were defrosted and cfDNA was extracted from 4-4.5 ml of BioBank 

plasma sample using a custom protocol on the QIAsymphony instrument with the DSP 

Virus/Pathogen Midi Kit (QIAGEN). The final elution volume was 60 μl. 
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2.1.1.5.2 Genomic DNA 

gDNA was extracted by the NETRGL using the chemagicSTAR robot (HAMILTON Robotics). 

2.1.1.6 Spike-in sample preparation 

gDNA for spike-ins was sheared using the Covaris S2 ultrasonicator (Covaris) (settings: duty 

cycle = 10%, intensity = 5, cycles/burst = 200, duration = 720 sec) and underwent dual bead 

(Agencourt AMPure XP) clean-up using 1.0:1.0 and 1.8:1.0 bead:sample ratios.  The sheared 

gDNAs were measured using the Qubit 2.0 Fluorometer and the Qubit BR dsDNA Assay Kit 

(Invitrogen) as per manufacturer’s instructions. For each spike-in sample two gDNAs were 

used; the higher concentration sample was diluted down to the same concentration as the 

lower concentration sample, in order for both to be of the same concentration and they were 

then mixed in the desired proportions. Spike-in samples were diluted down to ~ 1 ng/μl to 

mimic the cfDNA concentration. 

2.1.2 ArrayNIPT 

2.1.2.1 ArrayNIPT assay 

An 8x60K array CGH design and set-up method (Appendices A and B) were developed 

purposely for NIPT by Oxford Gene Technology (OGT) and will be called arrayNIPT. The array 

slides were manufactured by Agilent. The assay was used successfully by OGT in proof-of-

principle experiments testing spike-in DNA samples (data not shown).  

This method is covered under patents GB2524948A / EP3114236A1 / US20170016054A1 and 

EP3114237A1 / US20170016047A1 and the general assay workflow is presented in Figure 2.1. 

The full protocol is available in Appendix B. More specifically, the 15 μl of cfDNA sample (see 

also section 2.1.1.5.1 (1)) were end-repaired, adaptors were ligated, products underwent bead 

clean-up (Agencourt AMPure XP) and were amplified by PCR. Amplification products 

underwent bead (Agencourt AMPure XP) clean-up and 1000 ng of amplified DNA from each 

sample was labelled with Cy3 (CytoSure Genomic DNA Labelling Kit, OGT). Female Human 

Genomic DNA (pooled DNA from normal individuals) (Promega) was sheared using the Covaris 

S2 ultrasonicator (Covaris) (settings: duty cycle = 10%, intensity = 5, cycles/burst = 200, 

duration = 360 sec). 50 ng of this reference DNA were then amplified alongside the cfDNA and 

1000 ng were labelled with Cy5. The differentially labelled sample and reference DNAs were 

then mixed and hybridised on the arrayNIPT slide for 22 hrs.  After hybridisation, the arrayNIPT 

slides were scanned using the Agilent scanner at a resolution of 2 microns and all microarray 

raw data were quantified using the Agilent Feature Extraction software (v.10.7.3.1). The 
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microarray data were normalised to remove potential dye-bias and probes were filtered 

according to genomic location and signal intensity ranges. 

The products of amplification are usually enough for two labelling steps and hence the assay 

can be repeated from this stage. 

 
 

 

Figure 2.1: ArrayNIPT assay workflow. cfDNA is extracted from maternal plasma and amplified. 
Reference DNA is simultaneously amplified. Reference and cfDNA are differentially labelled 
with Cy5 and Cy3 respectively, mixed and hybridised on a specifically designed arrayNIPT slide. 

 

2.1.2.2 Quality Control metric cut-offs  

Quality Control (QC) metric cut-offs were set by OGT as explained in Appendix C. The results 

from the Pre-Evaluation Study, along with arrayNIPT results from another 705 spike-in and real 

samples were used to determine these QC metric cut-offs for assay failure by OGT. Cut-offs 

were based on cut-offs recommended by Agilent. Table 2.1 states the cut-offs for microarray 

QC failure. 

The DLR Spread is the most important metric and measures the standard deviation of the 

probe-to-probe log ratio. A high DLR translates into a noisy array result where copy number 

changes cannot be interpreted with confidence. When the DLR is high, other QC metrics might 

also exceed their cut-off values. 
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Table 2.1: Quality Control metric cut-offs for arrayNIPT assay failure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
2.1.2.3 Array NIPT results analysis 

The Cy3:Cy5 (sample:reference) signal intensity ratio was calculated for each array probe of 

every sample. In addition, the median Cy3:Cy5 signal ratio for all probes from the chromosome 

of interest (i.e. chromosome 13, 18 or 21) were also calculated for each sample separately.  

The median Cy3:Cy5 ratio of the chromosome of interest was plotted against the log(p-value) 

obtained from the statistical analysis performed. 

For statistical analysis a method using Stouffer’s test was developed by OGT for trisomy 

detection and was based on the statistical properties of blinded data (Chapter 3). There are 

three steps involved in this method: 1) The distribution of the log2 normalised Cy3:Cy5 signal 

ratios are compared according to chromosome location using pairwise Wilcoxon rank sum 

tests of the chromosome of interest versus all remaining chromosomes. 2) Then, the resulting 

p-values for each comparison are corrected using Bonferroni multiple testing correction. 3) 

Finally, these corrected p-values are combined using the Stouffer Z-score method. More 

specifically, the corrected p-values are converted into Z-scores and the sum of the Z-scores is 

calculated. A final p-value is then extrapolated from the sum of Z-scores. The –log10 of the 

final p-value is then calculated and used for assessing significance and producing graphs, i.e. 

the higher the value of the –log10(final p-value), the higher the level of significance of the 

results. 

2.1.3 Fetal Fraction Measurement  

Fetal fraction was measured using a custom SNP based NGS assay (called “OGT-SNP” from 

here onwards), except otherwise specified. The SureDesign (Agilent) online tool was used by 

OGT to design biotinylated RNA baits. These baits hybridise to 2193 SNPs and were ordered by 

QC metric cut-off  

IsGoodGrid < 1  

DLR ≥ 0.3  

waviness ≥ 0.035  

g_SignalIntensity ≤ 500 both conditions must be met 
for the assay to fail r_SignalIntensity ≤ 750 

g_Signal2Noise (gSNR) ≤ 30 

all four conditions must be met 
for the assay to fail 

r_Signal2Noise (rSNR) ≤ 30 

g_BGNoise (gBG) ≥ 25 

r_BGNoise (rBG) ≥ 35 

AnyColorPrcntFeatNonUnifOL ≥ 1 
all three conditions must be 

met for the assay to fail 
gRepro (grepr) ≥ 0.2 

rRepro (rrepr) ≥ 0.2 



Chapter 2: MATERIALS AND METHODS 

57 
 

Agilent (SureSelectXT Custom 1Kb-499kb baits). Each SNP was covered by 5 tiling probes and a 

total of 11810 probes were included in the design. For all SNPs, the allele present in the 

reference genome was targeted. These baits also pull down sequences bearing the variant 

alleles. Figure 2.2 shows in detail how many SNPs were selected and the average spacing per 

chromosome. 

 

Figure 2.2: Number of SNPs targeted per chromosome and average selected SNP spacing per 
chromosome 

 
Samples were amplified using the arrayNIPT assay amplification steps (see section 2.1.2.1). 500 

ng of amplified products were dried in a SpeedVac Concentrator (Thermo Fisher Scientific) and 

resuspended with 3.4 μl of water. They were then hybridised to the baits, bound to 

streptavidin beads, and washed using the SureSelect XT2 Pre-Capture Box 1 and the SureSelect 

XT2 Pre-Capture ILM Module Box 2 (SureSelectXT2 Reagent kit, Agilent) reagents as per 

manufacturer’s instructions. Illumina indexes were then added to the bead slurry with the 

captured DNA using the SureSeq NGS Library Preparation Kit (OGT; bait hybridisation protocol 

onwards) and the following cycling protocol: 98°C for 3 mins, 16 cycles of (98°C for 30 secs, 

65°C for 30 secs and 72°C for 1 min), 72°C for 10 min, hold at 4°C. Libraries were pooled at 

equimolar concentrations and run on the MiSeq Sequencer (Illumina) using the MiSeq Reagent 

Kit v2 (300 cycles) (Illumina) for 151 cycles paired-end sequencing as per manufacturer’s 

instructions. The generated FASTQ files were analysed using the OGT in-house pipeline and 

genotyping results were input into Microsoft Excel. The fetal fraction calculation (2 x fetal 
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counts) / (maternal counts + fetal counts) x 100 (4) was used to determine fetal fraction from 

informative SNPs, i.e. SNPs that were homozygous in the mother and heterozygous in the 

child/fetus (0.20 < allele frequency > 0.01 or 0.99 < allele frequency > 0.80). 

2.1.4 Statistical Analysis 

Most statistical analyses were performed using the R Project for Statistical Computing version 

3.1.2 (2014-10-31) (286). The package “PMCMR” was used for any Friedman test post-hoc 

analyses. The package “mratios” was used for the ratio t-test pooled control analysis method. 

The package “DescTools” was used for the Dunnett test in the arrayNIPT assay bias per 

chromosome analysis. The package “multcomp” was used for Dunnett post-hoc analysis in 

Pooled Control trisomy detection methods. The package “epiR” was used to calculate assay 

sensitivity, specificity and their confidence intervals (CI). The package “irr” was used for Intra-

Class Correlation (ICC) calculation (parameters: model = “two-way”, type = “agreement”, unit = 

“single”) and the package “BlandAltmanLeh” was used for the generation of Bland-Altman 

plots. The package “RVAideMemoire” was used for the Spearman correlation rho 95% CI 

calculation (bootstrap function “spearman.ci”, nrep = 1000). 

The GraphPad Prism v6 software was used for the “Intra-sample” results analysis in Chapter 3. 

Graphs were generated in R version 3.1.2 with the exception of Figure 4.2, Figure 4.3 and 

Figures K1-K3 that were generated using the GraphPad Prism v6 software, Figure 2.3 and 

Figure 2.4 that were generated using Microsoft Excel, Figure 2.5 to Figure 2.7 that were 

generated using the StepOneTM Software v2.3 (Applied Biosystems) and Figure 2.9 that was 

generated using the Fluidigm Digital PCR Analysis software (Fluidigm). Boxplots generated in R 

show the median (line in box), 1st (25%) and 3rd (75%) quartiles (box) and the minimum and 

maximum values (whiskers). Outliers are also plotted (circles). 

The formula n > 8σ2/e2 (where σ is the standard deviation and e is the precision) was used for 

sample size estimation per group for difference between two means. For non-parametric data 

a 16% increase in sample size was added to retain the same levels of power and significance 

(287). The formula n > 2Fσ2/d2 (where σ is the standard deviation, d is the minimum difference 

to detect and F is generated by the power and significance level required (e.g. F = 7.85 for 80% 

power at 0.05 significance level)) was used for difference between two means power 

calculations. 
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2.2 Materials & Methods for Chapter 3: ArrayNIPT Pre-evaluation Study  

2.2.1 Samples 

Maternal plasma DNA from 80 chromosomally normal and 20 T21 singleton pregnancies 

collected within the last two years from selection were selected from the RAPID BioBank and 

set up on the arrayNIPT assay. 

In addition, plasma samples from three normal non-pregnant women were purchased from 

the Geneticist Biorepository (Geneticist). These samples will be referred to as Ctr (control) 

samples. 

2.2.2 cfDNA extraction 

cfDNA was extracted from plasma as previously described (see 2.1.1.5.1). For the samples run 

on the arrayNIPT assay, 10 μl of plasma DNA were stored at -80°C for fetal fraction 

measurement prior to drying down the sample.  

2.2.3 ArrayNIPT set-up 

Six or seven BioBank samples were set-up on each slide, including one or two T21 samples. A 

Ctr sample was also included on each slide. A total of 15 array slides were set-up. 

For some samples, labelling was repeated from amplification products and results from the 

two different labelling and hybridisation steps were compared. A total of three array slides 

with repeats were set-up. 

2.2.4 ArrayNIPT results analysis 

The Cy3:Cy5 probe ratio distribution for each chromosome included in the array design was 

calculated from cumulative data from normal successful samples, in order to examine any ratio 

bias per chromosome inherent to the assay.  

Initially three different approaches were investigated and various statistical analysis methods 

were assessed for results analysis for each approach. Then the Stouffer method was used. 

(1)    Intra-sample 

Comparison of chromosome 21 probes signal ratios against the signal ratios of probes from 

various combinations of other chromosomes, using t-test. 
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(2)    Pooled control 

Comparison of chromosome 21 probes signal ratios against the signal ratios of chromosome 21 

probes from a pooled control composed of all normal successful samples, using paired t-test or 

ANOVA with Bonferroni or Holm or Dunnett correction. 

(3)    Intra-slide  

Comparison of chromosome 21 probes signal ratios against the signal ratios of chromosome 21 

probes of the Ctr sample, using paired t-test or ANOVA with Bonferroni or Holm correction. 

(4)    Stouffer 

As in 2.1.2.3. 

In all cases the resulting p-values were plotted in log scale against the median Cy3:Cy5 signal 

ratio for all chromosome 21 probes (chr21 ratio) for each sample. 

All p-values for the 100 BioBank samples run on arrayNIPT are available in Appendix D. 

2.3 Materials & Methods for Section 4.2.2: Fetal fraction measurement 

2.3.1 Real plasma samples  

Ten chromosomally normal Biobank samples from male-bearing pregnancies were used for 

fetal fraction determination methods comparison. For six of these samples, the maternal gDNA 

was run alongside the cfDNA in order to aid results interpretation. Four maternal plasma 

samples (D03174P, D0317141P, D040214P-1, D041614P-1) from pregnant women were 

purchased from the Geneticist Biorepository (Geneticist) and were also used for the 

comparison between different fetal fraction measurement methods. 

2.3.2 Spike-in samples 

2.3.2.1 Shearing and clean-up conditions 

In order to determine the shearing and clean-up conditions that would generate DNA most 

similar to the cfDNA, an anonymised chromosomally normal female (NF) gDNA sample from 

the NETRGL was used. The NF gDNA was divided in six 5000 ng aliquots. Each aliquot was 

sheared using the Covaris S2 ultrasonicator (Covaris) (settings: duty cycle = 10%, intensity = 5, 

cycles/burst = 200) for a different duration of time; 360, 430, 480, 540, 600 and 720 secs in a 

total volume of 130 μl. 



Chapter 2: MATERIALS AND METHODS 

61 
 

Subsequently, for each shearing time duration condition, 60 μl of the sheared DNA underwent 

a bead clean-up at a bead:sample ratio of 0.7:1.0 and 30 μl of the sheared DNA underwent a 

bead clean-up at a bead:sample ratio of 1.0:1.0, in order to exclude larger DNA fragments. The 

larger fragments bind to the beads that were then discarded. In both cases, the remaining DNA 

(supernatant) underwent a second bead clean-up at a bead:sample ratio of 1.8:1.0, in order to 

exclude shorter fragments. Again, the larger fragments bind to the beads, but this time the 

supernatant containing the shorter DNA fragments was discarded, while the longer DNA that 

was bound to the beads was eluted in 30 μl and 15 μl of water, respectively. 

The Agencourt AMPure XP beads (Beckman Coulter) were used for the bead clean-ups and 

washes were performed using freshly prepared 80% ethanol. DNA was measured using the 

Qubit 2.0 Fluorometer and the Qubit BR dsDNA Assay Kit (Invitrogen) as per manufacturer’s 

instructions. Sheared DNA before and after the dual bead clean-up was run on the 2100 

BioAnalyser (Agilent) electrophoresis system using the 1000 DNA Kit (Agilent). The percentage 

of DNA fragments within the ranges of interest, i.e. 100bp - 165bp and 140bp - 165bp, was 

calculated by the 2100 Expert Software (Agilent). 

2.3.2.2 Percentage of fragments between 100 bp and 165 bp 

Pearson’s correlation analysis showed a strong positive correlation between shearing duration 

and fragment percentage for all three clean-up conditions (Figure 2.3B). Statistical analysis 

using the Friedman test showed significant difference in the percentage of DNA between 100 

bp and 165 bp among the three different clean-up conditions (p = 0.0025). Post-hoc analysis 

revealed a significantly higher percentage for the dual 1.0:1.0/1.8:1.0 sample:beads clean-up 

when compared to no clean-up (p = 0.002) (Table 2.2, Figure 2.3A and C).  A Friedman test 

revealed significant difference among different shearing durations (p = 0.0126). Post-hoc 

analysis only showed a significantly higher percentage of fragments when the gDNA was 

sheared for 720 secs compared to 360 secs (p = 0.02) (Table 2.2, Figure 2.3A and D).  

Table 2.2: Percentage of DNA fragments between 100 bp and 165 bp under different shearing 
and clean-up conditions 

 
% of total fragments between 100bp and 165bp 

 Shearing duration (sec) 

Clean-up 360 430 480 540 600 720 

none 30 34 37 38 40 43 
dual clean-up 0.7:1.0/1.8:1.0 32 37 40 44 45 48 
dual clean-up 1.0:1.0/1.8:1.0 51 54 57 56 58 58 
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A) 

D) 

 

 
 

Figure 2.3: A) Percentage of DNA fragments between 100 bp and 165 bp under different 
shearing and clean-up conditions. B) Correlation between shearing duration and percentage of 
DNA fragments. Comparison between different C) clean-up and D) shearing conditions. 

 

2.3.2.3 Percentage of fragments between 140 bp and 165 bp 

Pearson’s correlation analysis showed a strong positive correlation between shearing duration 

and fragment percentage when no clean-up or dual 0.7:1.0/1.8:1.0 clean-up was used. There 

was no significant correlation between shearing duration and fragment percentage when a 

dual 1.0:1.0/1.8:1.0 clean-up was performed (Figure 2.4A and Figure 2.4B). Statistical analysis 

using the Friedman test showed significant difference in the percentage of DNA between 140 

bp and 165 bp among the three different clean-up conditions (p = 0.0031). Post-hoc analysis 

revealed a significantly higher percentage for the dual 1.0:1.0/1.8:1.0 clean-up when 

compared to no clean-up (p = 0.003) (Table 2.3, Figure 2.4A and C).  Friedman and post-hoc 

statistical analysis revealed no significant difference among different shearing durations (p = 

0.3209) (Table 2.3, Figure 2.4A and D). 

Table 2.3: Percentage of DNA fragments between 140 bp and 165 bp under different shearing 
and clean-up conditions 

 
% of total fragments between 140bp and 165bp 

 Shearing duration (sec) 

Clean-up 360 430 480 540 600 720 

none 12 14 14 14 15 15 
dual clean-up 0.7:1.0/1.8:1.0 13 14 16 16 17 17 
dual clean-up 1.0:1.0/1.8:1.0 20 20 21 20 20 19 

 

 

C) 

B

) 

D) 
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A) 

 

 

 

 

Figure 2.4: A) Percentage of DNA fragments between 140 bp and 165 bp under different 
shearing and clean-up conditions. B) Correlation between shearing duration and percentage of 
DNA fragments. Comparison between different C) clean-up and D) shearing conditions. 

 

2.3.2.4 Spike-in preparation conditions comparison 

Spike-in preparation shearing and clean-up conditions were compared in order to establish 

whether certain conditions would lead to more DNA fragments within the range of interest.  

When considering fragments between 100 bp and 165 bp, samples sheared for 720 sec and 

that underwent dual clean-up of 1.0:1.0/1.8:1.0 showed a higher percentage of fragments 

within this range (Table 2.2, Figure 2.3). This percentage was significantly higher compared to 

shearing for 360 secs and no clean-up. The correlation between shearing time and percentage 

of fragments within the desired range was positive and strong for all clean-up conditions, but 

was most significant when no clean-up was performed and least significant when a dual clean-

up of 1.0:1.0/1.8:1.0 was performed. This might indicate that shearing time is more important 

and affects the percentage of fragments between 100 bp and 165 bp when no clean-up is 

used.  

When considering fragments between 140 bp and 165 bp (Table 2.3, Figure 2.4), shearing time 

did not seem to significantly affect the percentage of fragments within the desired length. A 

dual clean-up of 1.0:1.0/1.8:1.0 produced significantly more fragments between 140 bp and 

165 bp when compared to no clean-up. The correlation between shearing time and percentage 

C) 

B) 

D) 
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of fragments within the desired range was strong and significant only for the no clean-up and 

dual clean-up of 0.7:1.0/1.8:1.0 conditions. There was no correlation when the dual 

1.0:1.0/1.8:1.0 clean-up was performed. 

Initially it was thought that shearing the child DNA for longer than the maternal might produce 

spike-ins that better represent real maternal plasma cfDNA samples, since the fetal cfDNA is 

slightly shorter than the maternal (7-9, 37). However after these experiments it became 

apparent that shearing and clean-up conditions did not make a substantial difference to 

fragment sizes for spike-in preparation. Hence, taken all the above into consideration, the 

conditions of 720 sec shearing time and dual 1.0:1.0/1.8:1.0 clean-up were considered to be 

marginally better and were used for preparation of both maternal and child samples used in 

spike-ins. 

2.3.2.5 Spike-in preparation 

Two pairs of anonymised mother (M) – proband (Pro) gDNA from the NETRGL were selected 

for spike-in preparation. All four samples were known to be chromosomally normal. 

In pair 1 the child was male and Pro1:M1 DNA mixtures of 1:99, 2:98, 3:97, 5:95, 7.5:92.5, 

10:90, 15:85, 20:80 and 30:70 were prepared to mimic 1%, 2%, 3%, 5%, 7.5%, 10%, 15%, 20% 

and 30% fetal fraction, respectively. 

In pair 2 the child was female and Pro2:M2 DNA mixtures of 1:99, 2:98, 3:97, 4:96, 5:95, 6:94, 

8:92 and 10:90 were prepared to mimic 1%, 2%, 3%, 4%, 5%, 6%, 8% and 10% fetal fraction, 

respectively. 

2.3.3 Digital PCR 

2.3.3.1 Primer design  

Primers for SRY and ACTBL2 (reference) were designed (Table 2.4). Three primers were 

designed for each locus; one forward and two reverse resulting in one short and one long 

amplicon. Due to the size difference between fetal and maternal DNA, short amplicons are 

expected to represent both fetal and maternal counts. On the other hand, long amplicons are 

expected to represent mainly maternal counts (80). Therefore short amplicons can be used for 

fetal fraction measurement, while long amplicons can be used to measure the maternal 

background. Comparison of the two could shed light in experiments where the fetal fraction 

and/or maternal background change under different collection and processing conditions. 
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Gene sequences were obtained from Ensembl and were subjected to SNPmasker to mask 

SNPs. The masked sequences were then used to design primers and probes using the Primer3 

online software.  For each gene one short and one long amplicon were targeted with a 

common forward and different reverse primers. BLAT in silico PCR was used to check primer 

specificity and amplicons. The mfold online software was used to check primer and probe 

secondary structures and the IDT OligoAnalyser was used to check for heterodimers. Primers 

were purchased from Sigma-Aldrich and TaqMan MGB probes were purchased from Applied 

Biosystems. 

Online tools: 

Ensembl   –    http://www.ensembl.org/Homo_sapiens/Info/Index 

SNPmasker   –   http://bioinfo.ebc.ee/snpmasker/ 

Primer3   –   http://bioinfo.ut.ee/primer3-0.4.0/ 

BLAT in silico PCR   –   https://genome.ucsc.edu/cgi-bin/hgPcr 

mfold   –   http://unafold.rna.albany.edu/?q=mfold 

IDT OligoAnalyser   –   https://www.idtdna.com/calc/analyzer 

Table 2.4: Primer and probe information 

Gene Primer/Probe* Cytoband Sequence GC% Tm Amplicon location (hg19) 

SRY 

F 

Yp11.31 

ACGAAAGCCACACACTCAA 47.37 57.53  

Probe [FAM] AGCACCAGCTAGGCCAC 64.71 59.83  

R (60) TGCGTTGATGGGCGGTAA 55.56 59.65 chrY:2655081-2655140 

R (182) AGTGAGGGCTGTAAGTTATCGT 45.45 58.90 chrY:2654959-2655140 

ACTBL2 

F 

5q11.2 

TCTCTATGCCAACACCGTGT 50.00 59.03  

Probe [VIC] TGGAGGGAGCACCATGT 58.82 58.16  

R (59) TGTCAGCAATGCCTGGGT 55.56 59.15 chr5:56777598-56777656 

R (175) GGACAGGCTGGCAAGGAT 61.11 59.32 chr5:56777482-56777656 

* F: Forward, R: Reverse, ( ): amplicon size, [ ]: probe reporter dye 

 
2.3.3.2 Primer efficiencies 

Five five-fold dilutions of a NM gDNA were run on real time qPCR and a standard curve was 

generated in order to establish primer efficiency. The assays were run both in singleplex (Table 

2.5, Figure 2.5) and in duplex for the short and long assays (Table 2.6, Figure 2.6).  

Table 2.5: Primer efficiency when tested in singleplex 

SINGLEPLEX 5x5 dilutions           (0.8, 4, 20, 100, 500) 

Assay Efficiency (%) slope R2 Y-inter 

SRY short 85.235 -3.735 0.999 30.448 

ACTBL2 short 85.345 -3.732 0.999 30.128 

SRY long 83.819 -3.782 0.999 31.243 

ACTBL2 long 83.709 -3.786 0.999 31.078 

https://www.idtdna.com/calc/analyzer
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=418651927_QJq0BgiwbnpSP3xvgk88iaLOOX45&db=hg19&position=chrY:2655081-2655140&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=418654969_gamHsATC5K1Tsen4RXZy46u8qQrk&db=hg19&position=chr5:56777598-56777656&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=418655071_r9BNbaywa3MOWbF3e7M9kkWaYhmy&db=hg19&position=chr5:56777482-56777656&hgPcrResult=pack
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Figure 2.5: Primer efficiency when tested in singleplex: A) Amplification plot and B) Standard 
curve 
 

Table 2.6: Primer efficiency when tested in duplex for the short and long assays 

DUPLEX 5x5 dilutions         (0.8, 4, 20, 100, 500)  

Assay Efficiency (%) slope R2 Y-inter 

SRY short 91.035 -3.557 0.999 29.847 

ACTBL2 short 90.675 -3.568 1.000 29.545 

SRY long 88.089 -3.645 0.999 30.684 

ACTBL2 long 88.531 -3.631 0.999 30.508 
 

 

              

Figure 2.6: Primer efficiency when tested in duplex for the short and long assays: A) 
Amplification plot and B) Standard curve 

A) 

B) 

A) 

B) 



Chapter 2: MATERIALS AND METHODS 

67 
 

Primer efficiencies were lower than the acceptable range (90% - 110%) when run in singleplex 

(Table 2.5). Efficiency improved by ~ 4% - 5% when the assays were run in duplex, producing 

efficiencies just over the lower cut-off limit for the short assay and just under the lower cut-off 

limit the long assay (Table 2.6). More importantly the efficiency of both target and control 

assay were very similar allowing comparable results. Because ultimately these assays were 

designed to be used with dPCR and not real-time PCR, these efficiencies were considered 

sufficient. Real time qPCR results would be highly dependent on assay efficiency, while the 

digital output of dPCR results would not be expected to be strongly affected by assay 

efficiency. 

2.3.3.3 Performance by real time quantitative PCR 

To test specificity and performance of the short duplex assay a relative quantification 

experiment was set up using a NM, Megapool Reference DNA (Male) (pooled DNA from 100 

normal individuals) (Kreatech) and an anomymised XYY gDNA from the NETRGL (50 ng of DNA 

per reaction). Analysis was performed using the ΔΔCt method and the StepOneTM Software 

v2.3 (Applied Biosystems). 

The TaqMan Expression MasterMix (Applied Biosystems) was used. Primers were used at a 

final concentration of 900 nM and probes at a final concentration of 250 nM in a total volume 

of 20 μl of PCR reaction. All reactions were set-up in PCR 96-well plates in triplicate, alongside 

no template controls (NTC). 

For thermal cycling the StepOnePlus Real-Time PCR System (Applied Biosystems) was used 

with cycling conditions: 50°C for 2 mins and 95°C for 10 mins followed by 40 cycles of (95°C for 

15 secs and 60°C for 60 secs).  

The NM and reference male samples showed the same dosage of SRY (1 copy; RQ = 1), while 

the XYY gDNA showed a relative quantification of 1.85, which is very close to the theoretically 

expected value of 2 (2 copies of SRY) (Figure 2.7). 
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Figure 2.7: Relative quantification using the ΔΔCt method and the SRY short / ACTBL2 short 
assays run in duplex. The XYY gDNA shows a copy number gain compared to a NM and a 
reference male DNA. 

 
2.3.3.4 Fluidigm dPCR 

The 12.765 IFC (integrated fluidic circuit) digital array (Fluidigm) was used to determine the 

fetal fraction of the M1/Pro1 spike-ins. This chip has twelve sample inlets where the PCR 

reaction mix and sample is loaded. The content of each inlet is pumped into one panel that 

contains 765 chambers (Figure 2.8) and the reaction volume per chamber is 6 nl. For successful 

results, limiting dilutions of the input DNA are used. In addition, for dPCR to produce reliable 

and reproducible results, a ‘sweet-spot’ of 200-700 positive reactions (chambers) per panel 

needs to be achieved. 

                                    

Figure 2.8: The 12.765 digital array IFC chip (Fluidigm). Figure modified from www.fluidigm.com. 

  

Panels 
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A) B) B) 

To ensure good performance by dPCR, the short and long SRY/ACTBL2 assays were tested in 

duplex using a NM gDNA. PCR reactions were prepared using the TaqMan Expression 

MasterMix (Applied Biosystems), primers at a final concentration of 900 nM and probes at a 

final concentration of 250 nM. Around 3.7 ng of spike-in DNA were used per 10 μl reaction 

prepared, in order to reach the ‘sweet-spot’. NTCs were included. Chips were primed and 

loaded as per manufacturer’s instructions and the “dPCR Standard v1.pcl” thermal protocol 

was run. Results analysis was performed using the Fluidigm Digital PCR Analysis software 

(Fluidigm) and the Quality Threshold was set at 0.3. Results were extracted into Microsoft 

Excel and the calculation used to determine fetal fraction was:   (SRYcounts x 200) / 

ACTBL2counts. Although the short assay performed well (Figure 2.9A), the long assay produced 

very poor amplification plots (Figure 2.9B). This is in agreement with recommendations by 

Fluidigm suggesting that amplicon sizes for optimal dPCR results should be short (Jordan 

Moore, Fluidigm, personal communication), but contradicts previous studies that successfully 

used long amplicons and dPCR for maternal background measurement (86). Because the long 

assay was not necessary for fetal fraction measurement and poorly amplified on dPCR, it was 

decided for it to not be used. 

 

        

Figure 2.9: Amplification plots of a representative panel for the A) short and B) long duplex 
assays. Red lines represent SRY and blue ACTBL2. 

 

 

2.3.4 HLA assay 

The human leukocyte antigen (HLA) locus is highly variable among individuals. Primers were 

designed (Table 2.7) by Dr. Helen White to target exon 3 of HLA and can identify 15 different 

variants (amplicons). Amplicons (Table 2.8) are ~ 65 bp long and could vary between 

individuals allowing determination of fetal specific sequences and fetal fraction measurement 

via counting. Primers were combined with Illumina sequencing primers to allow sequencing 
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and index sequences to allow sample multiplexing (for full sequences see Appendix E). 

Sequences were ordered from Integrated DNA Technologies (IDT). Forward and reverse 

primers with the same index were mixed together in 10 μM aliquots. The HLA and ZFX/Y (see 

also section 2.3.5) assays could be multiplexed together on a single MiSeq run. 

Table 2.7: Primers targeting exon 3 of HLA 

HLA exon 3 primer Primer sequence 
Amplicon size 

Including sequencing primers and index 

Forward ACGGGCGCCTCCTCCGCGGG 
167 bp 

Reverse TCGTTCAGGGCGATGTAATC 

 
Both spike-in samples (M1/Pro1 and M2/Pro2; see also section 2.3.2.5) and real plasma DNA 

samples (see also section 2.3.1) were tested. Spike-in samples were diluted down to ~ 1 ng/μl 

to mimic the cfDNA concentration. Maternal gDNA was also tested where available to aid 

results interpretation. Five samples were run twice in order to assess inter-run variability. 4 μl 

of DNA were amplified using 10 μl of Phusion High-Fidelity PCR Master Mix (New England 

Biolabs) and 1 μl of the forward/reverse primer mix in a 20 μl reaction. For thermal cycling the 

DNA Engine Tetrad 2 (BIO-RAD) thermocycler was used with cycling conditions: 98°C for 1 min, 

followed by 42 cycles of: (98°C for 10 secs, 64°C for 30 secs and 72°C for 30 sec) and finally 

incubation at 72°C for 10 mins. 

PCR products were purified using the “Clean-up – MinElute” protocol on the QIAcube robot 

and the MinElute PCR Purification Kit (QIAGEN). The libraries were then measured using the 

Qubit 2.0 Fluorometer and the Qubit BR dsDNA Assay Kit (Invitrogen) as per manufacturer’s 

instructions and run on the 2100 BioAnalyser (Agilent) electrophoresis system using the 1000 

DNA Kit (Agilent) in order to check sample purity and library size. 

Libraries were pooled at equimolar concentrations down to 2 nM, PhiX was spiked in and the 

pooled library was sequenced on the MiSeq sequencer (Illumina) using the MiSeq Reagent Kit 

v2 (300 cycles) (Illumina) for 100 cycles single-read sequencing as per manufacturer’s 

instructions. The generated FASTQ files were analysed in Microsoft Excel containing macros in 

order to identify the sequences of interest and count them (Table 2.8). The calculation ‘2 x 

fetal counts) / (maternal counts + fetal counts) x 100’ (4) was used to determine fetal fraction 

from the informative HLA variants. 
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Table 2.8: Possible amplicons generated and HLA type 

Variant HLA Type Amplicon sequence detected by macro 

1 B CAT GAC CAG TAC GCC TAC GAC GGC AAG  

2 B CAT AAC CAG TAC GCC TAC GAC GGC AAG   

3 B TAT GAC CAG GAC GCC TAC GAC GGC AAG   

4 B CAT GAC CAG TCC GCC TAC GAC GGC AAG   

5 B CAT AAC CAG TAC GCC TAC GAC GGC AAA  

6 B TAC CAC CAG GAC GCC TAC GAC GGC AAG  

7 B & C TAT AAC CAG TTC GCC TAC GAC GGC AAG  

8 B CAT AAC CAG TTA GCC TAC GAC GGC AAG  

9 B TAT AAC CAG TTA GCC TAC GAC GGC AAG   

10 B & C CAT GAC CAG TTC GCC TAC GAC GGC AAG  

11 B CAT AAC CAG TTC GCC TAC GAC GGC AAG   

12 C TAT GAC CAG TCC GCC TAC GAC GGC AAG  

13 C TAT GAC CAG TAC GCC TAC GAC GGC AAG  

14 C TAT GAC CAG TTC GCC TAC GAC GGC AAG  

15 C CAT GAC CAG TTA GCC TAC GAC GGC AAG 

 

2.3.5 ZFX/Y assay 

The ZFX gene on the X chromosome is paralogous to the ZFY gene on the Y chromosome. 

Sequence differences between the two genes can be used to discriminate between X and Y 

chromosome counts and hence could allow non-invasive fetal sexing and fetal fraction 

measurement in male pregnancies. Primers targeting the ZFX/Y locus were designed (Table 

2.9) by Lun et al. (4). Amplicons derived from the X and Y chromosome are both 87 bp in size, 

but differ in two nucleotide positions. The primers were combined with Illumina sequencing 

primers to allow sequencing and indexes to allow sample multiplexing (for full sequences see 

Appendix E). Sequences were ordered from Integrated DNA Technologies (IDT). Forward and 

reverse primers with the same index were mixed together in 10 μM aliquots. The HLA (see also 

section 2.3.4) and ZFX/Y assays could be multiplexed together on a single MiSeq run. 

Table 2.9: Primers targeting the ZFX and ZFY loci 

ZFX/ZFY primer Primer sequence Amplicon size 
Including sequencing primers and index 

Forward CAAGTGCTGGACTCAGATGTAACTG 
187 bp 

Reverse TGAAGTAATGTCAGAAGCTAAAACATCA 

 

Both spike-in samples (M1/Pro1; see also section 2.3.2.5) and real plasma DNA samples (see 

also section 2.3.1) were used. Spike-in samples were diluted down to ~ 1 ng/μl to mimic the 

cfDNA concentration. Four samples were run twice in order to assess inter-run variability. As 

with the HLA assay, 4 μl of DNA were amplified using 10 μl of Phusion High-Fidelity PCR Master 
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Mix (New England Biolabs) and 1 μl of the forward/reverse primer mix in a 20 μl reaction. For 

thermal cycling the DNA Engine Tetrad 2 (BIO-RAD) thermocycler was used and cycling 

conditions: 98°C for 1 min, followed by 42 cycles of: (98°C for 10 secs, 64°C for 30 secs and 

72°C for 30 sec) and finally incubation at 72°C for 10 mins. 

PCR products were purified using the “Clean-up – MinElute” protocol on the QIAcube robot 

and the MinElute PCR Purification Kit (QIAGEN). The libraries were then measured using the 

Qubit 2.0 Fluorometer and the Qubit BR dsDNA Assay Kit (Invitrogen) as per manufacturer’s 

instructions and run on the 2100 BioAnalyser (Agilent) electrophoresis system using the 1000 

DNA Kit (Agilent) in order to check sample purity and library size. 

Libraries were pooled at equimolar concentrations down to 2 nM, PhiX was spiked in and the 

pooled library was sequenced on the MiSeq sequencer (Illumina) using the MiSeq Reagent Kit 

v2 (300 cycles) (Illumina) for 100 cycles single-read sequencing as per manufacturer’s 

instructions. The generated FASTQ files were analysed in Microsoft Excel containing macros in 

order to identify the sequences of interest and count them (Table 2.10). The calculation ‘2 x 

fetal counts) / (maternal counts + fetal counts) x 100’ (4) was used to determine fetal fraction 

from the ZFX and ZFY read counts. 

Table 2.10: Amplicons generated using the ZFX/ZFY primers 

Gene  Amplicon sequence (sequence detected by macro) 
(excluding primers and index) 

ZFX AAGAAGTTTCTTTAGCACATTGCACAGTCCCAGA 
 ZFY AAGAAGTTTCTTTACCACACTGCACAGTCCCAGA 

 
 

2.3.6 NIAT MASTR assay 

The NIAT MASTR assay was an assay developed by Multiplicom for the non-invasive prenatal 

detection of common trisomies. The assay is based on sequencing around 1000 SNPs and 

therefore could also be used for fetal fraction measurement, with approximately 10-15% of 

SNPs being informative per case. This kit was for evaluation purposes only and did not result in 

a commercial product. Nevertheless, Multiplicom launched a very similar product (Clarigo) for 

commercial use. 

Both spike-in samples (M1/Pro1 and M2/Pro2; see also section 2.3.2.5) and real plasma DNA 

samples (see also section 2.3.1) were tested. Spike-in samples were diluted down to ~ 1 ng/μl 

to mimic the cfDNA concentration. In general, 10 μl of DNA were used per sample. Seven 

samples were run twice; five in the same run using both 10 μl and 20 μl as starting material 

and three in different runs using 10 μl of starting material in order to assess inter-run 
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variability. One sample was run three times; twice in the same run with 10 μl and 20 μl starting 

material and once in a separate run with 10 μl starting material. The protocol involved a 

multiplex PCR reaction, purification of the PCR products, a universal PCR adding sequencing 

primers and indexes, another purification step and sequencing on the MiSeq platform 

(Illumina) using the MiSeq Reagent Kit v3 (150 cycles) (Illumina) for 76 cycles single-read 

sequencing. The generated FASTQ files were sent to Multiplicom and the fetal fraction was 

calculated by them and reported back. 

2.3.7 Y chromosome reads with s-NGS NIPT and RAPIDR 

The RAPIDR algorithm (262) was developed as part of the RAPID project in order to analyse 

NIPT results derived from s-NGS. RAPIDR can also estimate the fetal fraction in male 

pregnancies using the number of counts from the Y chromosome and the deficit of 

chromosome X counts. 

Both real plasma DNA samples (see also section 2.3.1) and spike-in samples (M1/Pro1 and 

M2/Pro2; see also section 2.3.2.5) were tested. During the course of this study, the NETRGL 

switched from the TruSeq NANO HT Sample Preparation Kit (Illumina) to the SureSelect XT2 

Reagent kit for automation (Agilent) for NIPT. Therefore some samples were prepared with the 

former and some with the latter. 

Real plasma DNA samples were prepared using the TruSeq NANO HT Sample Preparation Kit 

(Illumina). The DNA input was 50 μl and the manufacturer’s protocol was followed with some 

modifications; bead clean-ups were replaced by clean-ups on the QIAcube robot using the 

“Clean-up – MinElute” protocol and the MinElute PCR Purification Kit (QIAGEN), apart from the 

last bead clean-up that remained the same. 

Spike-in samples were diluted down to ~ 1 ng/μl to mimic the cfDNA concentration and were 

prepared using the SureSelect XT2 Reagent kit for automation (Agilent) on the Bravo (Agilent) 

robot and a specifically customised protocol developed with Agilent. 50 μl of DNA were used 

as starting material. 

In both cases, libraries from 16 samples were pooled at equimolar concentrations and run on 

the HiSeq2500 platform (Illumina) using the TruSeq RAPID SBS reagent (Illumina) and TruSeq 

RAPID SR Cluster (Illumina) kits as per manufacturer’s instructions. The HiSeq2500 was set on 

the RAPID mode for 50 cycles single-read sequencing. The generated FASTQ files were 

analysed with the RAPIDR algorithm. 
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2.3.8 Custom SNP based NGS assay 

The custom SNP based NGS assay (see section 2.1.3) was used to measure the fetal fraction of 

spike-in samples (M2/Pro2). 

2.4 Materials & Methods for Section 4.2.4: Fetal fraction, haemolysis and 

T21 detection by arrayNIPT 

Five women were recruited for this experiment. All pregnancies were singleton, three 

pregnancies were chromosomally normal and two fetuses were confirmed T21. Thirty ml of 

maternal blood sample was drawn from each woman in three EDTA tubes (i.e. 3 tubes x 10 ml 

each). Blood was processed in three time points (TP); one tube was processed straight away 

(TP0), one 5 days after phlebotomy (TP5) and one 10 days after phlebotomy (TP10). For this 

period of time samples were left at room temperature and were mixed once or twice a day, 

with the exception of sample 18563 that was not mixed. cfDNA was extracted using the 

manual QIAmp Circulating Nucleic Acid Kit (QIAGEN). All samples were set-up on the arrayNIPT 

assay (2 slides) and analysed using the Stouffer method (see section 2.1.2.3). Fetal fraction was 

measured from amplification products using the custom SNP based NGS (OGT-SNP) assay (see 

section 2.1.3). 

2.5 Materials & Methods for Chapter 5: ArrayNIPT Evaluation Study 

2.5.1 Samples and Sample Preparation 

2.5.1.1 Samples  

Maternal plasma DNA from 438 singleton pregnancies were selected from the BioBank; 321 

chromosomally normal, 92 T21, 20 T18 and 5 T13. Samples were collected within the last two 

years from selection and were set up on the arrayNIPT assay (see also section 2.1.2). DNA from 

the plasma was extracted as described previously (see section 2.1.1.5.1) and prepared as per 

the protocol described in section 2.1.2.1. 

Ctr samples from non-pregnant women were not used in this experiment. Instead, 10% T21 

spike-ins (90% Female Human Genomic DNA (pooled DNA from normal individuals) (Promega) 

and 10% Coriell T21 gDNA) were prepared (see section 2.1.1.6) and used as positive controls. 

These samples will be referred to as T21Ctr (trisomy 21 control) samples. 
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2.5.2 ArrayNIPT 

2.5.2.1 ArrayNIPT assay set-up 

Six or seven BioBank samples were set-up on each slide. A T21Ctr sample was also included in 

each slide. 

Samples with high Stouffer metrics for chromosome 21 that were judged to most likely be 

chromosomally normal were repeated from plasma where available (n = 21). Another 21 

samples that failed due to processing errors post-amplification were repeated from 

amplification products. Original and repeat results were compared.  

2.5.2.2 ArrayNIPT results analysis 

The arrayNIPT chromosome profile was examined again; The Cy3:Cy5 probe ratio distribution 

for each chromosome included in the array design was calculated from cumulative data from 

normal successful samples during the Evaluaiton Study, in order to examine any ratio bias per 

chromosome inherent to the assay.  

The Stouffer method was used for results analysis (see also section 3.2.3) for all three 

trisomies. 

For T18 the following additional analysis methods were also explored: 

(1)    Intra Sample 

The ratio bias per chromosome inherent to the assay was previously calculated during the Pre-

evaluation Study (see section 2.2.4, Figure 3.1) and was calculated again during the Evaluation 

Study (Figure 5.1, Table 5.3). Chromosome 18 performance was compared to the performance 

of every other chromosome included in the array design. Based on the arrayNIPT chromosome 

profile analyses, the signal ratios of chromosome 18 probes were compared to the signal ratios 

of probes from chromosomes 5 and 6 (Pre-evaluation Study arrayNIPT chromosome profile)  or 

chromosome 2 (Evaluation Study arrayNIPT chromosome profile) using t-test.  

(2)    Pooled Control 

The signal ratios of chromosome 18 of the sample of interest were compared to a synthetic 

chromosome 18 comprising pooled data from all normal successful samples run in the 

Evaluation Study using paired t-test, paired ratio t-test or ANOVA with Bonferroni, Holm or 

Dunnett correction. 

For T13 the following additional analysis methods were also explored:  
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(1)    Intra Sample 

The ratio bias per chromosome inherent to the assay was previously calculated during the Pre-

evaluation Study (see section 2.2.4 and Figure 3.1) and was calculated again during the 

Evaluation Study (Figure 5.1, Table 5.3). Chromosome 13 performance was compared to the 

performance of every other chromosome included in the array design. Based on the arrayNIPT 

chromosome profile analyses, the signal ratios of chromosome 13 probes were compared to 

the signal ratios of probes from chromosomes 5 and 6 using t-test. 

(2)    Pooled Control 

The signal ratios of chromosome 13 of the sample of interest were compared to a synthetic 

chromosome 13 comprising pooled data from all normal successful samples run in the 

Evaluation Study using paired t-test, paired ratio t-test or ANOVA with Bonferroni, Holm or 

Dunnett correction. 

 (3)    Intra-slide  

The signal ratios of chromosome 13 of the sample of interest were compared to the 

chromosome 13 of the T21Ctr sample within each slide, using paired t-test, paired ratio t-test 

or ANOVA with Bonferroni, Holm or Dunnett correction. Only slides containing a T13 sample 

were examined. 

2.5.3 Statistical Analysis 

Exploristics Ltd. randomly allocated samples per slide and performed the sample size 

estimation. Based on published data (35, 58), a target sensitivity of 98% with a lower 95% CI of 

90% was deemed to be acceptable clinical performance for samples know to have sufficient 

fetal fraction (> 4%). For samples with unknown fetal fraction a target sensitivity was 95% with 

a lower 95% CI of 87% was deemed acceptable. Using binomial statistics, an estimated sample 

size of 76 T21 successful cases would be sufficient to evaluate the assay sensitivity (Table 

2.11).  

Table 2.11: Sample size estimation for sensitivity calculation. 

False-
negatives 

False-
positives 

True-
positives 

Sensitivity Lower CI Upper CI 

0 76 76 1.0000 0.9526 1.0000 

1 75 76 0.9868 0.9289 0.9996 

2 74 76 0.9737 0.9082 0.9968 

3 73 76 0.9605 0.8890 0.9918 

4 72 76 0.9474 0.8707 0.9855 
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During BioBank sample selection, 80 T21 samples were matched for maternal age, weight and 

gestation with 4 Normal samples each (total 320 Normal samples). Twelve more T21 samples 

were included to ensure that the required sample size will be achieved. Matching was made to 

allow statistical investigation into matching effect on assay performance and distribution of 

demographics. However, due to the number of samples that failed to pass QC, the number of 

matched samples drastically reduced and this analysis was not performed. 

2.6 Materials & Methods for Chapter 6: ArrayNIPT version 2  

2.6.1 Samples and Sample Preparation 

2.6.1.1 Samples  

Six gDNA samples bearing genetic abnormalities of interest were purchased from the Coriell 

Biorepository (Table 2.12) and were used for probe selection during the design of the 

arrayNIPT version 2 (v2) assay. A further normal female HapMap (NA12892) and two T13 

samples (NA03330, NA02948) were purchased from the Coriell Biorepository. 

Maternal plasma DNA from 24 singleton pregnancies were selected from the BioBank; eight 

chromosomally normal, three T21, five T13, two Wolf-Hirschhorn syndrome (WHS) (deletion 

4pter), one duplication 4pter, three DiGeorge syndrome (DGS) (deletion 22q11.2) and two Cri-

du-Chat syndrome (CDC) (deletion 5pter) cases (Table 2.13). The chromosomally normal and 

T21 cases had been previously run successfully during the arrayNIPT Evaluation Study (see 

Chapter 5) 

2.6.1.2 Spike-in sample preparation 

T13 and microdeletion spike-ins were prepared (see 2.1.1.6) using a chromosomally normal 

HapMap sample and mixing it with abnormal samples (Table 2.12) bearing the desired 

abnormality. Mixtures prepared were 5%, 10% and 15% for each abnormality.  



 

 
 

7
8

 

Table 2.12: Samples purchased from the Coriell Biorepository for the arrayNIPT v2 assay design and evaluation. 

Coriell Sample ID Genetic abnormality ISCN 

NA07939 DiGeorge syndrome (deletion 22q11.2) 46,XY,?del(22)(q11.2q11.2).ish del(22)(q11.2q11.2)(TUPLE1-,ARSA+).arr 
22q11.21(17161533-19795618)x1 

NA17942 DiGeorge syndrome (deletion 22q11.2) 46,XY[25].arr[hg19] 22q11.21(18,810,081-21,465,835)x1 

NA22569 1pter deletion syndrome 46,XX,del(1)(p36.3).ish del(1)(p36.3)(SKI-,D1S3739+).arr 1p36.33p36.31(615320-
6255256)x1 

NA14239 Phelan-McDermid syndrome (deletion 22qter) 46,XX,del(22)(q13.3).ish del(22)(q13.3q13.3)(TUPLE1+,ARSA-,WCP11-,VIJ22072-).arr 
6p22.3(16560387-16958159)x3,22q13.31q13.33(43447070-49581309)x1 

NA22601 Wolf-Hirschhorn syndrome (deletion 4pter) 46,XY,del(4)(p15.2).arr 4p16.3p15.2(55665-25591051)x1 

 NA14117 Cri-du-Chat syndrome (deletion 5pter) 46,XY,del(5)(p14.3).ish del(5)(p15.33p14.3)(D5S23-).arr 5p15.33p14.3(68519-
22367289)x1 

 

Table 2.13: Microdeletion and microduplication BioBank maternal plasma samples for the arrayNIPT v2 assay evaluation. 

BioBank Sample ID Genetic abnormality ISCN 

12825 Cri-du-Chat syndrome (deletion 5pter) 46,XX,der(5)t(5:6)(p15.1;q21)pat 

17397 Cri-du-Chat syndrome (deletion 5pter) arr5p15.33p15.1(113,576-18,143,460)x1 

13913 Duplication 4pter 46,XX,der(21)t(4;21)(p15.2;p11.2)mat 

17580 Wolf-Hirschhorn syndrome (deletion 4pter) arr[hg19] 4p16.3p15.31(68,185-19,370,089)x1 

13847 Wolf-Hirschhorn syndrome (deletion 4pter) 46,XY,del(4)(p15.3).arr 4p16.3p15.33(514,449-14,062,812)x1 

16327 DiGeorge syndrome (deletion 22q11.2) 22q11.2 deletion on microarray 

17632 DiGeorge syndrome (deletion 22q11.2) 22q11 deletion detected 

4109 DiGeorge syndrome (deletion 22q11.2) 46XX.ish del(22)(q11.2q11.2)(N25-) 
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2.6.2 ArrayNIPT 

2.6.2.1 ArrayNIPT version 2 slide design 

Version 2 of the arrayNIPT assay was designed in order to substitute the probes of 

chromosome 13 to improve T13 detection and include more probes in regions of interest to 

allow microdeletion detection. Probe selection and assay design focused on deletions 1pter, 

22qter, 4pter, 5pter and 22q11.2, because these are the most common recurrent 

microdeletions found in patients postnatally. For the terminal deletions, enrichment was 

performed for the distal 10 Mb of the chromosome arm involved and the recurrent DGS region 

is in most cases approximately 2.8 Mb long. 

A chromosomally normal and two known T13 samples (NA03330, NA02948; Coriell 

Biorepository) were run on an array CGH slide containing probes for chromosome 13. Each 

sample was run twice, once as gDNA and once as 100% spike-in (see 2.1.1.6) amplified using 

the arrayNIPT amplification process to mimic the cfDNA. The log2(Cy3/Cy5) was calculated for 

each sample and probe. Probes selected for chromosome 13 demonstrated: 

1) signal intensity > 200 for both Cy3 and Cy5 in unaffected samples to minimise false-

negatives, 

2) log2(Cy3/Cy5) ≥ 0.30 in affected samples (the theoretical value for gain is 0.5 but the 

practical is ~0.3) to ensure detection, 

3) log2(Cy3/Cy5) < 0.25 in unaffected samples to minimize false-positives and 

4) GC% content < 48% 

Four gDNA samples with known telomeric deletions and two with DGS (Table 2.12) were run 

on an array CGH slide enriched with telomeric probes (distal 10 Mb of each chromosome arm) 

and one enriched with probes in regions of known recurrent microdeletion/microduplication 

syndromes, respectively. Each sample was run twice, once as gDNA and once as 100% spike-in 

(see 2.1.1.6) amplified using the arrayNIPT amplification process to mimic the cfDNA. The 

log2(Cy3/Cy5) was calculated for each sample and probe. Probes selected from within the 

region of interest demonstrated:  

1) signal intensity > 200 for both Cy3 and Cy5 in unaffected samples to minimise false-

negatives, 

2) log2(Cy3/Cy5) < -0.59 in affected samples (the theoretical value for loss is -1 but the 

practical is ~-0.6) to ensure detection and 

3) log2(Cy3/Cy5) > -0.36 in unaffected samples to minimize false-positives. 
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After probe selection, the NIPT v1 design (Appendix A) was modified to create the v2 design 

(Table 2.14); the 3882 chromosome 13 probes of v1 were substituted by 4698 new 

chromosome 13 probes (298 probes common to v1 and v2). Chromosome X was excluded 

from the v2 design. Probes for the DGS region (n = 831), 1pter (n = 381), 4pter (n = 496), 5pter 

(n = 748) and 22qter (n = 430) were added. Finally backbone probes for chromosomes 4 (n = 

259) and 22 (n = 1579) were also added. The 8x60K array slides were manufactured by Agilent. 

Table 2.14: Comparison between arrayNIPT v1 and v2 designs. 

 ArrayNIPT v1 probes ArrayNIPT v2 probes 

chr Mean GC% Median GC% n Mean GC% Median GC% n 

1 36.7 36.7 4616 36.7 36.7 4997 

2 36.4 36.7 5061 36.4 36.7 5061 

3 36.4 36.7 3939 36.4 36.7 3939 

4 - - - 35.9 36.7 755 

5 36.4 36.7 3466 36.3 36.7 4214 

6 36.2 36.7 3314 36.2 36.7 3314 

7 36.5 36.7 3624 36.5 36.7 3624 

8 36.5 36.7 2966 36.5 36.7 2975 

9 36.5 36.7 2409 36.5 36.7 2409 

10 36.6 36.7 2962 36.6 36.7 2962 

11 36.7 36.7 2810 36.7 36.7 2810 

12 36.4 36.7 2636 36.4 36.7 2636 

13 37.8 38.3 3882 35.7 35.0 4698 

14 36.5 36.7 1795 36.5 36.7 1795 

15 36.8 36.7 2081 36.8 36.7 2081 

16 - - - - - - 

17 - - - - - - 

18 37.9 38.3 3890 37.9 38.3 3890 

19 - - - - - - 

20 - - - - - - 

21 37.9 38.3 3810 37.9 38.3 3810 

22 - - - 37.6 36.7 2840 

X 37.6 36.7 3923 - - - 

Y - - - - - - 

 

2.6.2.2 ArrayNIPT v2 set-up 

Three arrayNIPT v2 slides were set-up with 24 spike-in samples (8 syndromes x 3 spike 

percentages, see also section 2.6.1.2 and Table 2.12). After spike-in analysis produced 

acceptable results, three more arrayNIPT v2 slides were set-up using 24 maternal plasma 

samples from the BioBank (Table 2.13, section 2.6.1.1). 
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2.6.2.3 ArrayNIPT results analysis 

A) Trisomy 21 

The Stouffer method (see 2.1.2.3) was used for T21 detection.  

B) Trisomy 13 

For T13 detection three different methods were trialled: 

(1)    Stouffer (see section 2.1.2.3) 

(2)    Intra Sample  

The signal ratios of chromosome 13 probes were compared to the signal ratios of probes from 

all other chromosomes included in the array design using t-test. In addition, the signal ratios of 

chromosome 13 probes were compared to the signal ratios of probes from chromosome 2 and 

chromosomes 5 and 6 using t-test (see also section 2.5.2.2  (1)).  

(3)    Pooled Control 

The signal ratios of chromosome 13 of the sample of interest were compared to a synthetic 

chromosome 13 comprising pooled data from all successful real plasma samples normal for 

chromosome 13 in the three array NIPT v2 slides, using paired t-test, paired ratio t-test or 

ANOVA with Bonferroni, Holm or Dunnett correction. 

C) Microdeletions 

For the 1p, 4p and 5p terminal deletions the 5 Mb telomere of the p arm were compared to 

the whole of the q arm. More specifically, the Cy3/Cy5 median ratio of probes on the 5 Mb 

pter were plotted against the Cy3/Cy5 median ratio of probes on the q arm. The two groups of 

probes were compared using a two-sample t-test. The Cy3/Cy5 median ratio of probes on the 

5 Mb pter were also plotted against the log(p-value) generated from the t-test. 

For the 22q terminal deletion the 5 Mb telomere of the q arm was compared to the rest of the 

q arm. More specifically, the Cy3/Cy5 median ratio of probes on the 5 Mb qter were plotted 

against the Cy3/Cy5 median ratio of probes on the rest of the q arm. The two groups of probes 

were compared using a two-sample t-test. The Cy3/Cy5 median ratio of probes on the 5 Mb 

qter were also plotted against the log(p-value) generated from the t-test. 
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For the DGS 2.5 Mb from within the recurrent microdeletion (hg19 chr22:19,010,472-

21,466,102) were compared to the rest of the q arm (hg19 chr22:16,126,719-18,379,098 and 

chr22:22,444,158-51,173,225). More specifically, the Cy3/Cy5 median ratio of probes in the 

DGS critical region were plotted against the Cy3/Cy5 median ratio of probes on the rest of the 

q arm. The two groups of probes were compared using a two-sample t-test. The Cy3/Cy5 

median ratio of probes from the 2.5 Mb DGS were also plotted against the log(p-value) 

generated from the t-test. 

The number of probes from within the region of interest and the number of probes used as 

control for each microdeletion are presented in Table 2.15. 

Table 2.15: Number of probes within each microdeletion and control region.  

 Size of the loss 
interrogated 

Number of probes in the Total number of 
probes interrogated Microdeletion region of interest control region 

1pter 5.0 Mb 369 2247 2616 

4pter 5.0 Mb 322 219 541 

5pter 5.0 Mb 462 2562 3024 

22qter 5.0 Mb 299 2541 2840 

DGS 2.5 Mb 831 1533 2364 
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Chapter 3:  ArrayNIPT PRE-EVALUATION STUDY 

3.1 Chapter 3 – INTRODUCTION 

OGT developed the arrayNIPT assay and used it in proof-of-principle experiments (data not 

shown). Subsequently 100 Biobank samples (80 from chromosomally normal and 20 from T21 

pregnancies) were selected to be run on the assay in a Pre-Evaluation Study. Plasma samples 

from chromosomally normal non-pregnant women were purchased and used as controls (Ctr) 

on each arrayNIPT slide set-up. The main purpose of this study was to evaluate the detection 

of T21 pregnancies. Various methods of results analysis were explored and the Stouffer 

method was developed by OGT. In addition, failure rate, the behaviour of repeated samples 

and inter-operator variability were also investigated. Materials & Methods relevant to this 

chapter can be found in sections 2.1 and 2.2. 

3.2 Chapter 3 – RESULTS 

3.2.1 Sample Demographics 

Excluding QC failures (see section 3.2.2), 83 samples were successfully tested on arrayNIPT. 

Their pregnancy gestation, maternal weight and maternal BMI demographics are summarised 

in Table 3.1. There was no statistical significance found in gestation, maternal weight or 

maternal BMI between Normal and T21 samples, Normal and T21 NIPT result, and correct and 

incorrect NIPT diagnosis (results available in Appendix F). The same was true when examining 

non-haemolysed (OD414 ≤ 0.25) samples only (n = 63) (data not shown). 

Table 3.1: Sample demographics 

 min 1st qu median mean 3rd qu max N/A 

Gestation 
(days) 

79 89 95 98 103 160 0 

Maternal 
weight (kg) 

45 57 65 70 77 150 1 

Maternal 
BMI 

18 22 25 26 28 57 4 

 

3.2.2 Microarray Quality Control  

There were no plasma sample or assay QC failures (Appendix C). Seventeen BioBank samples 

(12 normal, 5 T21) and four Ctr samples failed due to technical reasons (microarray QC, see 

2.1.2.2) and more specifically due to high DLR scores (DLR ≥ 0.3) (Table 3.2 and Table 3.3) 

(Appendix D). 
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Table 3.2: DLR descriptive statistics of all samples 

 min 1st qu median mean 3rd qu max 

DLR 0.15 0.21 0.24 0.30 0.27 1.14 

 
 

Table 3.3: ArrayNIPT assay failures due to high DLR 

 Sample Total 

DLR 
BioBank 
normal 

BioBank  
T21 

Ctr BioBank Ctr 

DLR < 0.3 68 15 11 83     (83%) 11      (73%) 
DLR ≥ 0.3 12 5 4 17     (17%) 4      (27%) 

Total 80 20 15 100  (100%) 15   (100%) 

 
 
 
Excluding nine samples where the cfDNA extraction was compromised, the success rate of the 

arrayNIPT assay improved from 83% to 90% (Table 3.4 and Table 3.5). 

 

Table 3.4: DLR descriptive statistics excluding failures due to cfDNA extraction 

 min 1st qu median mean 3rd qu max 

DLR 0.15 0.21 0.23 0.24 0.27 0.36 

 
 

Table 3.5: ArrayNIPT assay failures due to high DLR excluding failures due to cfDNA extraction 

 Sample Total 

DLR 
BioBank 
normal 

BioBank  
T21 

Ctr BioBank Ctr 

DLR < 0.3 68 15 11 83     (90%) 11      (79%) 

DLR ≥ 0.3 6 3 3 9     (10%) 3      (21%) 

Total 74 18 14 92  (100%) 14   (100%) 

 

 

Amplification products from 19 BioBank (14 normal, 5 T21) samples were re-labelled and 

hybridised on the arrayNIPT assay. QC metrics from the original and the repeat assay were 

compared (Appendix G). The potential effect of operator on assay performance, as assessed by 

the DLR value, was also examined (Appendix G).  
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A) 

3.2.3 ArrayNIPT results 

The Cy3:Cy5 probe ratio distribution for each chromosome included in the array design was 

calculated from cumulative data from chromosomally normal successful samples, in order to 

examine any ratio bias per chromosome inherent to the assay. An ANOVA test with Dunnett 

correction was performed comparing the Cy3:Cy5 probe ratio of chromosome 21, 18 and 13 

against the ratios of all other chromosomes. Chromosome 12 was found to perform more 

similarly to chromosome 21. Chromosomes 14, 2 and 9 were the next closest performing 

chromosomes. The remaining chromosomes performed quite differently (Figure 3.1). 

 

 

Figure 3.1: ArrayNIPT chromosome profile; A) Cy3:Cy5 ratio revealing a different pattern for 
each chromosome and an inherent assay bias. B) Magnified view of (A). C) ANOVA with 
Dunnett post-hoc analysis p-values. 

 
 

 

A) 

B) 

C) 
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Subsequently, four different results analysis methods for the detection of T21 were explored; 

1) Intra-sample, 2) Pooled control, 3) Intra-slide and 4) Stouffer. 

(1)   Intra-sample: comparison of chromosome 21 probe signal ratios against the signal 

ratios of probes from various combinations of other chromosomes. Based on the array 

NIPT chromosome profile (Figure 3.1), chromosome 21 probes signal ratios were 

compared against the signal ratios of probes from the chromosome performing most 

similarly to chromosome 21 (Figure 3.2A), chromosomes performing similarly to 

chromosome 21 (Figure 3.2B), chromosomes performing least similarly to 

chromosome 21 (Figure 3.2C) and all chromosomes included in the assay (Figure 3.2D) 

for each sample. A single false-positive and three or four false-negative results were 

identified (Table 3.6). 

 

 

Figure 3.2: Intra-sample analysis comparing chromosome 21 to: A) chromosome 12, B) 
chromosomes 2, 9, 12 and 14, C) chromosomes 1, 3, 5, 6, 7, 8, 10, 11, 13, 15 and 18 C) all 
chromosomes included in the assay. Orange dashed lines show where the calling cut-off values 
could lie. 
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Table 3.6: Comparison of assay sensitivity and specificity when using the Intra-sample method 
with different statistical analyses (excluding samples failed due to high DLR (n = 17)). 

Intra-sample 
Method 

t-test chr21 vs chr 

Chr 21 vs chr 12 / 2, 9, 12, 14 / 
1, 3, 5, 6, 7, 8, 10, 11, 13, 15, 18 

Chr 21 vs all chrs 

Samples All 
Excluding 

samples with 
OD414 > 0.25 

All 
Excluding 

samples with 
OD414 > 0.25 

Excluded  17 37 17 37 

Included 83 63 83 63 

False-positives  1 0 1 0 
sample ID 11210  11210  

False-negatives 4 0 3 0 
sample ID 10965, 11322, 

12057, 13241 
 

10965, 11322, 
12057 

 

True-positives  11 9 12 9 

True-negatives 67 54 67 54 

Sensitivity  73.3 % 100 % 80.0 % 100 % 

95% CI (45%, 92%) (55%, 100%) (52%, 96%) (55%, 100%) 

Specificity 98.5 % 100 % 98.5 % 100 % 

95% CI (92%, 100%) (90%, 100%) (92%, 100%) (90%, 100%) 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 
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(2)   Pooled control: comparison of chromosome 21 probes signal ratios against the signal 

ratios of chromosome 21 probes from a synthetic pooled control composed of all normal 

successful samples, using paired t-test (Figure 3.3A, Figure 3.3B) or ANOVA with Bonferroni, 

Holm (Figure 3.3C), or Dunnett (Figure 3.3D) correction. The Bonferroni and Holm corrections 

performed similarly, hence only the latter is shown. Three false-negative and one or three 

false-positive results were identified (Table 3.7). 

 

 
 
 

Figure 3.3: Pooled control analysis comparing chromosome 21 to a synthetic control 
comprising data from all normal successful samples using A) paired t-test, B) paired ratio t-test, 
C) ANOVA with Holm correction and D) ANOVA with Dunnett correction. Orange dashed lines 
show where the calling cut-off values could lie. 
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Table 3.7: Comparison of assay sensitivity and specificity when using the pooled control 
method with different statistical analyses (excluding samples failed due to high DLR (n = 17)). 

Pooled control 
Method 

Statistical test 

Paired t-test / Paired ratio t-test / 
ANOVA Bonferroni / ANOVA Holm 

ANOVA Dunnett 

Samples All 
Excluding 

samples with 
OD414 > 0.25 

All 
Excluding 

samples with 
OD414 > 0.25 

Excluded  17 37 17 37 

Included  83 63 83 63 

False-positives  1 0 3 2 

sample ID 11210  
11210, 10041, 
13462 

10041, 13462 

False-negatives 3 0 3 0 

sample ID 
10965, 11322, 
12057 

 
10965, 11322, 
12057 

 

True-positives 12 9 12 9 

True-negatives  67 54 65 52 

Sensitivity  80.0 % 100 % 80.0 % 100 % 

95% CI (52%, 96%) (55%, 100%) (52%, 96%) (55%, 100%) 

Specificity 98.5 % 100 % 95.6 % 96.3 % 

95% CI (92%, 100%) (90%, 100%) (88%, 99%) (87%, 100%) 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 
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(3)   Intra-slide: comparison of chromosome 21 probe signal ratios against the signal ratios of 

chromosome 21 probes of the non-pregnant plasma DNA control sample (Ctr) within each 

slide, using paired t-test (Figure 3.4A and Figure 3.4B) or ANOVA with Bonferroni or Holm 

(Figure 3.4C) correction. The Holm and Bonferroni corrections performed similarly, hence the 

latter is not shown. Four false-negative and a single false-positive results were identified (Table 

3.8). 

 

 
 

Figure 3.4: Intra-slide inter-sample analysis chromosome 21 of each sample to chromosome 21 
of the non-pregnant female control using A) paired t-test, B) paired ratio t-test, C) ANOVA with 
Holm correction. Orange dashed lines show where the calling cut-off values could lie. 
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Table 3.8: Comparison of assay sensitivity and specificity when using the Intra-slide method 
with different statistical analyses (excluding samples failed due to high DLR (n = 17)). 

Intra-slide 
Method 

Statistical test 

Paired t-test / Paired ratio t-test / 
ANOVA Bonferroni / ANOVA Holm 

Samples All 
Excluding samples 

with 
OD414 > 0.25 

Excluded  17 37 

Included  83 63 

False-positives  1 0 

sample ID 11210  

False-negatives  4 1 

sample ID 
10965, 11322, 
12057, 12347 

12347 

True-positives  11 8 

True-negatives  67 54 

Sensitivity  73.3 % 88.9 % 

95% CI (45%, 92%) (52%, 100%) 

Specificity 98.5 % 100 % 

95% CI (92%, 100%) (90%, 100%) 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 
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(4)   Stouffer: Excluding the 17 samples with high DLR and using the Stouffer method, four 

samples were identified as false-negatives and one as false-positive (Figure 3.5, Table 3.9).  

 

Figure 3.5: Stouffer method analysis. Orange dashed lines show where the calling cut-off 
values could lie.  

 

Table 3.9: Comparison of assay sensitivity and specificity when using the Stouffer method 
(excluding samples that failed due to high DLR (n = 17)). 

 Statistical test 

 Stouffer 

Samples 
Excluding samples 

with 
DLR > 0.3 

Excluding samples 
with 

DLR > 0.3 and 
OD414 > 0.25 

Excluded  17 37 

Included  83 63 

False-positives  1 0 

sample ID 11210  

False-negatives  4 0 

sample ID 
10965, 11322, 
12057, 13241 

 

True-positives  11 9 

True-negatives  67 54 

Sensitivity  73.3 % 100 % 

95% CI (45%, 92%) (55%, 100%) 

Specificity 98.5 % 100 % 

95% CI (92%, 100%) (90%, 100%) 

Sample ID: haemolysed sample      Sample ID: non-haemolysed sample 



 

 
 

9
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3.2.3.1 Results comparison 

Comparing the results obtained by the four methods and various statistical analyses, it becomes clear that the same single sample (11210) always gives a false-

positive NIPT result, while the same three samples (10965, 11322, 12057) always give false-negative results. Two samples (10041, 13462) are false-positives only 

when the Pooled control method with the ANOVA Dunnett analysis is used. Sample 13241 gives a false-negative result when the Intra-sample or Stouffer methods 

are used. Finally, sample 12347 appears to be a false-positive only when the Intra-slide method is used (Table 3.10). 

Table 3.10: Comparison of false-positive/false-negative results and sensitivity/specificity obtained by all analysis methods explored 

 Intra-sample Pooled control Intra-slide 
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False-positives 

11210 11210 11210 11210 11210 11210 11210 11210 11210 11210 11210 11210 11210 11210 
        10041      
        13462      

False-negatives 

10965 10965 10965 10965 10965 10965 10965 10965 10965 10965 10965 10965 10965 10965 

11322 11322 11322 11322 11322 11322 11322 11322 11322 11322 11322 11322 11322 11322 

12057 12057 12057 12057 12057 12057 12057 12057 12057 12057 12057 12057 12057 12057 

13241 13241 13241           13241 

         12347 12347 12347 12347  
Sensitivity excl. DLR>0.3 73.3% 80.0% 80.0% 73.3% 73.3% 
Specificity excl. DLR>0.3 98.5% 98.5% 95.6% 98.5% 98.5% 
Sensitivity excl. DLR>0.3, OD>0.25 100% 100% 88.9% 100% 
Specificity excl. DLR>0.3, OD>0.25 100% 100% 96.3% 100% 100% 

Sample ID: haemolysed sample              Sample ID: non-haemolysed sample             excl.: excluding 
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3.2.4 Haemolysis and arrayNIPT results  

After excluding BioBank samples that failed on the arrayNIPT assay due to technical reasons 

(DLR ≥ 0.3), of the 83 remaining BioBank samples, five would have been false-

negatives/positives, when using the Intra-sample and Stouffer methods (see section 3.3.3). An 

independent 2-group Mann-Whitney U test revealed that the sample OD414 was significantly 

higher for the misclassified samples compared to the correctly classified ones (p = 0.006) 

(Table 3.11, Figure 3.6A). This was also true when examining the T21 samples separately (p = 

0.04) (Table 3.11, Figure 3.6B).  

Table 3.11: BioBank samples OD414 descriptive statistics 

Samples n min 1st qu median mean 3rd qu max 

All 100 0.074 0.124 0.182 0.206 0.256 0.669 

excluding DLR ≥ 0.3  

All  83 0.074 0.122 0.159 0.198 0.237 0.669 

True-positives/negatives 78 0.074 0.120 0.154 0.191 0.221 0.669 
False- positives/negatives 5 0.259 0.279 0.278 0.297 0.327 0.347 

False-negatives 4 0.259 0.270 0.301 0.302 0.332 0.347 
True-positives 11 0.078 0.161 0.214 0.236 0.237 0.669 

 
 

 

Figure 3.6: Comparison between haemolysis level of samples that were incorrectly and 
correctly identified (“No”, i.e. false-negatives/positive and “Yes”, i.e. true-negatives/positives, 
respectively): A) for all successful (i.e. DLR < 0.3) Biobank samples and B) for T21 BioBank 
samples only. Black circles represent chromosomally normal samples, while red circles 
represent T21 samples.  
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3.3 Chapter 3 – DISCUSSION 

One hundred maternal plasma samples from pregnant women were selected from the RAPID 

BioBank for this study, including 20 T21 pregnancies. In addition, plasma samples from normal 

non-pregnant females were purchased, in order to explore the possibility of them being used 

as controls.  

3.3.1 Sample Demographics 

The mean gestational age of the 83 successful samples included in this study was 98 days 

(14+0 weeks) (Table 3.1). The mean maternal weight was 70 kg and the mean maternal BMI 

was 26 (Table 3.1). In contrast to literature (56), there was no relationship found between 

gestation, maternal weight or maternal BMI and correct NIPT diagnosis (Appendix F). This 

could be a result of the small sample size and the relatively small number of T21 cases (n = 21), 

but fetal fraction measurements would also be needed to elucidate the relationship between 

pregnancy gestation or maternal weight/BMI and misdiagnosed cases. 

3.3.2 Quality Control  

Out of the 100 BioBank samples tested, 17 failed due to high DLR, indicating a 17% failure rate. 

Interestingly, eight of these samples (5 BioBank normal, 2 BioBank T21 and 1 Ctr) were all 

extracted and set-up together on the same array slide (slide 13). Another five samples (2 

BioBank normal, 2 BioBank T21 and 1 Ctr) were also extracted and set-up together on the 

same array slide (slide 7). Two normal BioBank samples with high DLR were set-up on slide 11. 

The remaining six failed assays were set-up on different slides (Appendix D). 

During the cfDNA extraction of the samples on slide 13 the incorrect volume of buffer was 

added in error, compromising the quality of DNA and as expected leading to failed assays. 

During cfDNA extraction of sample 10180 (normal), most of the sample was spilled before 

going through the column, again leading to minimal cfDNA yield and a failed array NIPT assay. 

For these nine samples it was obvious that errors in the cfDNA extraction, and not the 

arrayNIPT assay itself, were responsible for this failure. Hence excluding them improved the 

arrayNIPT assay failure rate from 17% to 10%. When examining the Ctr samples and excluding 

samples failed due to cfDNA extraction errors, the failure rate was 21%. It is unclear why the 

failure rate for Ctr samples is almost double than that of the BioBank samples, but it is likely 

due to the small number of Ctr samples. 

Experience with postnatal array CGH in the NETRGL has shown a 10% assay repeat rate due to 

QC failure. Therefore it would be reasonable to assume that a 10% initial failure rate might be 
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inherent to array CGH due to the technical complexity of setting-up and assay chemistry. In 

half of the repeated postnatal cases quality improves and a result is obtained. For the 

remaining cases, a failed report would be issued and a repeat on a fresh DNA sample would 

produce a successful result (Deborah Morrogh, NETRGL, personal communication).  

A 10% failure rate would be too high to allow implementation in routine clinical practice. 

However, due to the retrospective nature of this study, repeat from fresh or left-over cfDNA 

was not possible. Repeat from plasma (fresh cfDNA) would be expected to substantially 

improve the assay success rate. In a real clinical situation 20 ml of maternal blood are being 

drawn, providing enough plasma material for two separate cfDNA extractions and hence 

potential for repeat and decrease in failure rates. 

Meta-analysis of published NGS based NIPT studies has calculated an average 2% failed report 

rate, with this figure varying from 0% to 6.4% (55, 174). However, the repeat rate from left-

over maternal blood is unclear in most studies, making it difficult to directly compare this 

figure to the arrayNIPT failure rate. Experience from the extension to the RAPID evaluation 

study at NETRGL using s-NGS NIPT has shown a 15% initial failure rate due to technical issues 

during set-up. The majority of these samples are successful when repeated on fresh cfDNA 

(11% of total samples), while a small percentage (4% of total samples) were reported as failed 

due to insufficient material for a second cfDNA extraction (data as of 07/12/16 based on 310 

samples) (Sarah Mason, NETRGL, personal communication). Comparing the failure and repeat 

rates of this well-established assay to the arrayNIPT assay, it is apparent that a 10% repeat rate 

for the arrayNIPT could be acceptable in a clinical setting. Moreover, it would be reasonable to 

assume that where 20 ml of maternal blood are received by the laboratory, the actual failure 

rate could be relatively low. However, a larger prospective study using arrayNIPT would be 

necessary in order to establish if this is true. 

In order to achieve the lowest possible assay failure/repeat rate, operator training and 

experience are of utmost importance to minimise human error. In addition, human error could 

be minimised by automation of both the cfDNA extraction and arrayNIPT assay. During this 

project it was established that the automated cfDNA extraction method used at NETRGL is not 

compatible with the arrayNIPT assay (data not shown). However, it is interesting to note that 

the s-NGS NIPT assay performed at NETRGL is highly automated and assay/robotics failure 

cannot be completely avoided. Finally it is important to consider how other factors, such as 

environmental, might affect the assay. High ozone levels, especially during May and June, 

affect the Cy5 labelling and signal leading to assay failures. In a clinical laboratory an ozone 

free cabinet would be indispensable for implementation of this assay into service. 
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Although repeat from fresh cfDNA was not possible in this study, 19 samples were repeated 

from amplification products. Results suggested that repeating the arrayNIPT assay from 

amplification products does not yield better results and would not be useful in a clinical 

situation (for results and further discussion see Appendix G). Repeat from amplification 

products might only be sensible in situations where the labelling or scanning steps fail. In all 

other situations the ideal repeat material would be maternal plasma, although such material 

was not available and it was not possible to investigate the success of assay repeat from fresh 

cfDNA. 

Inter-operator variability was investigated in terms of DLR score. Assays set-up by EK were 

found to have lower DLR scores than the other two operators. Given that all operators were 

highly experienced and that the number of samples/slides set-up per operator was small, it is 

likely that this result is coincidental and further data would be needed to support or reject it 

(for results and further discussion see Appendix G). 

3.3.3 ArrayNIPT results 

The arrayNIPT results were analysed using four different methods. In general, any calling cut-

off values would be set depending on the analysis method used, but in most cases it is clear 

from the relevant figures where these cut-off values would lie. The cut-off values would 

indicate the maximum p-value and the minimum median chromosome 21 ratio that would 

define a T21 call. In some cases a grey zone of inconclusive results could also be introduced. 

Depending on where the cut-off values are set, the number of false-positive and false-negative 

results would change. The cut-off values that would result in fewer false-positive and false-

negative calls would be chosen.  

The 17 samples that failed due to high DLR are not plotted on the figures. Samples from slide 

13 would not be visible on the plots due to very high median chr21 ratios. Some of the failed 

samples would have been correctly identified, however they behaved differently, mainly 

producing higher chr21 ratios and hence potentially increasing the risk of false-positive results. 

Moreover, since they clearly behave differently, any type of analysis comparing them to other 

samples would be unreliable.  

The performance of probes from each chromosome included in the array design was 

investigated. The distribution of the Cy3:Cy5 ratio of probes from each chromosome was 

plotted using cumulative data from all normal samples tested (Figure 3.1). From these data it 

became apparent that there is a certain pattern per chromosome inherent to the array design. 

Subsequently, the ratio of probes from chromosome 21 was compared to the ratios of probes 
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from all other chromosomes. As judged from Figure 3.1 and the relevant p-values, all 

chromosomes were found to perform significantly differently to chromosome 21, however 

some chromosomes performed more differently than others. Chromosome 12 was found to 

perform the least differently, with chromosomes 14, 9 and 2 following. The rest of the 

chromosomes (1, 3, 5, 6, 7, 8, 10, 11, 13, 15 and 18) included in the array design were found to 

perform very differently to chromosome 21. 

1) Intra-sample:  

Based on the arrayNIPT chromosome profile, the ratio of probes from chromosome 21 was 

compared to the ratio of probes from A) the chromosome performing the least differently 

(chromosome 12), B) the chromosomes performing less differently (12, 14, 9, 2), C) the 

chromosomes performing more differently (1, 3, 5, 6, 7, 8, 10, 11, 13, 15, 18) and D) all 

chromosomes included in the array design (Figure 3.2) using paired t-test. In all methods, the 

same single sample (11210) gave a false-positive result, resulting in 98.5% specificity. Methods 

A), B) and C) appeared to produce four false-negative results (10965, 11322, 12057, 13241), 

resulting in 73.3% sensitivity. In method D) only three (10965, 11322, 12057) of these samples 

gave a false-negative result (Table 3.6), resulting in 80% sensitivity. All five misdiagnosed 

samples were haemolysed. Excluding haemolysed samples, both sensitivity and specificity 

reached 100%. Methods A) and B), and especially method B), seemed to give better separation 

between T21 and normal samples. 

2) Pooled control:  

The signal ratios of probes from chromosome 21 were compared to the ratios of chromosome 

21 probes from a pooled control composed of all normal successful samples, using A) paired t-

test, B) paired ratio t-test and C) ANOVA with Bonferroni, D) Holm or  E) Dunnett correction 

(Figure 3.3).  Methods A), B), C) and D) showed three false-negative calls (10965, 11322, 

12057) and one false-positive (11210), resulting in 80% sensitivity and 98.5% specificity. Using 

method E) the same three false-negative calls were detected (10965, 11322, 12057), but - 

apart from the same false-positive call (11210) - there were another two (10041, 13462) false-

positive calls detected (Table 3.7). This resulted in 80% sensitivity and 95.6% sensitivity. All 

samples with misdiagnosed calls, apart from the additional two false-positive calls seen with 

method E), were haemolysed. Excluding haemolysed samples, sensitivity was 100% and 

specificity was 100% for methods A) – D) and 96.3% for method E). Methods C) and D) seem to 

give the best separation between normal and T21 samples, while method E) gives the worst 

separation and leads to more false-positive calls. 
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3) Intra-slide:  

The signal ratios of probes from chromosome 21 from each sample were compared to the 

signal ratios of chromosome 21 probes from the non-pregnant plasma DNA control sample 

(Ctr) within each slide, using A) paired t-test, B) paired ratio t-test and C) ANOVA with 

Bonferroni or D) Holm correction (Figure 3.4). With all four statistical analyses the same four 

samples gave false-negative results (10965, 11322, 12057, 12347) and the same single sample 

gave a false-positive result (11210) (Table 3.8), resulting in 73.3% sensitivity and 98.5% 

specificity. All misdiagnosed cases were haemolysed, apart from sample 12347, which gives a 

false-negative call only when using the intra-slide method. However this call appears to be a 

borderline call. Excluding haemolysed samples, sensitivity was 88.9% and specificity was 100%. 

Separation of normal and T21 samples was poor using any of the statistical methods. 

Interestingly, the Ctr sample failed due to high DLR in four slides. This means that 28 samples 

would have failed, because it would have not been possible to analyse the results from these 

slides.  

4) Stouffer  

Choosing the optimal performing approach would introduce a bias. Therefore a separate 

method, called Stouffer, was developed by OGT based on the statistical properties of the 

blinded data, instead of being chosen by comparing it to other approaches. The Stouffer 

method is essentially an intra-sample approach using all chromosomes included on the array 

design. The difference lies in the fact that Stouffer makes pair-wise comparisons and then 

combines the results, while the Intra-sample method compares chromosome 21 to all other 

chromosomes collectively. Using Stouffer, there was a single false-positive (11210) and four 

false-negative (10965, 11322, 12057, 13241) results (Table 3.9, Figure 3.5), resulting in 73.3% 

sensitivity and 98.5% specificity. All misdiagnosed samples were haemolysed and if excluded 

both sensitivity and specificity reached 100%. The separation between T21 and normal cases 

was very clear. 

3.3.3.1 Results comparison 

In this small cohort of samples (n = 83, excluding QC fails) the arrayNIPT assay showed 

specificity of 98.5% (excluding the Pooled Control ANOVA Dunnett method where specificity 

was 95.6%) and sensitivity between 73.3% and 80%, depending on the analysis and statistical 

method used. Compared to traditional biochemical screening, where for 85% detection rate 

the false-positive rate is about 4% (exact values depend on specific screening test offered) 



Chapter 3: ArrayNIPT PRE-EVALUATION STUDY 

100 
 

(174, 271), specificity is improved, but sensitivity is not. These figures are also lower compared 

to the specificity and sensitivity of >99% reported for T21 NIPT in large meta-analysis studies 

(64, 65, 174), as well as on the websites of private NIPT providers (Ariosa, BGI, Natera, 

Premaitha, Sequenom, Verinata – websites visited on 11/09/17). Although specificity could 

potentially be acceptable, sensitivity is certainly not, however a larger number of blinded 

samples will need to be run to establish if these figures are accurate and reproducible. 

Clear separation of the T21 from the disomy calls is important in order to provide confidence 

in the results obtained. Best separation was observed when using the Stouffer method, as well 

as with the Intra-sample (excluding comparison of chromosome 21 against all chromosomes) 

and Pooled Control ANOVA Bonferroni analyses. Clear separation would also allow the 

introduction of a grey zone of inconclusive results, if necessary. 

Trisomy status in four samples is incorrectly identified only when a certain analysis method is 

used. Therefore it is likely that the analysis method and statistical approach used might affect 

the false-positive and false-negative rates and careful selection is necessary. Samples 10041 

and 13462 are false-positives only when the Pooled Control ANOVA Dunnett test is used, while 

sample 12347 is a false-negative only when the Intra-slide method is used (irrespective of 

statistical test). Sample 13241 is a false negative when either the Intra-sample (apart from the 

t-test chr21 vs all chrs analysis) or Stouffer method is used. The Stouffer method is essentially 

an Intra-sample approach, therefore obtaining very similar results with the two methods was 

expected. 

Interestingly, four samples (one false-positive and three false-negatives) performed poorly 

irrespective of the analysis method used (Table 3.10). It is reasonable to assume that in these 

cases either the assay set-up produced false results or that characteristics of the original 

sample interfere with correct diagnosis. If the former is true, then such results reflect the assay 

sensitivity and specificity and a larger cohort of samples would be needed to accurate 

determine these parameters. If the latter is true, then it is necessary to explore sample 

characteristics that could affect assay performance.  

Sample 11210 gives a false-positive result with all analysis methods. Such a result could arise 

due to CPM (11-14, 16, 17, 190, 205, 209, 219-223), affected twin (205), affected vanishing 

twin (225, 244) or the presence of a maternal copy number change (205, 225, 229, 236); either 

constitutional subchromosomal copy number gain on chromosome 21, constitutional 

mosaicism for chromosome 21 or acquired chromosome 21 gain due to malignancy. All cases 

selected for this study were singleton pregnancies and have had an USS, minimising the risk of 
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a vanishing twin. The presence of CPM or a maternal copy number gain cannot be excluded. 

However the same plasma sample has been used for validation of the NETRGL s-NGS NIPT 

assay and a negative result for T21 was obtained. Although this assay was set-up using cfDNA 

from a separate extraction, both cfDNA samples derived from the same original maternal 

blood sample. It is therefore most likely that this false-positive result represents the inherent 

specificity of the arrayNIPT assay and it is not due to CPM or a maternal copy number gain. It 

would be interesting for sample 11210 to be re-run on the array NIPT assay to see if the false-

positive would resolve into a true-negative result, but unfortunately there was no maternal 

plasma or cfDNA left.  

Samples 10965, 11322 and 12057 appear to be false-negatives with all analysis methods. Such 

results could arise due to mosaicism (15-17, 190, 205, 209, 219-223) or low fetal fraction (34, 

35). Fetal samples are not available, so mosaicism could not be excluded. However it is unlikely 

that all three samples were mosaics. Low fetal fraction could be related to early gestation (3) 

or maternal obesity (5, 6, 56, 107-110). All three samples were collected at more than 12 

weeks gestation (13, 13 and 12+1, respectively) and maternal weight was up to 87 kg (82, 54 

and 87, respectively) and BMI up to 29 (28, 22 and 29, respectively). Therefore there are no a 

priori risk factors for low fetal fraction in these three cases, although sample 12057 shows a 

combination of relatively early gestation (12+1 wks) and relatively high maternal weight (87 

kg) and BMI (29). Sample 13241 is a false-negative with the Intra-sample and Stouffer analysis 

methods and has no a priori risk factors for low fetal fraction (gestation: 13+4 wks, weight: 60 

kg, BMI: 22). Sample 12347 is a false-negative with the Intra-slide analysis method only and 

comes from a pregnant woman with high weight (120 kg) and BMI (48) (gestation 15+2 wks). 

Nevertheless, low fetal fraction cannot be excluded in these three cases (10965, 11322, 12057) 

and further work needs to be undertaken to establish the relationship among assay 

performance and fetal fraction (see also section 4.3.3). It would be expected that any assay 

would have an inherent limit of detection and private NIPT providers measuring fetal fraction 

have set a lower limit cut-off of around 2.8% - 4% (57-60). This limit of detection will need to 

be established for the arrayNIPT assay by measuring the fetal fraction of samples already run 

on the assay and by testing T21 spike-in samples of different percentages. When the limit of 

detection is established, cases with fetal fraction lower than the limit should be excluded from 

analysis. This would translate in the need for measuring fetal fraction. This could be done by a 

separate assay run before the arrayNIPT assay or by re-designing the arrayNIPT assay to 

include SNP probes. In the former the extra cost and potential delay in reporting should be 

taken into consideration. In case of the latter, the potential use of SNP probes for fetal fraction 

measurement will need to be explored by testing spike-ins of different percentages, as well as 



Chapter 3: ArrayNIPT PRE-EVALUATION STUDY 

102 
 

real plasma samples, and comparing the fetal fraction measurement to that of another assay 

of proven accuracy. 

Strikingly, all recurrent false-positive and false-negative samples show a high haemolysis level 

(OD414 ≥ 0.25). Haemolysis could be an indicator of low fetal fraction, due to maternal cfDNA 

diluting down the cffDNA. Because haemolysis might be a sample-related characteristic 

affecting assay performance, assay sensitivity and specificity were also calculated excluding 

haemolysed samples (n = 20). Interestingly, both sensitivity and specificity dramatically 

improved reaching 100% (with the exception of the sensitivity of the Intra-slide method that 

was 88.9% and the specificity of the Pooled control ANOVA Dunnett method that was 96.3%).  

Apart from method specific performance, potential disadvantages of certain methods should 

also be taken into consideration. In order to implement the Pooled Control method, a 

relatively large set of control samples will need to be run beforehand, rendering the initial set-

up and implementation of such an assay quite costly. In addition, if any change is to be 

implemented in the assay set-up, such as automation, different cfDNA extraction or new 

version of the array slide, it would be necessary to run a new set of reference samples in order 

to create a new pooled control. This means that the flexibility for improvement would be low, 

re-validation would be costly and a large number of stored plasma samples should be 

available.  

On the other hand, the Intra-slide method is highly dependent on the performance of a single 

Ctr sample per slide; failure of this sample would lead to failure of the whole slide. Using this 

method, only seven real plasma samples could be set up per slide, increasing the cost per 

sample. Finally, the sourcing of real plasma samples for use as Ctr should be considered. The 

Ctr samples used here were purchased and came from non-pregnant women. It is not clear if 

samples from non-pregnant women would behave the same on the arrayNIPT as samples from 

pregnant women. Additionally, the haemolysis level of the Ctr samples was significantly lower 

than that of the BioBank samples (see section 4.2.1). Given these differences, the Ctr samples 

used might not be suited for comparison to the BioBank samples. Moreover, inclusion of Ctr 

samples would only be useful if the Intra-slide analysis method was to be used for trisomy 

calling. Hence Ctr samples were not used in subsequent arrayNIPT experiments. 

Overall, the analysis method did not seem to significantly change the results. It is therefore 

more likely that either sample- or assay-specific characteristics affect the detection of certain 

samples and bioinformatics or statistics alone would not be able to considerably improve T21 

detection. 
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3.3.4 Haemolysis and array NIPT results  

If haemolysed samples were to be excluded (n = 20, after DLR exclusions), then the Intra-

sample, Stouffer and Pooled Control (with the exception of ANOVA Dunnett analysis) methods 

would produce no false-negative or false-positive calls, leading to a 100% sensitivity and 

specificity in the small (n = 63) cohort of samples run on arrayNIPT (see section 3.2.3.1). The 

Intra-slide method would produce a single false-negative call (see section 3.2.3.1). Therefore, 

the potential relationship between haemolysis status and assay performance was explored for 

the 83 samples run successfully on the arrayNIPT assay. The five samples that were incorrectly 

diagnosed using the Intra-sample and Stouffer methods had significantly higher OD414 readings 

than the ones that were correctly diagnosed (Table 3.11, Figure 3.6A). This was also true when 

exploring this relationship for the T21 samples only; samples with a false-positive result had 

significantly higher OD414 than true-positive samples (Table 3.11, Figure 3.6B). However, the 

number of false-positive/negative samples was very small and in both cases the CIs were wide, 

suggesting that a larger number of samples are needed for powerful statistical analysis. Power 

calculations suggest that these results have less than 10% power. Regarding the 

chromosomally normal samples, a single sample was false-positive and hence no statistical 

analysis could be performed. 

Haemolysis results in the release of the contents of erythrocytes in the blood stream. One 

could speculate that the lysis of erythrocytes could also be an indicator for the lysis of other 

cells, including leukocytes. Leukocytes would be the main source of maternal DNA in the blood 

stream. Hence, it could be hypothesised that more maternal cfDNA exists in haemolysed 

samples, resulting in a higher maternal background and further diluting down the already low 

cffDNA fraction. This would explain how haemolysis could indirectly lead to false-negative 

results and complements the above finding. The diluted cffDNA fraction would not explain 

false-positive results. However it cannot be excluded that haemolysis might affect the assay in 

different ways yet unknown. For example, free haemoglobin might inhibit PCR and therefore it 

has been suggested that haemolysed samples for RhD testing by NIPD should be discarded 

(69). 

If this hypothesis is true, then highly haemolysed samples (OD414 > 0.25) should be excluded 

from analysis and rigorous sample collection criteria should be set for further sample 

collection and study inclusion. To better understand how such criteria would be set, factors 

that could potentially affect haemolysis, such as sample type, trisomy status, collection tube, 

recruiting FMU and time elapsed to processing, were explored (section 4.2.1). 
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3.3.5 Conclusions and further investigations 

Based on the above, the Stouffer method provided a good balance between separation, 

misdiagnoses and method-specific logistics and was chosen to be used in subsequent studies 

for T21 detection using arrayNIPT. 

In this study, arrayNIPT failure rate seemed acceptable, but sensitivity and specificity were not 

high enough to justify clinical implementation. Due to the small number of samples (n = 83), a 

larger cohort needed to be run to establish if the performance characteristics observed here 

are accurate and reproducible (Chapter 5). 

Exclusion of haemolysed samples substantially improved performance. In addition, correctly 

identified (true-positives and true-negatives) samples had significantly lower OD414 readings 

than incorrectly identified (false-positives and false-negatives) samples. It was therefore 

hypothesised that high haemolysis levels might be an indication of low fetal fraction. If this 

hypothesis was true, strict sample collection criteria should be set. Consequently, factors 

potentially affecting haemolysis were investigated (Chapter 4: 4.2.1). In addition, the 

hypothesis was tested (Chapter 4:  4.2.3 and 4.2.4) after the most appropriate fetal fraction 

measurement method for testing the hypothesis was established (Chapter 4: 4.2.2).  
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Chapter 4:  HAEMOLYSIS, FETAL FRACTION AND ASSAY PERFORMANCE 

4.1 Chapter 4 – INTRODUCTION 

Biobank samples from 80 chromosomally normal and 20 T21 pregnancies were run on the 

arrayNIPT assay. Strikingly, the vast majority of false calls were made for haemolysed samples 

(OD414 ≥ 0.25) and when haemolysed samples were excluded, assay sensitivity and specificity 

reached 100%. Additionally, true-positives/negatives samples had significantly lower OD414 

readings than false-positives/negatives samples (see Chapter 3). It was therefore important to 

determine if haemolysis indeed affects assay performance (sections 4.2.3 and 4.2.4), as well as 

the factors contributing to sample haemolysis (section 4.2.1). Materials & Methods relevant to 

this section can be found in section 2.1. 

High haemolysis could be an indicator of low fetal fraction, therefore the use of an accurate 

fetal fraction measurement method was necessary (section 4.2.2). Six fetal fraction 

measurement assays were explored and compared, using both spike-in (section 4.2.2.1) and 

real maternal plasma samples (section 4.2.2.2). Materials & Methods relevant to this section 

can be found in sections 2.1 and 2.3. 

Twenty-three samples previously run on the arrayNIPT assay during the Pre-Evaluation Study 

(Chapter 3) were selected for fetal fraction measurement (section 4.2.3). Extracted cfDNA (10 

μl) (section 2.2.2) was run on the NIAT MASTR assay (section 2.3.6) and amplification products 

were run on the custom SNP based NGS assay (section 2.1.3). Samples were selected to 

include the false-positive and false-negative calls, as well as samples with a range of OD414 

readings.  

Finally, five pregnant women (2 T21 and 3 chromosomally normal pregnancies) were recruited 

and maternal blood samples were haemolysed for 0, 5 and 10 days before centrifugation to 

obtain the plasma. Plasma haemolysis was measured, fetal fraction was established using the 

custom SNP based NGS assay and cfDNA was tested by arrayNIPT (section 4.2.4). Materials & 

Methods relevant to this section can be found in sections 2.1 and 2.4. 

4.2 Chapter 4 – RESULTS 

4.2.1 Factors affecting haemolysis 

The plasma OD414 was measured for all samples (Appendix D). Dark red plasma colour, as 

assessed by eye, can indicate highly haemolysed samples, as assessed by the OD414 

measurement (Figure 4.1). 
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Figure 4.1: Examples of haemolysis level assessed by OD414 and correlation with plasma colour 

 

 

4.2.1.1 Sample type 

In order to assess whether there is a difference in haemolysis status between Biobank and Ctr 

samples, as well between chromosomally normal (Disomic) and T21 BioBank samples, the 

OD414 readings between the three categories were compared. A Mann-Whitney U test 

revealed significantly lower haemolysis for the Ctr samples when compared to BioBank 

samples (p = 0.0004) (Table 4.1). A Kruskal-Wallis test was performed indicating a significant 

difference among BioBank normal, BioBank T21 and Ctr samples (p = 0.0005) (Table 4.1, Figure 

4.2). Pairwise Holm post-hoc analysis revealed significantly lower haemolysis in Ctr samples 

when compared to normal BioBank (p = 0.002) and T21 (p = 0.001) samples, while there was 

no difference in haemolysis status between T21 and Disomy samples from the BioBank (p = 

0.080) (Table 4.1, Figure 4.2). 

 

Table 4.1: OD414 descriptive statistics 

Samples n min 1st qu median mean 3rd qu max 

All 115 0.070 0.116 0.158 0.195 0.233 0.669 

Ctr 15 0.070 0.079 0.096 0.116 0.158 0.190 

BioBank 100 0.074 0.124 0.182 0.206 0.256 0.669 

BioBank normal 80 0.074 0.122 0.156 0.198 0.229 0.602 

BioBank T21 20 0.078 0.139 0.224 0.242 0.283 0.669 
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Figure 4.2: Haemolysis status for BioBank T21, BioBank chromosomally normal (Disomy) and 
Ctr plasma samples 

 

 

4.2.1.2 Collection tube  

The OD414 of BioBank samples collected in EDTA and Streck tubes was compared. A Mann-

Whitney test was performed and revealed that the haemolysis level was not significantly 

different between samples collected in EDTA and Streck tubes (p = 0.052) (Table 4.2, Figure 

4.3). 

Table 4.2: OD414 descriptive statistics per collection tube type 

Tube n min 1st qu median mean 3rd qu max 

EDTA 78 0.074 0.122 0.154 0.190 0.230 0.531 

Streck 22 0.079 0.145 0.221 0.263 0.347 0.669 
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Figure 4.3: Haemolysis status of samples collected in EDTA and Streck tubes 

 

 

 

4.2.1.3 Time elapsed to sample processing 

The time elapsed between blood draw and first centrifugation was longer for samples in Streck 

than in EDTA tubes (Table 4.3). Twelve of the EDTA tube samples had no information recorded 

regarding the time of the first centrifugation and were not used for any analysis. Four samples 

collected in EDTA tubes appeared to be outliers (Figure 4.4) and hence the data was log-

transformed to achieve normal distribution. Pearson’s correlation analysis revealed a weak 

positive correlation between the time (log(min)) elapsed from blood collection to first 

centrifugation and haemolysis level for samples collected in EDTA tubes (p = 0.0006, r = 0.33) 

(Figure 4.5A) and strong positive correlation for samples collected in Streck tubes (p < 0.0001, r 

= 0.81) (Figure 4.5B). There was no strong significant correlation found between haemolysis 

status and time elapsed from the first to the second centrifugation for either tube type (data 

not shown).  

 

Table 4.3: Time to first centrifugation (mins) descriptive statistics depending on collection tube 

Tube n min 1st qu median mean 3rd qu max 

EDTA 66 0 10 15 162 119 2970 

Streck 22 385 1910 3158 3962 5771 10040 

 

Mann-Whitney U test 
p = 0.052 

95% CI: (-1.04, 4.84) 
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Figure 4.4: Boxplots of minutes elapsed to first centrifugation for samples collected in A) EDTA 
and B) Streck tubes 

 

 

 

Figure 4.5: Correlation between time elapsed to first centrifugation and haemolysis (OD414) for 
samples collected in A) EDTA and B) Streck tubes. Dashed lines represent the 95% confidence 
intervals. 

A) B) 
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4.2.2 Fetal fraction measurement 

4.2.2.1 Spike-ins  

Two sets of spike-in samples were prepared and tested with six assays for fetal fraction 

measurement. All results are presented in Table 4.4. Detailed HLA variant and ZFX/Y counts are 

available in Appendix H. Detailed dPCR results are available in Appendix I. Friedman statistical 

analysis revealed a significant difference among methods used in set M1/Pro1 (p = 0.012) and 

post-hoc analysis revealed a difference between dPCR and the RAPIDR Y chr read count. 

Friedman statistical analysis also revealed a significant difference among methods used in set 

M2/Pro2 (p < 0.0001). Post-hoc analysis showed significant differences between HLA-C and the 

OGT-SNP assay, as well as between HLA-B and the OGT-SNP assay. Significant difference was 

also found between HLA-B and the OGT-SNP assay. When comparing the actual spike-in 

percentage with the various assay results, significant differences were found when using the 

HLA and the RAPIDR Y chr read count assays (Table 4.5). 

Two Pro/M2 spike-in samples were tested four times on the SNP bait-based assay to assess the 

impact of DNA input (ng) in the bait hybridisation. Although the sample size is too small to 

perform meaningful statistics, based solely on observation, results for lower DNA input were 

acceptable. 

Further analysis using Pearson correlation showed a strong positive correlation between spike-

in and fetal fraction measurement. Although all correlations were strong, the strongest 

correlations were observed when using the NIAT MASTR and OGT-SNP assays, while the 

weakest when using the HLA and ZFX/Y assays. The fetal fraction measurement was closer to 

the line of agreement when results were obtained using the NIAT MASTR, OGT-SNP or dPCR 

assays (Figure 4.6). 

Similar results were obtained by ICC and Bland-Atman plots (Figure 4.7). Agreement between 

spike-in and fetal fraction measurement was excellent for all assays (ICC > 0.92) with the 

exception of HLA-C where agreement was only moderate (ICC = 0.51) and the 95% CI was very 

wide (-0.02, 0.89). However, the NIAT MASTR and OGT-SNP assays showed the highest 

agreement (ICC = 0.99) with the narrowest 95% CI and proximity to zero (i.e. least difference 

between spike-in percentage and fetal fraction measurement). The dPCR assay also showed 

excellent agreement (ICC = 0.98) and proximity to zero, but the 95% CI was wider. The RAPIDR 

Y chr read count assay showed excellent agreement (ICC = 0.98), but very wide 95% CI (0.06, 

0.99), suggesting low confidence in this result. The HLA-B and ZFX/Y assays showed lower ICC 

and wider 95% CI.   



 

 
 

1
1

1
 

Table 4.4: Comparison of fetal fraction measurement of spike-in samples using six different assays 

 
           Spike-in 

  Pro / M 1 Pro / M 2 

Assay repeat 1% 2% 3% 5% 7.5% 10% 15% 20% 30% 1% 2% 3% 4% 5% 6% 8% 10% 

HLA-B  2.5 9.9 4.3 8.0 7.8 8.1 14.8 20.7 28.9 3.5 4.8 4.0 5.5 11.0 7.7 8.5 11.1 

HLA-C  NI 5.7 6.1 6.7 6.9 10.2 10.5 10.8 14.4 

ZFX/Y  3.3 5.3 3.4 5.9 10.1 11.8 13.0 14.7 33.8 NI 

PCR  1.4 1.8 3.1 6.9 7.0 13.3 12.5 16.5 29.0 NI 

RAPIDR Y chr 
reads count 

 3.4 4.4 5.6 7.5 9.3 11.5 17.4 21.4 31.0 NI 

NIAT MASTR  
2.5 3.3 4.0 6.1 8.0 10.8 15.0 20.1 28.1 

too 
low 

3.0 3.6 4.4 5.1 6.4 8.2 10.7 

59 111 132 161 178 171 171 180 72 17 59 74 117 112 114 118 119 

OGT-SNP assay 

500 ng 

N/A 

1.7 2.4 3.0 4.1 4.8 5.9 7.7 9.9 

500 588 710 715 713 740 730 743 

500 ng 

N/A 

5.7 

N/A 

9.6 
873 905 

400 ng 
4.8 8.9 
700 867 

250 ng 
5.0 8.7 
693 899 

* NI: not informative 
* N/A: not applicable; assay not run 
Number of informative SNPs 
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Table 4.5: Friedman test and post-hoc analysis for fetal fraction measurement of spike-in 
samples using six different assays. 

for both spike-in pairs 

Friedman test  p = 0.0006 

Post-hoc analysis HLA-B NIAT MASTR 

NIAT MASTR 0.2333  

Spike-in 0.0005 0.0812 

 

for Pro/M1 

Friedman test    p = 0.012 

Post-hoc analysis dPCR   HLA-B   NIAT 
MASTR  

Spike-in  RAPIDR Y 
chr read 
count HLA-B       0.657     

NIAT MASTR      0.916  0.996 

Spike-in    1.000  0.573  0.867 

RAPIDR Y chr read count 0.020  0.573  0.266  0.013    

ZFX/Y       0.573  1.000  0.989  0.489   0.657    

 

 

 

 
 
  

for Pro/M2 

Friedman test    p < 0.0001 

Post-hoc analysis HLA-B     HLA-C   NIAT 
MASTR    

OGT-SNP 
assay 

HLA-C      0.87774    

NIAT MASTR     0.40974  0.05573 

OGT-SNP assay 0.01046  0.00027  0.56109 

Spike-in   0.01749  0.00053  0.66359  0.99986 



 

 
 

1
1

3
 

 

Figure 4.6: Pearson correlation between actual spike-in percentage and fetal fraction measurement using the A) NIAT MASTR, B) dPCR, C) OGT-SNP, D) RAPIDR Y 
chr read count, E) HLA-B, F) HLA-C and G) ZFX/Y assays. Red dashed lines represent the lines of agreement. Grey dashed lines represent the 95% CIs. 
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Figure 4.7: Bland-Altman plots and ICC between actual spike-in percentage and fetal fraction 
measurement using the A) NIAT MASTR, B) dPCR, C) OGT-SNP, D) RAPIDR Y chr read count, E) 
HLA-B, F) HLA-C and G) ZFX/Y assays.  
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4.2.2.2 Maternal plasma samples 

Plasma samples from pregnant women were prepared and tested with various assays for fetal 

fraction measurement. All results are presented in Table 4.6.  

No sample was informative for HLA-C, with the exception of sample 5056, where it is unclear if 

it is informative for HLA-B or HLA-C. Where available, the maternal gDNA was also tested on 

the HLA assays, in order to aid interpretation (Appendix J). Detailed HLA variant and ZFX/Y 

counts, along with maternal counts, are available in Appendix J. 

Two subsets of these samples with full information were analysed using Friedman tests in 

order to investigate any differences in fetal fraction measurement based on the assay used 

(Table 4.7).  Where multiple runs were performed, the average fetal fraction for each assay 

was used. A significant difference was found among the HLA, ZFX/Y, NIAT and RAPIDR Y chr 

reads (p = 0.0003, n = 7), as well as among the ZFX/Y, NIAT MASTR and RAPIDR Y chr reads (p = 

0.00007, n = 10) assays. In both subsets of samples post-hoc analysis refined these significant 

differences between the NIAT MASTR and RAPIDR Y chr read count assays. 

Some of the samples were tested twice in order to assess inter-run or intra-run variability. 

Inter-run repeat testing sample size (HLA n = 2, ZFX/Y n = 4) is not large enough to perform 

robust statistics, but the Wilcoxon paired test revealed no difference for the ZFX/Y assay (p = 

0.875). However, based on observation, it is clear that the HLA and ZFX/Y assays can produce 

very different fetal fraction measurements (Table 4.6). On the other hand, the NIAT MASTR 

assay consistently produced almost identical repeat results and based on this small sample, 

Wilcoxon paired tests showed no intra-run difference (p = 0.75) and no difference when using 

10 μl or 20 μl of plasma DNA as staring material (p = 0.125).   

Based on the spike-in fetal fraction measurement results (see also section 4.2.2.1), the NIAT 

MASTR seemed to produce results closer to the actual fetal fraction of the sample. Based on 

the results from real plasma samples here, NIAT MASTR results also seem to be highly 

reproducible. Therefore the NIAT MASTR results were used as reference for Spearman 

correlation (Figure 4.8) and ICC (Figure 4.9) analysis of the other assays. HLA-B showed a 

strong positive correlation (but only moderate if data point at ~ 30% fetal fraction excluded)  

and excellent agreement, ZFX/Y showed a moderate positive correlation and agreement and 

RAPIDR Y chromosome reads showed no correlation or agreement. All assays mainly produce 

results above the line of agreement (Figure 4.8) or below zero (Figure 4.9), meaning that they 

overestimate the fetal fraction compared to the NIAT MASTR assay. All ICC 95% CIs were very 

wide, suggesting low confidence in the ICC result. 



 

 

1
1
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Table 4.6: Comparison of fetal fraction measurement of real plasma samples using four different assays 

 
  Maternal Plasma Sample 

Assay 

repeat 
4368 4518 5018 5072 

D031
74P 

D031
7141

P 

D040
214P-

1 

D041
614P-

1 
4458 

4460 5004 5056 5079 6000 

HLA-B 

 

10.2 9.4 NI 9.8 8.4 8.6 31.5 NI NI NI NI 3.5 NI 13.1 

 N/A 7.6 ?4.1 N/A 6.9 N/A 13.3 

HLA-C 

 

NI 

ZFX/Y  11.9 8.6 2.0 6.2 NI NI NI 12.5 8.2 3.9 5.6 2.4 11.5 11.9 

 N/A 2.4 6.4 N/A 3.5 N/A 9.7 

RAPIDR Y chr 
read count 

 

11.3 13.7 7.2 10.8 NI NI NI N/A 10.9 13.9 11.3 12.3 16.3 12.1 

NIAT MASTR 
10μl 

6.6 6.9 2.8 6.1 
N/A 

3.4 34.5 4.9 5.2 4.9 6.6 2.5 10.0 9.3 

126 157 87 167 105 154 108 113 102 127 53 137 131 

10μl N/A 
3.3 34.1 5.2 

N/A 
98 162 101 

20μl 
6.7 7.0 3.0 6.2 4.0 3.4 

N/A 
125 165 91 159 117 110 

* NI: not informative 
* N/A: not applicable; assay not run 
* sample 5056 note: unclear if fetus informative for HLA-B or HLA-C.  
                                      Reported under HLA-B here for simplicity 
? Unclear if actual fetal reads or background 
Number of informative SNPs 
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Table 4.7: Friedman test and post-hoc analysis for maternal plasma samples 

for maternal plasma samples 

Friedman test    p = 0.0003 

Post-hoc analysis HLA-B     NIAT MASTR    RAPIDR Y chr 

read count 

NIAT MASTR     0.1033   

Ychr read count 0.4686  0.0011 

ZFX/Y        0.9761  0.2441  0.2441 

Friedman test    p = 0.00007 

Post-hoc analysis NIAT MASTR   RAPIDR Ychr 

read count 
RAPIDR Y chr read count 0.00042  

ZFX/Y        0.26081  0.06526 

 
 
 

 

Figure 4.8: Spearman correlation between fetal fraction measurement of real plasma samples 
assessed by the NIAT MASTR assay and by the A) HLA-B, B) ZFX/Y and C) RAPIDR Y chr read 
count assays. Grey dashed lines represent the lines of agreement. 
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Figure 4.9: Bland-Altman plots and ICC between fetal fraction measurement of real plasma 
samples assessed by the NIAT MASTR assay and by the A) HLA-B, B) ZFX/Y and C) RAPIDR Y chr 
read count assays.   

 

 

 

4.2.2.3 Fetal fraction measurement assay comparison 

Various factors need to be taken into consideration when selecting a fetal fraction 

measurement assay. Table 4.8 summarises the findings from the spike-in and real plasma 

sample fetal fraction measurement comparison experiments (sections 4.2.2.1 and 4.2.2.2). It 

also considers the amount of input material, labour intensity and turnaround time. 
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Table 4.8: Comparison among fetal fraction measurement assays 

Assay 

When spike-in samples 
tested 

U
n

iv
e

rs
al

ly
 

in
fo

rm
at

iv
e

 

Based on 
multiple 

loci 

Low 
amount of 

cfDNA 
input 

Low labour-
intensity 
and fast 

turnaround 
time 

Ability to 
distinguish 
between 

small 
differences in 
fetal fraction 

Close 
proximity 
to line of 

agreement  

HLA       
ZFX/Y       
SRY dPCR       
Ychr RAPIDR       
NIAT MASTR       
OGT-SNP       

 

 

 

4.2.3 Fetal fraction measurement of BioBank samples run on arrayNIPT 

Out of the 100 BioBank samples tested with the arrayNIPT assay in the Pre-Evaluation Study 

(see Chapter 3), 23 were run on the NIAT MASTR assay (Table 4.9) and 16 of these on the OGT-

SNP assay (Table 4.10) in order to measure their fetal fraction (Table 4.11). 

Table 4.9: Demographic descriptive statistics for the 23 samples run on the NIAT MASTR assay 

 min 1st qu median mean 3rd qu max NA 

Gestation (days) 81 88 92 98 99 152 0 

Maternal Weight (kg) 49.4 60.8 67.0 73.3 76.3 150 0 

Maternal BMI 18 23 25 27 28 57 1 

Table 4.10: Demographic descriptive statistics for the 16 samples run on the OGT-SNP assay 

 min 1st qu median mean 3rd qu max NA 

Gestation (days) 85 88 91 98 96 152 0 

Maternal Weight (kg) 49.4 60.8 66.0 71.7 74.5 150 0 

Maternal BMI 19 22 25 26 28 57 0 

 

There was no correlation (Figure 4.10B) and no agreement (Figure 4.10B) between the fetal 

fraction measurements produced by the two assays. 
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Figure 4.10: Correlation between the OGT-SNP and NIAT MASTR fetal fraction measurement 
assays: A) Spearman correlation and B) Bland-Altman plot and ICC. 



 

 
  

1
2

1
 

Table 4.11: Fetal fraction, haemolysis and Stouffer results for BioBank samples 

Sample ID 
Gestation 

(days) 

Maternal 
weight 

(kg) 
Maternal 

BMI 

NIAT MASTR 
Fetal 

Fraction (%) 
Inf. 

SNPs 

OGT-SNP 
Fetal 

Fraction (%) 
Inf. 

SNPs 

Chr21 
median 
Cy3/Cy5 

ratio OD414 
Confirmed 
diagnosis 

Array NIPT 
result 

(Stouffer) 

10859 96 63.0  7.8 136 N/A N/A 1.016 0.086 disomy disomy 

13462 99 60.5 22.8 6.0 178 N/A N/A 1.032 0.115 disomy disomy 

11909 96 76.5 28.1 5.6 185 N/A N/A 1.040 0.158 disomy disomy 

10505 88 64.9 21.7 8.7 121 18.4 690 1.015 0.184 disomy disomy 

11180 103 49.4 21.3 2.2 115 15.9 501 1.012 0.184 disomy disomy 

10041 98 74.5 27.3 11.3 130 N/A N/A 1.042 0.227 disomy disomy 

11210 87 76.0 27.9 3.0 135 3.2 471 1.058 0.278 disomy T21 

11544 88 67.0 24.9 8.8 137 11.9 473 1.028 0.448 disomy disomy 

11357 98 74.0 25.6 11.9 124 8.1 355 1.003 0.531 disomy disomy 

12347 107 120.0 48.4 7.1 144 N/A N/A 1.035 0.078 T21 T21 

13629 81 90.0 31.5 6.4 149 N/A N/A 1.032 0.113 T21 T21 

12074 146 150.0 56.7 4.5 119 6.8 494 1.038 0.131 T21 T21 

10730 87 68.0 25.3 8.6 137 16.7 585 1.070 0.205 T21 T21 

13699 98 63.6 24.1 1.8 76 8.8 308 1.052 0.214 T21 T21 

13230 109 55.0 18.0 10.5 134 N/A  N/A 1.043 0.215 T21 T21 

11637 152 63.0 23.1 6.5 121 9.4 478 1.032 0.234 T21 T21 

12412 92 57.0 19.3 2.1 119 13.2 500 1.038 0.240 T21 T21 

13241 95 60.0 22.0 5.5 132 13.8 360 1.038 0.259 T21 disomy 

11322 91 54.0 22.5 4.8 149 10.0 449 1.025 0.274 T21 disomy 

10751 92 70.3 28.5 2.3 127 16.5 816 1.030 0.308 T21 T21 

12057 85 87.0 29.4 8.7 138 2.6 333 1.021 0.327 T21 disomy 

10965 91 82.2 28.4 6.3 115 5.5 493 1.016 0.347 T21 disomy 

13727 88 61.0 23.1 5.4 134 10.3 585 1.040 0.669 T21 T21 
* N/A: OGT-SNP assay not run due to insufficient amplification product available 
* Red font highlights high maternal weight/BMI, high OD414 and false arrayNIPT results 
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Figure 4.11: Correlation between the NIAT MASTR (A, C, E) or OGT-SNP (B, D, F) assay fetal 
fraction measurements and pregnancy gestation (A, B), maternal weight (C, D) or maternal 
BMI (E, F). 
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Spearman correlation analysis revealed no correlation between fetal fraction measurement 

and pregnancy gestation for either assay (Figure 4.11A and B). Moderate negative correlation 

was observed between maternal weight/BMI and the OGT-SNP assay fetal fraction 

measurement (Figure 4.11D and F). Excluding the high maternal weight/BMI outlier (12074), 

this correlation became even more significant and linear (Pearson correlation analysis:  weight 

p = 0.014, r = -0.62 (-0.86, -0.15), BMI p = 0.033, r = -0.55 (-0.83, -0.05)) (results not shown). 

There was no correlation between the NIAT MASTR fetal fraction measurement and maternal 

weight/BMI (Figure 4.11C and E). 

There was no difference in fetal fraction between haemolysed (OD414 > 0.25) and non-

haemolysed (OD414 ≤ 0.25) samples for either assay (Mann Whitney U-tests: NIAT MASTR p = 

0.95, OGT-SNP p = 0.21) (Table 4.12). Similarly, Spearman’s correlation analysis showed no 

correlation between fetal fraction and OD414 for either assay (Figure 4.12). Excluding samples 

with high maternal weight/BMI (12074, 12347, 13629), the OGT-SNP assay fetal fraction 

measurement showed moderate negative correlation to OD414 (p = -0.045, rho = -0.52 (-0.83, -

0.07)), but no significance was observed for the NIAT MASTR assay (results not shown). 

 

Table 4.12: Descriptive statistics of fetal fraction measurement using the NIAT MASTR and 
OGT-SNP assays for haemolysed and non-haemolysed samples. 

 NIAT MASTR fetal fraction (%) 

n min 1st qu median mean 3rd qu max 

All 23 1.8 4.7 6.3 6.3 8.7 11.9 

OD414 ≤ 0.25 14 1.8 4.8 6.5 6.4 8.4 11.3 

OD414 > 0.25 9 2.3 4.8 5.5 6.3 8.7 11.9 

 OGT-SNP fetal fraction (%) 

n min 1st qu median mean 3rd qu max 

All 16 2.6 7.8 10.2 10.7 14.3 18.4 

OD414 ≤ 0.25 7 6.8 9.1 13.2 12.7 16.3 18.4 

OD414 > 0.25 9 2.6 5.5 10.0 9.1 11.9 16.5 
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Figure 4.12: Correlation between fetal fraction and OD414 for the A) NIAT MASTR and B) OGT-
SNP assays. 

 

In addition, there was no difference in fetal fraction between T21 samples with true-positive 

and false-negative results on arrayNIPT for either fetal fraction measurement assay (Table 

4.13, Figure 4.13:). The same was true when both chromosomally normal and T21 samples 

were taken into consideration (Figure 4.14). There was also no significance observed when 

high maternal weight/BMI samples (12074, 12347, 13629) were excluded (results not shown). 

The sample sizes are very small and the power to detect differences of 1% fetal fraction is less 

than 10%. A sample size of over 130 samples per group would be required for 80% power. 

 

Table 4.13: Descriptive statistics of fetal fraction measurement using the NIAT MASTR and 
OGT-SNP assays for true-positive and false-negative T21 samples. 

 NIAT MASTR fetal fraction (%) 

n min 1st qu median mean 3rd qu max 

All 14 1.8 4.6 5.9 5.8 7.0 10.5 

True-positives 10 1.8 2.9 5.9 5.5 7.0 10.5 

False-negatives 4 4.8 5.3 5.9 6.3 6.9 8.7 

 OGT-SNP fetal fraction (%) 

n min 1st qu median mean 3rd qu max 

All 11 2.6 7.8 10.0 10.3 13.5 16.7 

True-positives 7 6.8 9.1 10.3 11.7 14.9 16.7 

False-negatives 4 2.6 4.8 7.8 8.0 11.0 13.8 
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Figure 4.13: Comparison of fetal fraction measurement of true-positive and false-negative 
results using the A) NIAT MASTR and b) OGT-SNP assays. 

 
 

 

Figure 4.14: Comparison of fetal fraction measurement of true-positive/negative and false-
positive/negative results using the A) NIAT MASTR and b) OGT-SNP assays. 
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4.2.4 Fetal fraction, haemolysis and T21 detection by arrayNIPT  

Five pregnant women were recruited; two carrying T21 fetuses and three carrying 

chromosomally normal fetuses. Three blood samples were obtained from each patient in EDTA 

tubes. Blood samples from each patient were centrifuged at time points (TP) 0, 5 and 10 days 

post-phlebotomy to obtain the plasma. Patient demographics, plasma OD414, cfDNA fetal 

fraction measured by the OGT-SNP assay and arrayNIPT assay results are available in Table 

4.14. 

Table 4.14: Demographics, sample characteristics and arrayNIPT results. 
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18563 

0 

12+3 66.2 1.69 23.2 T21 

0.095 1.051 307.65 0.24 8.44 823 

5 0.172 1.011 0 0.19 5.65 785 

10 2.067 1.027 0 0.25 3.56 482 

18564 

0 

13+2 64.0 1.52 27.7 T21 

0.144 1.050 307.65 0.20 9.25 816 

5 0.356 0.997 0 0.23 4.10 606 

10 2.226 0.958 0 0.27 4.17 479 

18565 

0 

13+0 67.1 1.78 21.2 N 

0.102 1.037 0 0.36 7.35 661 

5 0.436 1.018 0 0.26 3.85 419 

10 2.101 0.953 0 0.30 5.41 413 

18566 

0 

12+4 106.0 1.60 41.4 N 

0.292 1.016 0 0.18 3.68 528 

5 0.239 0.997 0 0.22 2.71 411 

10 1.998 0.954 0 0.29 2.50 197 

18592 

0 

12+5 60.0 1.63 22.6 N 

0.101 1.033 204.55 0.19 8.05 594 

5 0.254 1.011 0 0.19 6.40 506 

10 2.392 0.962 0 0.26 2.43 208 

* Red font highlights high maternal weight/BMI, high OD414, false arrayNIPT results and high DLR 

 

Generally, the plasma sample OD414 readings increased and the fetal fraction decreased as the 

time to centrifugation (time point) increased (Table 4.14). Friedman tests revealed that the 

difference in OD414 (Figure 4.15A, p = 0.015) and fetal fraction (Figure 4.15B, p = 0.022) among 

the three time points was significant. Post-hoc analysis showed this differences to be 

significant between TP0 and TP10 (Figure 4.15). The T21 samples were detected as T21 by the 

arrayNIPT assay at TP0, but not at TP5 and TP10 (Table 4.14). 
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Figure 4.15: Comparison of A) OD414 readings and B) fetal fraction among the three different 
time points (0, 5 and 10 days). Each colour represents a different patient. 

 

Spearman correlation analysis revealed a strong negative correlation (p = 0.003, rho = -0.72) 

between haemolysis and fetal fraction (Figure 4.16). This was also true when the high maternal 

weight/BMI patient (18566) was excluded (p = 0.001, rho = -0.85 (-0.98, -0.52)) (results not 

shown). Excluding the 10 days time point, the correlation remained significant and became 

linear (Pearson correlation p = 0.008, r = =-0.78 (-0.94, -0.29)) (results not shown). 

 

Figure 4.16: Correlation between fetal fraction and haemolysis.   

A) B) 
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4.3 Chapter 4 – DISCUSSION 

The haemolysis status of all plasma samples was assessed before extraction, by measuring 

their OD414. Haemolysis is the lysis of red blood cells (erythrocytes), releasing haemoglobin in 

the circulation and thus giving a pink or red colouration to the serum or plasma. As expected, 

the darker the red colour of the sample, the higher its OD414 measurement was, suggesting a 

higher haemolysis level (Figure 4.1).  

4.3.1 Factors affecting haemolysis 

4.3.1.1 Sample type 

The BioBank and Ctr samples were compared in order to assess whether there was a 

difference in haemolysis. The Ctr samples were found to be significantly less haemolysed than 

BioBank samples (p = 0.0004). This was also true when comparing Ctr samples separately to 

chromosomally normal (p = 0.002) and T21 (p = 0.001) BioBank samples (Table 4.1, Figure 4.2). 

This could be explained by the fact that samples produced by the Geneticist Biorepository are 

intended for sale and hence expected to follow the most rigorous processing protocols and 

standards, leading to lower haemolysis levels. Highly haemolysed samples would have been 

removed from sale by the Geneticist Biorepository, while this would not be possible for patient 

samples. On the other hand, several FMUs across the UK recruit patients to the BioBank. 

Although a processing protocol has been distributed to all FMUs and their regional 

laboratories, differences might underlie the exact procedures followed in each 

FMU/laboratory, varying the time elapsed to centrifugations, collection tubes, storage 

temperatures and time in transit. In addition, given that BioBank samples are research samples 

and depending on the resources of each FMU/lab, these samples would not be prioritised over 

diagnostic samples, and therefore deviations from the recommended time elapsed to 

centrifugation might occur. Such deviations would lead not only to potential differences 

between haemolysis status of samples from different FMUs, but also to potentially higher 

haemolysis status of the BioBank samples in general. Therefore differences among samples 

recruited at the various FMUs were also explored. Given the above, purchased Ctr samples 

might not be a representative control for real patient samples. However, this comparison 

would need to be further investigated using maternal plasma samples collected prospectively 

and with rigorous collection criteria, in order to simulate a real diagnostic setting. 

Because the mean and median OD414 of the T21 was higher than the disomic BioBank samples, 

they were compared to each other, in order to ensure that trisomy status does not affect the 

haemolysis. As expected, there was no significant difference (p = 0.080, Table 4.1, Figure 4.2). 
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4.3.1.2 Collection tube  

To research the reasons why the BioBank samples showed higher than optimal haemolysis 

levels, sample collection and processing data were mined. Initially, the effect of collection tube 

was investigated. The OD414 was higher for samples collected in Streck than EDTA tubes. Given 

that Streck tubes are cell-stabilising, this finding was unexpected, but the OD414 difference 

between samples collected in EDTA and Streck tubes was not statistically significant (p = 0.052) 

(Table 4.2, Figure 4.3). Explaining these results is further complicated by the fact that samples 

were collected across multiple FMUs and most FMUs used either Streck or EDTA tubes. It could 

be assumed that all FMUs strictly followed (or not) the recommended processing protocols 

irrespective of the collection tube and hence the OD414 difference between Ctr and BioBank 

samples was observed (see section 4.3.1). It is well-established that as long as the first 

centrifugation step is within the recommended guidelines for each tube, then cells remain 

stable (69, 86). Thus, the time elapsed to the first centrifugation might be more important than 

the collection tube and the time elapsed to centrifugation per FMU (see section 4.3.1.4) and 

consequently the correlation between time elapsed and haemolysis were investigated (see 

section 4.3.1.3). To account for the multiple-site collection, the effect of the recruiting FMU on 

haemolysis was also investigated (Appendix K). 

4.3.1.3 Time elapsed to sample processing 

The potential effect of the time elapsed from phlebotomy to the first and second 

centrifugation on haemolysis was investigated, irrespective of recruiting site. There was a very 

strong positive correlation between OD414 and the minutes elapsed to the first centrifugation 

for samples collected in Streck tubes (Table 4.3, Figure 4.5B). This was not the case for samples 

collected in EDTA tubes where only a weak positive correlation was found (Table 4.3, Figure 

4.5A). Given that Streck tubes contain cell-stabilising reagents, these results could be 

considered controversial. However, looking at the data more carefully it becomes clear that 

the range of minutes elapsed for EDTA samples was much shorter than for Streck samples, 

which could partially explain this finding. The maximum time elapsed for EDTA tubes is under 6 

hours, which is within the 8 hours (80) and 5 days (69) that have been previously 

recommended to preserve cfDNA stability. On the other hand, the minimum time elapsed for 

samples collected in Streck tubes was almost 6.5 hours and the maximum just under 7 days. 

According to Streck, white blood cells (leukocytes) and DNA are stable in Streck tubes for up to 

14 days at room temperature (6°C to 37°C) (288). Streck tubes can also prevent haemolysis, 

although this is not their intended use (Kevin Billings, Streck, personal communication, August 

2015). Other factors, such storage temperature (86), could also affect haemolysis. 

Unfortunately, such information was not available and its effect could not be explored in 
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depth. However, after contacting the five FMUs that provided samples in Streck tubes, it was 

revealed that in most cases samples collected in both EDTA and Streck tubes were stored at 

4°C after phlebotomy and until send to the NETRGL (Research Midwives, personal 

communication). This would render the Streck cell-stabilising agents less efficient, allowing the 

lysis of white and red blood cells [Kevin Billings, Streck, personal communication, August 2015] 

and explaining the strong positive correlation between time elapsed to first centrifugation and 

OD414 for the samples collected in Streck tubes.  

There was no correlation found between time elapsed from first to second centrifugation and 

haemolysis. This is in line with literature reporting that the first centrifugation is the crucial 

processing step in order to exclude the majority of maternal blood cells and preserve fetal 

fraction (80, 84, 86).  

4.3.1.4 Recruiting FMU 

The above results could be further complicated by differences among different FMUs, but the 

number of samples per FMU was small to perform robust statistical analysis. Interestingly, two 

of the FMUs whose samples seemed to be constantly highly haemolysed (FMU 12 and 13) are 

situated further away from NETRGL (London) than other FMUs. Samples recruited at the FMU 

closest to NETRGL (FMU 14) seemed to consistently have a low haemolysis level (full results 

available in Appendix K). This is in line with literature suggesting that  prolonged time in transit 

or in storage after the first centrifugation renders EDTA samples suboptimal (85, 86, 90, 91).  

4.3.2 Fetal fraction measurement 

4.3.2.1 Spike-ins  

Two sets of spike-in samples were run using six different fetal fraction measurement assays: 

HLA, ZFX/Y, NIAT MASTR, dPCR, custom SNP based NGS (OGT-SNP assay) and RAPIDR Y chr 

read count. The ZFX/Y, dPCR and RAPIDR Y chr reads methods were only informative for the 

first set of spike-ins, where the proband was male. HLA-C was only informative for the second 

set of spike-ins. 

Strikingly, different assays produced very different fetal fraction results for the same sample 

(Table 4.4). Friedman tests were used to compare the various assays. The Friedman test 

cannot deal with missing values and therefore only complete sets of data were used for this 

analysis. This test also cannot deal with duplicate values, so HLA-C was considered separately 

from HLA-B.  
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HLA-B and HLA-C produced results significantly different to the actual spike-in percentage 

when considering spike-in pair 2. In addition, when considering both spike-in sets together, 

allowing for a larger sample size and therefore more statistical power, HLA-B (HLA-C non-

informative for Pro/M1) also produced results significantly different to the actual spike-in 

percentage (Table 4.5). It was often observed that the HLA assays could not accurately 

distinguish between 2% and 10% fetal fraction. For example, for the M1/Pro1 spike-ins of 5%, 

7.5% and 10% the fetal fraction result with HLA-B was 8.0%, 7.8% and 8.1%, respectively (Table 

4.4). Results from these assays showed a strong positive correlation to the actual spike-in 

percentage, but this correlation is not close to the line of agreement and they seemed to 

almost always overestimate the fetal fraction (Figure 4.6 E and F). Similarly, the difference 

between measurement and spike-in was not in proximity to zero in the Bland-Altman plot 

(Figure 4.7 E and F). Although agreement was good for HLA-B, the 95% CI was wide and the 

agreement was moderate for HLA-C (Figure 4.7 E and F). 

The ZFX/Y assay was not significantly different to the actual spike-in percentage (Table 4.5), 

revealed a strong positive correlation to spike-in percentage and was very close to the line of 

agreement (Figure 4.6G). It also showed good agreement to spike-in percentage with 

acceptable 95% CI and relative proximity to zero in the Blad-Altman plot (Figure 4.7G).  

The RAPIDR Y chr read counts assay produced results significantly different to the actual spike-

in percentage (Table 4.5). The correlation to spike-ins was positive and very strong, but the 

assay constantly overestimated the fetal fraction (Figure 4.6D). Although the agreement with 

spike-in percentage was good, the 95% CI was very high, rendering this ICC result unreliable 

(Figure 4.7D). 

The NIAT MASTR , dPCR and OGT-SNP assays showed no difference in fetal fraction result 

compared to the actual spike-in percentage (Table 4.5). In addition they all showed a strong 

positive correlation to the spike-ins, close proximity to the line of agreement (Figure 4.6 A-C), 

close proximity to zero in Bland-Altman plots and excellent agreement with narrow 95% CI 

(Figure 4.7 A-C).   

The 5% and 10% M/Pro2 spike-in samples were tested four times on the OGT-SNP assay using 

different amounts of starting material (500 ng, 500 ng, 400 ng and 250 ng). Based only on 

observation, all staring cfDNA amounts produced acceptable results (Table 4.4). 

The HLA and ZFX/Y assays were not sensitive enough to distinguish between small changes 

(1%) in spike-in percentage, especially at the lower end of fetal fraction (Table 4.4). Accurate 

fetal fraction measurement at this lower end is crucial for acceptance cut-off, limit of detection 
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determination and confirming a result as true. Therefore the HLA and ZFX/Y assays would be 

unsuitable for accurate fetal fraction measurement. The NIAT MASTR, OFT-SNP, RAPIDR Ychr 

read count and dPCR assays showed sensitivity down to 1% (Table 4.4), but their accuracy 

varied. 

HLA and ZFX/Y rely in a single locus being tested, making them more easily affected by biases. 

Measurement of fetal fraction using the RAPIDR Y chr reads is based on all reads derived from 

chromosome Y, potentially making measurement more accurate and less prone to being 

affected by other factors. Similarly, both the NIAT MASTR and OGT-SNP assays are relying on 

informative SNPs for fetal fraction measurement. The fact that they are not based on a single 

locus, but instead on multiple SNPs, potentially renders fetal fraction measurement more 

accurate. Interestingly, fetal fraction measurement might be less accurate for very low (<2%) 

or very high (30%) fetal fraction. This is supported by the fact that the number of informative 

SNPs dramatically decreases at the two ends of the fetal fraction ranges tested (Table 4.4). 

A main disadvantage of the ZFX/Y, dPCR and RAPIDR Y chr reads methods is that they are only 

informative for male pregnancies and thus cannot be universally used. Similarly, HLA will not 

be informative in all cases. More importantly, it might be necessary for the maternal and even 

paternal gDNA to be run in parallel with the cfDNA, in order to aid results interpretation (see 

also section 4.3.2.2). 

The RAPIDR Y chr reads assay is based on s-NGS. Fan et al. (8) have shown that s-NGS 

introduces bias towards shorter fragments, enriching for fetal fragments and thus skewing the 

fetal fraction measurement results. Interestingly, here the RAPIDR Y chr reads assay usually 

overestimates the fetal fraction compared to the NIAT MASTR assay and dPCR results. This 

overestimation is even more pronounced in real plasma cfDNA samples (see section 4.3.2.2). 

The HLA, ZFX/Y and NIAT MASTR assays are relatively easy and fast to set up and require a 

small amount of starting material (up to 10 ng of cfDNA). The dPCR and OGT-SNP assays are 

considerably more labour-intensive, with dPCR requiring ~4 ng of cfDNA and with the OGT-SNP 

assay requiring all the extracted material. The RAPIDR Y chr reads assay is built-in the NETRGL 

NIPT assay and would therefore require the whole extracted cfDNA and would be very costly 

to run as a stand-alone test. 

4.3.2.2 Maternal plasma samples 

Spike-ins do not perform the same way as real cfDNA samples (Appendix L). Therefore, 14 real 

plasma cfDNA samples were tested using four different fetal fraction measurement assays: 
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HLA, ZFX/Y, NIAT MASTR and RAPIDR Y chr reads. BioBank samples were selected from male 

bearing pregnancies, in order for results to be informative for the ZFX/Y and RAPIDR Y chr 

reads assays. The OGT-SNP and dPCR assays were not performed due to insufficient cfDNA left, 

labour-intensity and high cost.  

Interestingly, no sample was informative for HLA-C. Sample 5056 could be informative for 

either HLA-B or HLA-C but was considered under HLA-B for simplicity. From Appendix J it also 

becomes apparent that for HLA in some cases interpretation of results would have been 

impossible or incorrect without the aid of the maternal gDNA haplotypes and background 

counts. Even with the aid of the maternal results, in some cases the fetal haplotype is still 

uncertain (e.g. samples 4458, 4460 and 5079). Running the paternal gDNA alongside these 

samples would resolve interpretation, but would also further increase costs. Overall, at least 

4/14 cases (29%) were non-informative on the HLA assay. This figure is rather high and 

suggests that for a significant number of cases it would not be possible to measure fetal 

fraction using this assay.  

It was again clear that the fetal fraction measurement of a sample could vary widely depending 

on assay used (Table 4.6). Moreover, based on observation only, inter-run repeat testing 

showed that the HLA and ZFX/Y assays can produce very different fetal fraction measurements 

upon repeat testing, suggesting potentially low reproducibility. Additionally, in two (14%) cases 

(4458, 4460) a non-informative HLA result became informative after repeat testing.  On the 

other hand, the NIAT MASTR assay consistently produced almost identical repeat results, 

showed no intra-run difference and no difference whether 10 μl or 20 μl of cfDNA was used as 

staring material. No sample was tested twice on the RAPIDR Y chr reads assay, because a very 

high volume of starting cfDNA material is necessary per run (50 μl) and the consumables cost is 

very high. 

It is difficult to establish which assay is more accurate from real sample data, because the fetal 

fraction cannot be known. However, the high reproducibility of the NIAT MASTR assay and the 

potentially lower reproducibility of the HLA and ZFX/Y assays increase confidence in the former 

and decrease confidence in the other two. The RAPIDR Y chr reads results were consistently 

different from the NIAT MASTR results, while there were no other differences observed using 

the Friedman test post-hoc analysis (Table 4.7).  

Since the accuracy (see also section 4.3.1.3) and reproducibility of the NIAT MASTR assay is 

high, the correlation and agreement of results produced by other assays with results produced 

by the NIAT MASTR assay was examined (Figure 4.8, Figure 4.9). The HLA assay showed strong 
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correlation to the NIAT MASTR assay, but this result is probably biased by the single data point 

at ~30%. Excluding that data point, correlation was moderate positive (p = 0.019, rho = 0.755, 

data not shown). The ZFX/Y assay showed moderate positive correlation to the NIAT MASTR 

assay. The HLA and ZFX/Y assays showed, respectively, good and moderate agreement with 

the NIAT MASTR assay, but with wide 95% CI. Additionally, they almost always overestimated 

the fetal fraction compared to the NIAT MASTR assay. The RAPIDR Y chromosome reads assay 

showed no correlation and no agreement, and as expected (see also section 4.3.1.3) always 

overestimated the fetal fraction compared to the NIAT MASTR assay. However, one limitation 

of this experiment was that the RAPIDR Y chromosome reads assay was performed on cfDNA 

from a separate extraction to the cfDNA used for all other assays. Nevertheless, the same 

original plasma sample and the same extraction method were used. 

4.3.2.3 Fetal fraction measurement assay comparison 

A limitation of this comparison study is that 0% spike-in and plasma samples from non-

pregnant women were not tested. Testing such samples would provide reassurance that the 

test would give true-negative results, i.e. would give fetal fraction measurements of 0% when 

no placenta is present. It would also investigate whether assays could provide a very low fetal 

fraction measurement (for example due to sequencing noise) when there is actually no cffDNA 

present and hence help determining the lowest possible limit of detection for each assay. 

Table 4.8 summarises the advantages and disadvantages of all assays compared. Taking all 

measurement results into consideration, the NIAT MASTR assay seemed to be the best 

performing  assay for fetal fraction measurement, providing an accurate, universal, 

reproducible, fast (1-2 days) and relatively cost-effective solution. The OGT-SNP assay was also 

found to be very accurate and universal, but had a higher turn-around time (3-4 days), was 

substantially higher-cost and required more cfDNA as starting material. However, the cfDNA 

amplification protocol for the OGT-SNP assay is the same as the arrayNIPT one. Hence, stored 

arrayNIPT amplification products could be used and there was no requirement for further 

cfDNA extraction. 

Therefore, these two assays were chosen to measure the fetal fraction (sections 4.2.3 and 

4.3.3) of some of the samples run on the arrayNIPT Pre-evaluation Study (Chapter 3) to further 

investigate the relationship among haemolysis, fetal fraction and NIPT result. 

4.3.3 Fetal fraction measurement of BioBank samples run on arrayNIPT  

Haemolysis was found to affect the arrayNIPT assay and it was hypothesised that this could be 

due to increasing the maternal background and thus lowering the fetal fraction (section 3.3.4). 
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To further explore the relationship among haemolysis, fetal fraction and misdiagnosis, 23 of 

the 100 samples tested by arrayNIPT were selected for fetal fraction measurement using the 

NIAT MASTR assay and 16 of those were also measured using the OGT-SNP assay. These 

samples included all T21 samples with DLR ≤ 0.3, any samples misdiagnosed with any analysis 

method and disomic samples with a range of OD414 measurements (Table 4.11). When 

considering misdiagnoses, the results produced by the Stouffer analysis method were used. 

Both fetal fraction estimation methods produced excellent results in the spike-in fetal fraction 

measurement experiment (see sections 4.2.2.1 and 4.3.2.1). Here, however, measurements 

from the two assays showed no correlation or agreement, with a tendency for the OGT-SNP 

assay to overestimate the fetal fraction compared to the NIAT MASTR assay (Figure 4.10).  

The average NIAT MASTR fetal fraction measurement was 6.3%, which is lower than the 

average fetal fraction figure of 10% that is usually quoted (4). Five samples, i.e. 22% of all 

samples, had a fetal fraction lower than 4%, which is the cut-off many NIPT private providers 

use (57-59). The percentage of samples with fetal fraction below 4% is substantially higher 

than previous quotes of 0.5 to 8.5% (6, 56, 61, 64-67). Since all false-negative T21 samples 

were measured here, an increase in this percentage is expected. However, it is unclear why 

there is such a big discrepancy between this study and others. This could be due to the small 

number of samples tested. Another possible explanation is the fact that the majority of other 

studies have used s-NGS and therefore might have overestimated the fetal fraction due to 

enrichment of shorter fragments (8). Another explanation might be that 20 of the samples 

tested here were at 12-16 weeks gestation, while a wider range of gestations was included in 

other studies (6), potentially diluting down the percentage of cases with fetal fraction below 

4% due to early gestation. Strikingly, three of the samples with fetal fraction lower than 4% 

(13699, 12412, 10751) were T21 and were correctly diagnosed. Moreover, the highest fetal 

fraction measurement (11.9%) was seen in the sample (11357) with the second highest OD414 

(0.531) (Table 4.11). 

On the other hand, the average OGT-SNP fetal fraction measurement was 10.7%. Only two 

samples (12.5%) had a fetal fraction lower than 4% and one of them was indeed a false-

negative T21 (12057). Compared to the NIAT MASTR assay, these fetal fraction measurements 

are more in line with previous reports (6, 56, 61, 64-67) and with the arrayNIPT results. 

Early gestation (3, 6, 107, 116), high maternal weight (5, 6, 56, 107-110) and high  maternal 

BMI (111) are well-established factors that lead to low fetal fraction. A relationship between 

fetal fraction and gestation could not be established in this very small cohort of samples 
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(Figure 4.11A and B), but a moderate negative correlation between the OGT-SNP fetal fraction 

and maternal weight/BMI was observed. However, the very wide CIs suggest that a larger 

number of samples is needed to provide more confidence in the results (Figure 4.11D and F). 

There was no correlation between maternal weight/BMI and the NIAT MASTR fetal fraction 

measurement (Figure 4.11 C and E). The sample size is too small to generalise these results, 

but again the OGT-SNP assay seems to be more in line with the literature (5, 6, 56, 107-111). 

Contrary to the hypothesis that haemolysis affects fetal fraction, there was no difference in 

fetal fraction for haemolysed (OD414 > 0.25) and non-haemolysed (OD414 ≤ 0.25) samples (Table 

4.12) and no correlation between OD414 and fetal fraction (Figure 4.12) for either assay. 

Excluding high maternal weight samples, a moderate negative correlation between the OGT-

SNP fetal fraction and the OD414 reading became apparent (p = 0.045, rho = -0.52 (-0.83, -

0.07)). Again, the sample size is too small for the analysis to be powerful, but the OGT-SNP 

assay seems to produce fetal fraction measurement results that are more in accordance with 

the biologically reasonable hypothesis that high haemolysis levels could indicate low fetal 

fraction. 

Furthermore, there was no difference in fetal fraction between false-negative and true-

positive T21 samples (Figure 4.13) or false-positive/negative and true-positive/negative 

samples (Figure 4.14). The power of these analyses is less than 10% and a large number of 

samples (> 130 per group) would be necessary in order to be able to detect a 1% fetal fraction 

difference with 80% power. Nevertheless, comparing means and medians (Table 4.13), the 

results obtained by the OGT-SNP assay are in better accordance with the well-documented 

fact that samples with low fetal fraction are less likely to be detected by NIPT (34, 35). 

Overall, these results support the use of the OGT-SNP assay over the NIAT MASTR assay for the 

fetal fraction estimation of samples in this study. It has already been established that different 

assays provide very different fetal fraction measurements for the same sample (sections 4.2.2 

and 4.3.2). Apart from the SRY dPCR, all other assays comprise a number of amplification steps 

during their protocols. Hence, it could be hypothesised that the fetal fraction estimation 

obtained is correct for each sample and assay at the end of the protocol, but might not 

necessarily reflect the fetal fraction of the original plasma sample. For example, s-NGS enriches 

shorter fragments (8), potentially increasing the fetal fraction of the original plasma sample. 

Similarly, short amplification steps during PCR have also been suggested to selectively amplify 

shorter fragments (patent EP3114237A1 / US20170016047A1), again potentially increasing the 

fetal fraction of the original plasma sample. If this hypothesis is indeed true, then the OGT-SNP 

assay would be expected to provide fetal fraction estimation closer to the fetal fraction of the 



Chapter 4: HAEMOLYSIS, FETAL FRACTION AND ASSAY PERFORMANCE 

137 
 

labelled cfDNA sample run on arrayNIPT, since it utilises the amplification products of the 

same protocol. On the other hand, the NIAT MASTR assay utilises the original cfDNA sample 

and subjects it through different amplification processes. Lastly, the OGT-SNP assay 

interrogates 2193 SNPs, while the NIAT MASTR assay interrogates 1000 SNPs. Therefore it is 

likely that the OGT-SNP assay can provide greater accuracy. 

Moreover, these results do not support the hypothesis that high haemolysis levels lead to 

lower fetal fraction and hence to false-negative results. This is in contrast to other studies that 

showed that maternal cell lysis leads to a decrease in fetal fraction (69, 79-83). However, a few 

points should be taken into consideration.  

 Firstly, the sample sizes here were small and hence the analysis not powerful.  

Additionally, factors such as gestation (3, 6, 107, 116) and maternal weight/BMI (5, 6, 56, 107-

111) affect fetal fraction and hence the fetal fraction should potentially be corrected for these 

for results to be more accurate. The vast majority of cases (20 out of 23) were between 12-16 

weeks gestation (Table 4.9, Table 4.10, Table 4.11). Between 10 and 21 weeks gestation, fetal 

fraction increases by only 0.1% per week (6) and hence the effect of gestation on fetal fraction 

was not expected to be very influential. As already discussed, in this cohort of samples 

gestation did not seem to affect fetal fraction (Figure 4.11 A and B), but maternal weight/BMI 

showed a moderate negative correlation to the OGT-SNP fetal fraction measurement (Figure 

4.11D and F). Nevertheless, even when high maternal weight/BMI samples were excluded, 

there was still no difference in OD414 or fetal fraction between correctly and incorrectly 

diagnosed samples (results not shown). There was only a moderate negative correlation with 

wide CIs observed between the OGT-SNP fetal fraction and the OD414 reading, but naturally 

this result alone does not strongly support the hypothesis.  

Another possible explanation why the hypothesis was not supported might lie in the fact that 

fetal fraction can vary widely among different pregnancies of different or even the same 

gestation (34-36). To account for biological differences in samples from different pregnancies,  

maternal blood samples were collected from 5 pregnancies, each was split in three and left to 

haemolyse on the bench for different lengths of time (0, 5 and 10 days) before plasma 

separation (sections 4.2.4 and 4.3.4).  

Lastly, it cannot be excluded that haemolysis affects the assay performance in different ways 

not currently understood. More BioBank samples and samples collected prospectively under 

strict collection and processing conditions should be run on the arrayNIPT assay, in order to 

assess if haemolysis could be minimised and if high haemolysis still affects diagnosis. 
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4.3.4 Fetal fraction, haemolysis and T21 detection by arrayNIPT 

For this experiment, five pregnant women were recruited and three blood samples were 

collected from each woman.  Samples were left to haemolyse on the bench and centrifuged at 

time points 0, 5 and 10 days post-phlebotomy. Plasma OD414 was measured, cfDNA fetal 

fraction was estimated using the OGT-SNP assay and samples were tested by arrayNIPT to 

investigate if diagnosis changed with prolonged time to plasma separation.  

Gestation for all pregnancies was within one week from each other (min 12+3, max 13+2). At 

these gestations, fetal fraction increases by 0.1% per week (6) and hence differences in fetal 

fraction due to differences in gestation were not expected to be noteworthy. For four patients, 

the maternal weight was between 60 and 67.1 kg (BMI: 21.2 to 27.7). The maternal weight of 

the fifth case was 106 kg (BMI 41.4). Interestingly and as expected (5, 6, 56, 107-111), the 

baseline (TP0) fetal fraction of this case was substantially lower (3.68%) than the rest of the 

cases (fetal fractions between 7.35% and 9.25%) (Table 4.14).  

In line with previous reports , haemolysis significantly increased (289) (Figure 4.15A, p = 0.015) 

and fetal fraction significantly decreased (69, 79-85) (Figure 4.15B, p = 0.022) with prolonged 

time to centrifugation. Host-hoc analysis revealed that these changes were significant between 

TP0 and TP10. More importantly, a strong negative correlation was observed between OD414 

and fetal fraction (Figure 4.16, p = 0.003, rho = -0.72). This was also true when the high 

maternal weight sample (18566) was excluded and when TP10 samples were excluded. 

Although this finding strongly supports the hypothesis that high haemolysis indicates low fetal 

fraction, it is important to note that sample processing conditions were exaggerated in this 

experiment. Storing a diagnostic EDTA sample of five or ten days before separating the plasma 

would not be a common scenario in prospective sample collection. It would be interesting for 

this experiment to be repeated with different TPs that are more relevant to clinical practice, 

such as 0, 2 and 4 days. Unfortunately this was not possible due to the rarity of confirmed T21 

pregnancies. Nevertheless, the false-negative T21 results at TP5 and TP10 prove that there is 

an effect of suboptimal samples on assay performance. The fact that these samples are 

suboptimal was further supported by the reduction in informative SNPs when the OGT-SNP 

assay was performed (Table 4.14). 

The TP5 OD414 reading of sample 18563 was only 0.172. Strikingly, this is within the acceptable 

haemolysis level (OD414 ≤ 0.25), but its fetal fraction was low (5.65%) and was a false-negative 

on arrayNIPT (Table 4.14). This was the only sample that was left to haemolyse without mixing. 

Agitation of samples over time has been shown to increase total cfDNA (85). It could be 

hypothesised that not mixing prevents the lysis of red blood cells and hence the increase of 
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the haemolysis level, but does not prevent other maternal enucleated cells from lysing and 

increasing the maternal cfDNA background. Additionally, the OD414 reading of TP5 (0.239) of 

sample 18566 was lower than that of TP10 (0.292) (Table 4.14). There is no good biological 

explanation for this finding, but it could reflect the fact that spectrophotometry might not be 

accurate enough to always distinguish differences of ~0.05 in OD. Both cases support the 

conclusion that OD414 measurements could be inaccurate and most importantly that they are a 

very crude indication of fetal fraction and assay performance. 

A limitation of this experiment is that all TP0 from the three chromosomally normal cases are 

invalid, when considering the arrayNIPT result. TP0 of sample 18565 failed on arrayNIPT due to 

high DLR. Nevertheless, its OD414 reading and fetal fraction measurement are still valid. Sample 

18566 had a very high maternal weight/BMI and was a suboptimal control, because its 

baseline fetal fraction measurement was expected to be (and was indeed) low. TP0 of sample 

18592 produced a false-positive arrayNIPT result. This probably reflects the specificity of the 

assay and it is uncertain if TP5 and TP10 of the same sample were true-negatives because the 

assay correctly identified them or because the fetal fraction was lower. However, again, their 

OD414 readings and fetal fraction measurements are valid. 

Overall, these results support the effect of sample quality on arrayNIPT and the need for strict 

collection, storage, transport and processing criteria. However, it also becomes apparent that 

haemolysis is a rough and inaccurate indicator of both fetal fraction and assay performance. 

Ideally, the fetal fraction of all samples run on arrayNIPT should be concurrently measured and 

the development of a fetal fraction estimation method embedded in the arrayNIPT assay 

would be optimal. 

4.3.5 Conclusions and further investigations 

Taken together all the investigations into potential factors affecting sample haemolysis suggest 

that stringent collection criteria would prevent it. The most crucial processing step is the time 

elapsed to the first centrifugation, in order to exclude maternal red and white blood cells. 

Short time in transit might also help preserve cells. Collection tube would not be expected to 

affect haemolysis, as long as samples are collected, processed and stored within the timelines 

and temperatures recommended for each tube. These optimal collection, processing and 

storage conditions for the preservation of fetal fraction are well documented in literature (69, 

80, 81, 84-86, 90, 91, 288). Training of staff collecting, storing and processing samples would 

also be of utmost importance to ensure strict protocols are implemented and followed. Fresh 

prospectively collected samples under these stringent criteria should provide the optimal 
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material for testing and would reflect more closely the conditions in a real clinical service. 

Therefore, the performance of the arrayNIPT assay should be evaluated under such conditions. 

SNP-based fetal fraction measurement methods (i.e. the NIAT MASTR and OGT-SNP assays) 

seem to perform better than other methods, being more sensitive, universally informative and 

producing more accurate and reproducible results. For the purpose of this study, the OGT-SNP 

assay was found to perform better, producing results that were more in accordance with the 

literature. This was also justified by the fact that, compared to the NIAT MASTR assay that 

utilised cfDNA, the OGT-SNP assay utilises the arrayNIPT amplification product and hence it 

better reflects the fetal fraction of the DNA that is hybridised to the arrayNIPT slide. 

A direct correlation between fetal fraction and haemolysis was not unequivocally established. 

Sample sizes were small and other sample-specific biological factors, such as gestation and 

maternal weight, might mask such an effect. Sample storage length prior to plasma separation 

was exaggerated to establish this relationship, and probably such conditions would not be 

clinically relevant, since sample collection in clinic would be expected to follow strict protocols. 

The results, however, highlight the need for strict collection, storage, transportation and 

processing criteria, in order to ensure optimal assay performance. Additionally, the need for 

fetal fraction measurement, preferably embedded in the arrayNIPT assay, became clear. 

In the following Chapter, more chromosomally normal and T21 BioBank samples were tested 

by the arrayNIPT assay, in order to more accurately assess its sensitivity and specificity. Some 

T18 and T13 samples were also included to assess the potential for these trisomies to be 

detected by arrayNIPT. Since exclusion of haemolysed samples was not unequivocally justified, 

results were analysed both including and excluding haemolysed samples (Chapter 5). 
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Chapter 5:  ArrayNIPT EVALUATION STUDY 

5.1 Chapter 5 – INTRODUCTION 

Following the arrayNIPT Pre-Evaluation Study (Chapter 3), in this Chapter more samples were 

set up in order to refine the assay sensitivity and specificity for T21. In addition, 20 T18 and 5 

T13 samples were included in order to consider their potential for detection by arrayNIPT. 

Various analysis methods for T18 and T13 were explored to establish the most appropriate. 

Since the effect of haemolysis on fetal fraction and assay performance was not unequivocally 

determined (Chapter 4), results were presented both including and excluding haemolysed 

samples. Parameters affecting haemolysis and the effect of haemolysis (5.2.3) and sample 

demographics (5.2.4) on assay result were also investigated. Material and Methods relevant to 

this Chapter can be found in sections 2.1 and 2.5. 

5.2 Chapter 5 – RESULTS 

For the Evaluation Study, 438 BioBank samples were selected and run blindly. The Stouffer 

method was used for the detection of T21 and other analysis methods were explored for T18 

and T13. 

5.2.1 Microarray Quality Control  

Of the 438 BioBank samples, 18 (4.1%) failed due to sample QC criteria (Appendix C) and 

repeat testing was not possible due to insufficient plasma volume remaining in the BioBank.  A 

total of 37 (8.4%) samples failed due to assay QC metrics (section 2.1.2.2 and Table 2.1) 

(Appendix C), but 21 of these were successfully repeated from amplification product and 2 

were successfully repeated from plasma. Repeat testing was not possible for 14 samples of the 

37 samples that failed assay QC (3.2% of the total number of Biobank samples selected).  Table 

5.1 shows the breakdown of samples excluded from analysis due to QC metrics. 
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Table 5.1: Samples excluded from analysis due to QC metrics (after repeats). 

 Reason for exclusion Normal T21 T18 T13 Total Total 

Sa
m

p
le

 
fa

ilu
re

 Mislabeled sample tubes 1 - - - 1 

18  
(4.1%) 

Plasma volume  ≤3.7ml 3 2 - - 5 

Failed cfDNA extraction 5 1 - - 6 

ssDNA Qubit reading  ≤0.49 ng/μl 3 3 - - 6 

A
ss

ay
 f

ai
lu

re
 Sample DNA labelling concentration 1 1 - - 2 

14 
(3.2%) 

Cy3 dye labelling concentration 1 - - - 1 

Cy5 dye labelling concentration 1 1 - - 2 

T21Ctr failed (not identified as T21) 3 - 1 - 4 

DLR > 0.3 2 1 1 - 4 

Gasket problem and waviness ≥ 0.035 1 - - - 1 

 
Total 21 9 2 0 32 

32 
(7.3%) 

* Some samples may have failed for multiple reasons. They were classified according to the 
first failure happening during the assay set-up procedure. 
 
 
Following failed QC metric exclusions, 406 samples were analysed. Of the 406 samples, 78 

were haemolysed (Table 5.2). 

Table 5.2: Samples left for analysis after exclusions 

 Normal T21 T18 T13 Total 

Number of samples 300 83 18 5 406 

of which haemolysed (OD414 > 0.25) 63 12 2 1 78 

Number of samples excl. haemolysed 237 71 16 4 328 

 

The 21 samples repeated from amplification product were 100% successful and showed higher 

Signal to Noise Ratios and lower Background Noise after repeat testing (Appendix M).  

 

5.2.2 Array NIPT results 

The Cy3:Cy5 probe ratio distribution for each chromosome included in the array design was 

calculated from cumulative data from chromosomally normal samples run successfully during 

the Evaluation Study, in order to examine any ratio bias per chromosome inherent to the assay 

(Figure 5.1A and B). This chromosome profile was compared to the one produced from the 

samples run during the Pre-Evaluation Study (Figure 5.1C). Overall, the chromosomes seem to 

behave similarly in both Studies and show a very similar pattern. 

An ANOVA test with Dunnett corrections was performed comparing the Cy3:Cy5 probe ratio of 

chromosomes 21, 18 and 13 against the ratios of all other chromosomes. Based on this, the 

chromosomes that behaved more similarly to chromosome 21 during the Evaluation Study (i.e. 
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chromosomes 1, 10, 11 and 15) were different to the ones that behaved more similarly to 

chromosome 21 during the Pre-Evaluation Study (i.e. chromosomes 2, 9, 12 and 14). 

Chromosome 18 behaved similarly to chromosome 2 in this Study, whereas it behaved 

similarly to chromosomes 3, 5 and 6 in the Pre-Evaluation Study. Chromosome 13 behaved 

more similarly to chromosomes 5 and 6 in this Study, while it behaved more similarly to 

chromosomes 3, 5 and 6 in the Pre-Evaluation Study (Table 5.3). 

 

Figure 5.1: ArrayNIPT chromosome profile; A) Cy3:Cy5 ratio revealing a different pattern for 
each chromosome and an inherent assay bias for the samples run during the Evaluation Study. 
B) Magnified view of (A). C) Cy3:Cy5 ratio revealing a different pattern for each chromosome 
and an inherent assay bias for the samples run during the Pre-Evaluation Study. 
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Table 5.3: ArrayNIPT chromosome profile ANOVA with Dunnett post-hoc analyses p-values. 
The p-values of chromosomes performing similarly to the chromosome of interest are 
highlighted in bold font. 

 
ANOVA Dunnett p-values   

Pre-evaluation Study Evaluation Study 

chr 13 18 21 13 18 21 

1 < 2E-16 < 2E-16 3.10E-05 < 2E-16 0.03296 1 
2 < 2E-16 0.0002 0.87123 1.50E-05 0.91038 5.00E-05 
3 2.50E-09 0.99669 0.00011 0.7381 0.00029 5.60E-13 
5 2.00E-06 1 1.50E-06 1 3.50E-06 5.60E-16 
6 8.50E-08 0.99999 7.00E-05 1 6.60E-06 1.30E-14 
7 3.20E-15 0.08386 0.11032 0.9309 0.00011 4.30E-13 
8 8.60E-11 0.63361 0.01238 0.4536 0.00654 9.30E-10 
9 < 2E-16 0.00194 0.99617 0.4746 0.01779 3.00E-08 

10 < 2E-16 3.30E-16 0.00555 1.90E-14 0.08662 1 
11 < 2E-16 7.50E-11 0.27645 4.10E-12 0.34539 0.9886 
12 < 2E-16 0.00072 0.99902 0.0051 0.65018 9.10E-05 
13  - 3.80E-07 < 2E-16  - 9.30E-08 < 2E-16 
14 1.20E-13 0.01477 0.98332 0.1031 0.36815 7.90E-05 
15 < 2E-16 < 2E-16 2.00E-06 < 2E-16 0.00281 0.9793 
18 3.80E-07  - 1.70E-06 1.00E-07  - 0.0162 
21 < 2E-16 1.70E-06  - < 2E-16 0.01629  - 

 

Subsequently, the Stouffer analysis method was used for the detection of T21, T18 and T13. 

Overall results are presented in Table 5.4. Other analysis methods were also explored for the 

detection of T18 (Intra-sample and Pooled control) and T13 (Intra-sample, Pooled control and 

Intra-slide). 

Table 5.4: Overall results of the arrayNIPT assay using the Stouffer analysis method. 

  
arrayNIPT result 

  
Normal T21 T18 T13 Total 

C
o

n
fi

rm
e

d
 

D
ia

gn
o

si
s 

Normal 290 9 1 0 300 

T21 1 82 0 0 83 

T18 4 0 14 0 18 

T13 3 0 0 2 5 

Total 298 91 15 2 406 

  
arrayNIPT result excluding haemolysed samples 

  
Normal T21 T18 T13 Total 

C
o

n
fi

rm
e

d
 

D
ia

gn
o

si
s 

Normal 228 8 1 0 237 

T21 0 71 0 0 71 

T18 3 0 13 0 16 

T13 3 0 0 1 4 

Total 234 79 14 1 328 

* true-positives/negatives, false-positives/negatives 
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5.2.2.1 Trisomy 21 

Stouffer: Using the Stouffer method, nine normal samples were identified as false-positives 

and one T21 as false-negative when all successful samples are taken into consideration. 

Excluding haemolysed samples, eight samples were identified as false-positives and there were 

no false-negatives (Figure 5.2, Table 5.5). 

 

Figure 5.2: T21 detection using the Stouffer analysis method. The orange dashed line shows 
where the calling cut-off value could lie. Samples numbers may seem smaller than expected 
due to overlap plotting. 

 

Table 5.5: T21 detection and assay sensitivity and specificity using the Stouffer analysis 
method. 

  
  

T21 – Stouffer Method 

All Excluding haemolysed 

True-positives 82 71 

True-negatives 314 249 

False-positives 9 8 

sample ID 
9626, 10412, 10488, 
11870, 12178,12209, 
12238, 14064, 13315 

9626, 10412, 10488, 
11870, 12178,12209, 
12238, 14064 

False-negatives 1 0 

sample ID 11576 - 

Sensitivity  98.8% 100.0% 

95% CI (93%, 100%) (93%, 100%) 

Specificity 97.2% 96.9% 

95% CI (95%, 99%) (94%, 99%) 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 
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5.2.2.2 Trisomy 18 

(1) Stouffer: Using the Stouffer method, one normal sample was identified as false-positive 

and four T18 as false-negatives when all successful samples are taken into consideration. 

Excluding haemolysed samples, one sample was identified as false-positive and three as false-

negatives (Figure 5.3, Table 5.6). 

 

Figure 5.3: T18 detection using the Stouffer analysis method. The orange dashed line shows 
where the calling cut-off value could lie. Samples numbers may seem smaller than expected 
due to overlap plotting. 

 

Table 5.6: T18 detection and assay sensitivity and specificity using the Stouffer analysis 
method. 

  
  

T18 – Stouffer Method 

All Excluding haemolysed 

True-positives 14 13 

True-negatives 387 311 

False-positives 1 1 

sample ID 13940 13940 

False-negatives 4 3 

sample ID 
12315, 13371, 13432, 
12435 

12315, 13371, 13432 

Sensitivity  77.8% 81.3% 

95% CI (52%, 94%) (54%, 96%) 

Specificity 99.7% 99.7% 

95% CI (99%, 100%) (98%, 100%) 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 
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(2) Intra Sample: comparison of chromosome 18 probe signal ratios against the signal ratios of 

probes from various combinations of other chromosomes. Based on the array NIPT 

chromosome profile (Figure 5.1), chromosome 18 probe signal ratios were compared against 

the signal ratios of probes from the chromosome performing most similarly to chromosome 18 

in the Evaluation-Study (chromosome 2, Figure 5.4A), the chromosomes performing more 

similarly to chromosome 18 in the Pre-evaluation Study (chromosomes 5 and 6, Figure 5.4B), 

and all chromosomes included in the assay (Figure 5.4C) for each sample. One normal sample 

was identified as false-positive and five T18 as false-negatives when all successful samples are 

taken into consideration. Excluding haemolysed samples, one sample was identified as false-

positive and four as false-negatives (Table 5.7). 

 

Figure 5.4: T18 detection using the Intra-sample analysis method comparing chromosome 18 
to: A) chromosome 2, B) chromosomes 5 and 6 and C) all chromosomes included in the assay. 
Orange dashed lines show where the calling cut-off value could lie.  
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Table 5.7: T18 detection and assay sensitivity and specificity using the Intra-sample method 
and all different statistical analyses. 

  
  

T18 – Intra-sample Method (all analyses) 

All Excluding haemolysed 

True-positives 13 12 

True-negatives 387 311 

False-positives 1 1 

sample ID 13940 13940 

False-negatives 5 4 

sample ID 
12315, 12699, 13371, 
13432, 12435 

12315, 12699, 13371, 
13432 

Sensitivity  72.2% 75.0% 

95% CI (47%, 90%) (48%, 93%) 

Specificity 99.7% 99.7% 

95% CI (99%, 100%) (98%, 100%) 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 
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(3) Pooled Control: comparison of chromosome 18 probe signal ratios against the signal ratios 

of chromosome 18 probes from a synthetic pooled control composed of all normal successful 

samples, using paired t-test (Figure 5.5A and B) or ANOVA with Bonferroni, Holm (Figure 5.5C), 

or Dunnett (Figure 5.5D) correction. The Bonferroni and Holm corrections performed similarly, 

hence only the latter is shown. Depending on the statistical analysis, between one and five 

normal samples were identified as false-positives and five T18 as false-negatives, when all 

successful samples are taken into consideration. Excluding haemolysed samples, between one 

and three samples were identified as false-positives and four as false-negatives (Table 5.8). 

 

Figure 5.5: Pooled control analysis comparing chromosome 18 to a synthetic control 
comprising data from all normal successful samples using A) paired t-test, B) paired ratio t-test, 
C) ANOVA with Holm correction and D) ANOVA with Dunnett correction. Orange dashed lines 
show where the calling cut-off values could lie. 
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Table 5.8: T18 detection and assay sensitivity and specificity using the Pooled control method 
and different statistical analyses. 

 

T18 – Pooled control Method 

Paired t-test 
Paired ratio t-test / 

ANOVA Dunnett  
ANOVA Holm / ANOVA 

Bonferroni 

All 
Excluding 

haemolysed 
All 

Excluding 
haemolysed 

All 
Excluding 

haemolysed 

True-
positives 

13 12 13 12 13 12 

True-
negatives 

387 311 385 310 383 309 

False-
positives 

1 1 3 2 5 3 

sample ID 

13940 13940 13940, 
14002, 
 
13179 

13940, 
14002 

13940, 
14002, 
10262,  
13179,, 
12225  

13940, 
14002, 
10262 

False-
negatives 

5 4 5 4 5 4 

sample ID 

12315, 
12699, 
13371, 
13432, 
12435 

12315, 
12699, 
13371, 
13432 

12315, 
12699, 
13371, 
13432, 
12435 

12315, 
12699, 
13371, 
13432 

12315, 
12699, 
13371, 
13432, 
12435 

12315, 
12699, 
13371, 
13432 

Sensitivity  72.2% 75.0% 72.2% 75.0% 72.2% 75.0% 

95% CI (47%, 90%) (48%, 93%) (47%, 90%) (48%, 93%) (47%, 90%) (48%, 93%) 

Specificity 99.7% 99.7% 99.2% 99.4% 98.7% 99.0% 

95% CI (99%, 100%) (98%, 100%) (98%, 100%) (98%, 100%) (97%, 100%) (97%, 100%) 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 

 

5.2.2.2.1 Results comparison for T18 detection 

Comparing the results obtained by the three methods and various statistical analyses, the 

same single sample (13940) always gives a false-positive NIPT result, while the same four 

samples (12315, 13371, 13432, 12435) always give false-negative results. Two samples (14002, 

13179) are false-positives only when the Pooled control method with the paired ratio t-test or 

ANOVA Dunnett analyses is used. In addition, another two samples (10262, 12225) are false-

positives only when the Pooled control method with the ANOVA Holm/Bonferroni analyses is 

used. Sample 12699 gives a false-negative result when the Intra-sample or Pooled control 

methods are used, but not with Stouffer (Table 5.9). 
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Table 5.9: Comparison of false-positive/false-negative results and sensitivity/specificity for T18 detection obtained by all analysis methods explored 

 T18 detection 

Intra-sample Pooled control 

Stouffer 

ch
r 

2
 

ch
r 

5
 a

n
d

  6
 

A
ll 

ch
rs

 

 P
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d

 t
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P
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A
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A
 

D
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n

e
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A
N

O
V

A
 H

o
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/ 
B

o
n

fe
rr

o
n

i 

False-positives 

13940 13940 13940 13940 13940 
14002 

 
13179 

13940 
14002 

 
13179 

13940 
14002 
10262 
13179 
12225 

13940 

False-negatives 

12315 
13371 
13432 
12699 
12435 

12315 
13371 
13432 
12699 
12435 

12315 
13371 
13432 
12699 
12435 

12315 
13371 
13432 
12699 
12435 

12315 
13371 
13432 
12699 
12435 

12315 
13371 
13432 
12699 
12435 

12315 
13371 
13432 
12699 
12435 

12315 
13371 
13432 

 
12435 

Sensitivity  72.2% 72.2% 77.8% 

Specificity  99.7% 99.7% 99.2% 98.7% 99.7% 

Sensitivity excl. OD>0.25 75.0% 75.0% 81.3% 

Specificity excl. OD>0.25 99.7% 99.7% 99.4% 99.0% 99.7% 
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5.2.2.3 Trisomy 13 

(1) Stouffer: Using the Stouffer method, there were no false-positives and three T13 samples 

were identified as false-negatives, both when including and excluding haemolysed samples 

(Figure 5.6, Table 5.10). 

 

Figure 5.6: T13 detection using the Stouffer analysis method.  

 

Table 5.10: T13 detection and assay sensitivity and specificity using the Stouffer analysis 
method. 

  
  

T13 – Stouffer Method 

All Excluding haemolysed 

True-positives 2 1 

True-negatives 401 324 

False-positives 0 0 

sample ID - - 

False-negatives 3 3 

sample ID 11819, 12288, 12432 11819, 12288, 12432 

Sensitivity  40.0% 25.0% 

95% CI (5%, 85%) (1%, 81%) 

Specificity 100.0% 100.0% 

95% CI (99%, 100%) (98%, 100%) 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 
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(2) Intra Sample: comparison of chromosome 13 probe signal ratios against the signal ratios of 

probes from combinations of other chromosomes within the same sample. Based on the array 

NIPT chromosome profile (Figure 5.1), chromosome 13 probes signal ratios were compared 

against the signal ratios of probes from the chromosomes performing most similarly to 

chromosome 13 in both the Evaluation and the Pre-evaluation Study (chromosomes 5 and 6, 

Figure 5.7A) and all chromosomes included in the assay (Figure 5.7B) for each sample. There 

were no false-positives and three T13 samples were identified as false-negatives, both when 

including and excluding haemolysed samples (Table 5.11). 

 

Figure 5.7: T13 detection using the Intra-sample analysis method comparing chromosome 13 
to: A) chromosomes 5 and 6 and B) all chromosomes included in the assay.  

 

Table 5.11: T13 detection and assay sensitivity and specificity using the Intra-sample method 
and both statistical analyses. 

  
  

T13 – Intra-sample Method (all analyses) 

All Excluding haemolysed 

True-positives 2 1 

True-negatives 401 324 

False-positives 0 0 

sample ID - - 

False-negatives 3 3 

sample ID 11819, 12288, 12432 11819, 12288, 12432 

Sensitivity  40.0% 25.0% 

95% C.I (5%, 85%) (1%, 81%) 

Specificity 100.0% 100.0% 

95% CI (99%, 100%) (98%, 100%) 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 
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(3) Pooled Control: comparison of chromosome 13 probes signal ratios against the signal ratios 

of chromosome 13 probes from a synthetic pooled control composed of all normal successful 

samples, using paired t-test (Figure 5.8A and B) or ANOVA with Bonferroni, Holm (Figure 5.8C), 

or Dunnett (Figure 5.8D) correction. The Bonferroni and Holm corrections performed similarly, 

hence only the latter is shown. Depending on the statistical analysis used, no or one normal 

sample was identified as false-positive and three or two T13s as false-negatives, when all 

successful samples are taken into consideration. Excluding haemolysed samples, there were no 

false-positive and three or two T13 samples were false-negatives (Table 5.12). 

 

Figure 5.8: Pooled control analysis comparing chromosome 13 to a synthetic control 
comprising data from all normal successful samples using A) paired t-test, B) paired ratio t-test, 
C) ANOVA with Holm correction and D) ANOVA with Dunnett correction.  
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Table 5.12: T13 detection and assay sensitivity and specificity using the Pooled control method 
and different statistical analyses. 

  
  

T13 – Pooled Control Method 

Paired t-test / Paired ratio t-test / 
ANOVA Holm / ANOVA Bonferroni 

ANOVA Dunnett 

All 
Excluding 

haemolysed 
All 

Excluding 
haemolysed 

True-positives 2 1 3 2 

True-negatives 401 324 400 320 

False-positives 0 0 1 0 

sample ID - -  13179 - 

False-negatives 3 3 2 2 

sample ID 
11819, 12288, 
12432 

11819, 12288, 
12432 

 11819, 12288  11819, 12288 

Sensitivity  40.0% 25.0% 60.0% 50.0% 

95% CI (5%, 85%) (1%, 81%) (15%, 95%) (7%, 93%) 

Specificity 100.0% 100.0% 99.8% 100.0% 

95% CI (99%, 100%) (98%, 100%) (99%, 100%) (98%, 100%) 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 
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(4) Intra-slide: comparison of chromosome 13 probe signal ratios against the signal ratios of 

chromosome 13 probes of the positive spike-in T21Ctr within each slide, using paired t-test 

(Figure 5.9A and B) or ANOVA with Bonferroni, Holm (Figure 5.9C) or Dunnett (Figure 5.9D) 

correction. The Holm and Bonferroni corrections performed similarly, hence the latter is not 

shown. Only the slides containing a T13 sample were analysed. There were no false-positives 

and, depending on statistical analysis, three or four T13 samples were identified as false-

negatives, both when including and excluding haemolysed samples (Table 5.13). 

 

Figure 5.9: Intra-slide inter-sample analysis chromosome 13 of each sample to chromosome 13 
of positive T21 spike-in control (T21Ctr) using A) paired t-test, B) paired ratio t-test, C) ANOVA 
with Holm and D) ANOVA with Dunnett correction.  
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Table 5.13: T13 detection and assay sensitivity using the Intra-slide method with different 
statistical analyses. Sensitivity and specificity CIs were not calculated, because only slides 
containing a T13 sample were investigated. 

  
  

T13 – Intra-slide Method 

Paired t-test / Paired ratio t-test / 
ANOVA Holm / ANOVA Bonferroni 

ANOVA Dunnett 

All 
Excluding 

haemolysed 
All 

Excluding 
haemolysed 

True-positives 2 1 1 0 

True-negatives 30 23 30 23 

False-positives 0 0 0 0 

sample ID - - - - 

False-negatives 3 3 4 4 

sample ID 
11819, 12288, 
12432 

11819, 12288, 
12432 

 11819, 12288,   
 12432, 12390 

 11819, 12288,  
 12432, 12390 

Sensitivity 40.0% 25.0% 20.0% 0.0% 

Specificity 100.0% 100.0% 100.0% 100.0% 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 

 



 

 
 

1
5
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5.2.2.3.1 Results comparison for T13 detection 

Comparing the results obtained by the four methods and various statistical analyses, it becomes clear that the specificity is high and there are no false-positive 

NIPT results for T13, with the exception of sample 13179 that is a false positive only when the Pooled control ANOVA Dunnett method is used. The same three 

samples (11819, 12288, 12432) always give false-negative results, with the exception of the Pooled control ANOVA Dunnett analysis where only two of these 

(11819, 12288) are false-negatives. Sample 12390 gives a false-negative result only when the Intra-slide method with the ANOVA Dunnett analysis is used (Table 

5.14). 

Table 5.14: Comparison of false-positive/false-negative results and sensitivity/specificity for T13 detection obtained by all analysis methods explored 

 T13 detection 

Intra-sample Pooled control Intra-slide 

Stouffer 
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False-positives - - - - - 13179 - - - - - 

False-negatives 

11819 
12288 
12432 

11819 
12288 
12432 

11819 
12288 
12432 

11819 
12288 
12432 

11819 
12288 
12432 

11819 
12288 

11819 
12288 
12432 

11819 
12288 
12432 

11819 
12288 
12432 

11819 
12288 
12432 
12390 

11819 
12288 
 12432 

 

Sensitivity  40.0% 40.0% 60.0% 40.0% 20.0% 40.0% 

Specificity  100.0% 100.0% 99.8% 100.0% 100.0% 

Sensitivity excl. OD>0.25 25.0% 25.0% 50.0% 25.0% 0.0% 25.0% 

Specificity excl. OD>0.25 100.0% 100.0% 100.0% 100.0% 100.0% 

        Sample ID: haemolysed sample              Sample ID: non-haemolysed sample             excl.: excluding 
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5.2.3 Haemolysis 

Using the Stouffer method and excluding the five T13 samples, five samples were false-

negatives and 10 false-positives (Table 5.4, Table 5.15). An independent 2-group Mann-

Whitney U test revealed that the sample OD414 was not different for the misclassified samples 

compared to the correctly classified ones (p = 0.609) (Figure 5.10A, Table 5.15). This was also 

true when examining the trisomic (p = 0.466, Table 5.15) and chromosomally normal (p = 

0.840, Figure 5.10C, Table 5.15) samples separately. Sample size estimation suggested that the 

sample size required to detect a difference of 0.02 in OD414 would have been over 230 samples 

per group and power calculations suggested that this analysis had less than 10% power. 

Combining the Pre-Evaluation (section 3.2.4) and Evaluation Study results, independent 2-

group Mann-Whitney U tests revealed that there was no difference in OD414 when considering 

all samples (p = 0.061, (-0.001, 0.069)) or chromosomally normal samples only (p = 0.542, (-

0.032, 0.051)), but when considering trisomic samples (excluding T13) the haemolysis level of 

false-negatives was significantly higher that the haemolysis level of true-positives (p = 0.017, 

(0.013, 0.136)) (data not shown). 

 

 

Table 5.15: BioBank samples OD414 descriptive statistics 

OD414 n min 1st qu median mean 3rd qu max 

All samples (excl. T13) 401 0.071 0.118 0.155 0.193 0.223 1.396 

Trisomies (excl. T13) 101 0.077 0.118 0.153 0.173 0.197 0.696 

True-positives 96 0.077 0.118 0.151 0.173 0.197 0.696 

False-negatives 5 0.105 0.130 0.182 0.186 0.256 0.257 

All Normal samples 300 0.071 0.118 0.157 0.199 0.230 1.396 

True-negatives 290 0.071 0.117 0.157 0.199 0.233 1.396 

False-positives 10 0.107 0.134 0.155 0.191 0.198 0.472 
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Figure 5.10: Comparison between haemolysis level of samples that were incorrectly and 
correctly identified (“No”, i.e. false-negatives/positive and “Yes”, i.e. true-negatives/positives, 
respectively): A) for all successful BioBank samples, B) for T21 and T18 samples only and C) for 
chromosomally normal samples only. Black circles represent chromosomally normal samples, 
while red circles represent T21 and T18 samples. 

 

 

The effect of some sample collection conditions, such as the time elapsed before the first and 

second centrifugation and collection tube, on haemolysis were investigated.  

Of the 438 BioBank samples used in this study, 347 were collected in EDTA tubes, 89 samples 

were collected in Streck tubes and two had no information recorded. Samples collected in 

Streck tubes showed significantly higher OD414 readings compared to samples collected in 

EDTA tubes (Table 5.16, Figure 5.11).  

 

Table 5.16: OD414 descriptive statistics per collection tube type 

 n min 1st qu median mean 3rd qu max 

EDTA 347 0.075 0.116 0.148 0.173 0.208 0.696 

Streck 89 0.071 0.155 0.236 0.294 0.333 1.396 

All 436 0.071 0.120 0.161 0.1979 0.234 1.396 
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Figure 5.11: Samples collected in Streck tubes showed significantly higher haemolysis levels 
than samples collected in EDTA tubes. 

 

Of the 436 samples with known collection tube information, six EDTA tube samples and 1 

Streck tube sample had no information recorded regarding the time of the first centrifugation 

and were not used for any analysis requiring this information. The time elapsed between blood 

draw and first centrifugation was longer for samples in Streck than in EDTA tubes (Table 5.17). 

EDTA tube data was log-transformed to achieve normal distribution. Pearson’s correlation 

analysis revealed a weak positive correlation between the time (log(minutes) or minutes) 

elapsed from blood collection to first centrifugation and haemolysis level for samples collected 

in EDTA tubes (p < 0.0001, r = 0.32) (Figure 5.12A) and strong positive correlation for samples 

collected in Streck tubes (p < 0.0001, r = 0.82) (Figure 5.12B). There was no significant 

correlation found between haemolysis status and time elapsed from the first to the second 

centrifugation for either tube type (data not shown).  

 

Table 5.17: Time to first centrifugation (mins) descriptive statistics per collection tube. 

Tube n min 1st qu median mean 3rd qu max 

EDTA 341 0 310 35 466 150 44560 

Streck 88 15 2609 3482 4185 5911 14490 
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Figure 5.12: Correlation between minutes elapsed to first centrifugation and haemolysis 
(OD414) for samples collected in A) EDTA and B) Streck tubes. Dashed lines represent the 95% 
confidence intervals. 

 

In addition, differences in haemolysis and in time elapsed to the first centrifugation were 

observed among different FMUs (Appendix N). 

5.2.4 Sample Demographics 

The demographic information of the 406 samples that were successfully run on arrayNIPT is 

presented in Table 5.18. 



Chapter 5: ArrayNIPT EVALUATION STUDY 

163 
 

Table 5.18: Successful sample demographics (n = 406). 

 min 1st qu median mean 3rd qu max NA 

Gestation (days) 77 89 94 101 108 246 0 

Maternal Weight (kg) 45 57 64 67 74 145 7 

Maternal BMI 15.5 21.3 23.4 24.7 26.9 55.0 25 

 

There was no difference found for maternal weight or BMI between correctly and incorrectly 

diagnosed cases (Appendix O). Pregnancy gestation was significantly earlier in false-negative 

than in true-positive T18 and T21 cases (Table 5.19, Figure 5.13). This was true whether 

including (p = 0.015) or excluding haemolysed samples (p = 0.021). There was no difference 

between true-negative and false-positive normal cases (p = 0.59, CI (-9,8), Table 5.19, 

Appendix O).  

Table 5.19: Gestation descriptive statistics for T21 and T18 samples.  

Gestation (days) n min 1st qu median mean 3rd qu max 

Trisomies (excl. T13) 101 79 88 94 101 107 213 

True-positives 96 79 89 94 102 108 213 

False-negatives 5 82 85 86 86 87 92 

All Normal samples 300 77 90 94 100 108 246 

True-negatives 290 77 90 94 100 108 246 

False-positives 10 81 87 92 100 111 142 

 

 

Figure 5.13: Comparison between gestation of T18 and T21 samples that were incorrectly and 
correctly identified (“No”, i.e. false-negatives and “Yes”, i.e. true- positives, respectively). 

 

Further demographics descriptive statistics and analyses are available in Appendix O.  
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5.3 Chapter 5 – DISCUSSION 

For the Evaluation Study, 438 BioBank samples were selected and run blindly in order to refine 

the arrayNIPT assay sensitivity and specificity for T21 detection. Some T13 and T18 samples 

were also included to explore the potential for detection of these trisomies by arrayNIPT. 

5.3.1 Microarray quality control 

Of the 438 BioBank samples, 18 (4.1%) failed due to sample QC criteria (Table 5.1, Appendix C). 

One third of these sample QC fails (1.4% of all samples) were due to insufficient plasma 

volume (n = 5) or tube mislabeling (n = 1) and would have been prevented in real clinical 

practice following strict collection protocols and criteria. Another third (1.4% of all samples) 

failed due to failed cfDNA extraction. In clinical practice 20 ml of maternal blood are being 

drawn, providing enough plasma material for two separate cfDNA extractions and hence 

potential for repeat and decrease in failure rates. The last third of the samples (1.4% of all 

samples) failed due to low cfDNA concentration post extraction. It needs to be noted that this 

cut-off was set conservatively by OGT and based on a relatively small number of retrospective 

plasma samples. Data from prospective samples would be better suited to base such QC cut-

offs on. In Section 4.2.4 five maternal blood samples were collected prospectively and 

separated straight after phlebotomy (TP0), reflecting optimal collection and processing 

criteria. The cfDNA concentration of four of these was below the 0.49 ng/μl cut-off (0.25 – 0.48 

ng/μl) (data not shown). The only sample (18566) with cfDNA concentration over 0.49 ng/μl 

(conc = 1.26 ng/μl) had very high maternal weight (106 kg) /BMI (41.4). It is well documented 

in the literature that in cases with high BMI the total cfDNA, but not cffDNA, increases (110, 

114-116), due to maternal adipose tissue or higher maternal blood volume (56, 112, 113). This 

explains the higher cfDNA concentration in this sample. All together these results suggest that 

the lower cfDNA concentration cut-off should be set lower and that prospective samples 

collected and processed under strict conditions will need to be studied in order to refine it. 

Meta-analysis of studies revealed that on average 6.1% of pregnancies did not proceed to NIPT 

due to sample quality, with this figure ranging from 0.8% to 9.9% depending on the study and 

stringency of sample testing criteria (55), hence the 4.1% sample QC fails in this study would 

be considered acceptable in clinical practice. 

A further 37 (8.4%) samples failed due to assay QC metrics (section 2.1.2.2, Table 2.1), 

Appendix C). This figure is close to the 10% assay failure rate reported in the Pre-Evaluation 

Study (Chapter 3). The fact that it is slightly lower might be due to the smaller number of 

samples tested in the Pre-Evaluation Study or it might reflect a gain in operator experience in 
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setting-up, hence producing better results and minimising errors.  In addition, the assay failure 

rate is close to the 10% failure rate experienced in array CGH testing in the NETRGL (Deborah 

Morrogh, NETRGL, personal communication) and probably reflects the technical complexity 

and chemistry of the assay. Twenty-three of these samples were repeated providing an 

acceptable result. This decreased the assay failure rate to 3.2%. As already discussed in section 

3.3.2, although meta-analysis of published NGS based NIPT studies has calculated an average 

2% failed report rate, with this figure varying from 0% to 6.4% (55, 174), the repeat rate from 

left-over maternal blood is unclear in most studies. Therefore it is difficult to directly compare 

these figures to the arrayNIPT failure rate in the Evaluation Study. Although the original 8.4% is 

higher compared to literature, the 3.2% after repeat testing is in line with previous reports (55, 

174), and hence acceptable in clinical practice. Additionally, this figure could further decrease 

in prospective collections where the original plasma sample is enough for two cfDNA 

extractions. A larger prospective study using arrayNIPT would be necessary in order to 

establish if this is true. 

Two of the assay QC failed samples were successfully repeated from plasma and 21 were 

successfully repeated from amplification product (Appendix M). In Chapter 3 (section 3.3.2)  it 

was established that the ideal repeat material is plasma and that repeat testing from 

amplification products when the DLR is high without a known processing error does not 

provide improved results. In the Evaluation Study, the success rate of samples repeated from 

amplification products was 100% and the significantly higher Signal to Noise Ratios and lower 

Background Noise after repeat testing suggested improvement in assay performance. In 

contrast to the Pre-Evaluation Study, here, known processing errors occurred during sample 

set-up.  Taken together these results suggest that it is worth repeating from amplification 

product, when errors in labelling, washing, loading or scanning the slide occurred, but not 

solely due to QC metric failure. As previously concluded (section 3.3.2), operator training and 

experience are of utmost importance to minimise human error and achieve the lowest 

possible assay failure and repeat rates. 

5.3.2 Array NIPT results 

The Cy3:Cy5 probe ratio distribution for each chromosome included in the array design was 

calculated from cumulative data from chromosomally normal samples run successfully in order 

to produce the inherent chromosome profile for the assay (Figure 5.1A and B). When 

compared to the chromosome profile produced during the Pre-Evaluation Study (Figure 5.1C), 

it was obvious by observation that the two profiles had a very similar pattern. Since the same 

arrayNIPT design has been used for both studies, this result was expected. This observation 
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suggests that the inherent assay bias is consistent and hence data analysis can be safely 

performed with the same method every time the assay is run (Chris Holmes, Professor of 

Statistics, Oxford University, personal communication with OGT). The similar chromosome 

profile also suggests that the assay is reproducible by different operators and on different 

days. 

However, when comparing the ANOVA Dunnett p-values generated from the two studies 

(Table 5.3), it is interesting that the chromosome(s) that showed similar performance to 

chromosomes 18 and 21 differ between the two studies. One explanation for this discrepancy 

could be the different sample sizes, with more samples run in the Evaluation study, potentially 

rendering these results more accurate. Most likely, however, this difference was observed 

because of the macroscale of the data; a massive number of probes and tiny differences 

among probes (<0.05 of signal intensity) are being analysed. These results suggest that it 

would potentially be impossible and futile to select specific chromosomes or chromosome 

regions for comparative analysis of the chromosomes or regions of interest. Instead, it would 

be safer to use the whole genome as control. 

Subsequently, results for the detection of T21 were analysed using the Stouffer method. In 

addition to the Stouffer method, other methods were also explored for the detection of T18 

and T13. Any calling cut-off values would be set depending on the analysis method used and 

they would indicate the maximum p-value and the minimum chromosome 18 or 13 median 

Cy3/Cy5 ratio that would define a trisomy call. Setting the cut-off values would require a large 

number of T18 and T13 samples to be tested by arrayNIPT and would provide the optimal 

balance between true and false results. 

5.3.2.1 Trisomy 21 

Detection of T21 was performed using the Stouffer method which was the best performing 

method in the Pre-Evaluation Study (Chapter 3). The T21 sample size estimated necessary for 

accurate results was 76 (section 2.5.3), and this was achieved.  Of the 83 T21 samples tested, 

82 were correctly identified (true-positives) and a single sample was a false-negative (Table 

5.5). Nine of the 323 non-T21 samples were false-positives. These results yielded sensitivity of 

98.8% and specificity of 97.2%, both with narrow CIs. Excluding haemolysed samples, 

sensitivity reached 100%, but specificity decreased to 96.9%.  

The single false-negative case (11567) was slightly haemolysed (OD414 = 0.257) and taken at 

13+1 weeks gestation. The maternal weight was 79.6 kg and the BMI 27.5. It was collected in 

an EDTA tube and the plasma was separated 5.5 hr post phlebotomy. Therefore, this sample 
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had no a priori risk factors for low fetal fraction and non-detection, but without having 

measured its fetal fraction, low fetal fraction cannot be excluded. 

Various biological factors can explain the false-positive results; CPM (11-14, 16, 17, 190, 205, 

209, 219-223), maternal mosaicism or subchromosomal gain (205, 229), maternal tumour 

(225, 236) and multiple pregnancy (205) or vanishing twin (225, 244). Maternal constitutional 

subchromosomal gain on chromosome 21 has been excluded by analysing the arrayCGH plots 

of the false-positive cases. In addition, all samples selected for this study came from confirmed 

singleton pregnancies and all other scenarios are rare. CPM is the most common one and it is 

estimated to exist in 1-2% of placentas (212-215) for any chromosome. Hence, when 

considering a single chromosome, it is very unlikely that all 9 false-positive results arose due to 

CPM. The most likely explanation for the majority of these results is that they represent the 

actual specify of the arrayNIPT assay.  

In comparison to the Pre-Evaluation Study T21 Stouffer results (sensitivity: 73.3% / 100% 

excluding haemolysed, specificity: 98.5% / 100% excluding haemolysed), the sensitivity here is 

higher (98.8% / 100% excl. haemolysed), but the specificity is lower (97.2% / 96.9% excluding 

haemolysed). However, the CI in the Pre-Evaluation Study were very wide due to the small 

number of samples tested (68 chromosomally normal and 15 T21 samples), while here these 

figures were refined due to the larger number of samples. 

Comparing the arrayNIPT T21 performance to biochemical screening, where for ~85% 

detection rate the false-positive rate is ~4% (174, 271), both sensitivity and specificity are 

substantially improved using arrayNIPT. However, when comparing it to NGS based NIPT, 

sensitivity and specificity are lower that the >99% sensitivity and specificity reported for T21 

NIPT in large meta-analysis studies (64, 65, 174), as well as on the websites of private NIPT 

providers (Ariosa, BGI, Natera, Premaitha, Sequenom, Verinata – websites visited on 

11/09/17). Given that NIPT is a screening and not a diagnostic test (55, 197, 207-209), 

arrayNIPT performance for T21 could potentially be acceptable in a clinical setting. Moreover, 

due to the retrospective nature of the Evaluation Study and the inclusion of suboptimal 

samples, a larger number of prospective samples will need to be run to establish the arrayNIPT 

performance. Under such conditions reflecting clinical practice, the assay would be expected 

to perform slightly better. 
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5.3.2.2 Trisomy 18 

Twenty T18 samples were included in the study in order to explore the possibility to detect this 

trisomy by arrayNIPT. Following QC metric fails, 18 T18 samples were analysed, two of which 

were haemolysed (Table 5.4). 

(1) Stouffer:  

Using the Stouffer method, 14 T18 samples were correctly identified (true-positives) and four 

samples were false-negatives (Table 5.6). One of the 388 non-T18 samples was a false-positive. 

These results yielded sensitivity of 77.8% and specificity of 99.7%. Due to the small number of 

T18 samples, the sensitivity CI was quite wide. Due to the adequate number of non-T18 

samples, the specificity CI was narrow. Excluding haemolysed samples, sensitivity reached 

81.3% and specificity remained the same. 

The Stouffer method provided very good separation between true-positive and true-negative 

samples (Figure 5.3). It also compares chromosome 18 to all other chromosomes included in 

the array design, potentially providing safer results that would not be affected by whole-

chromosome or subchromosomal variation in a single control chromosome. 

(2) Intra-sample: 

Using the Intra-sample method, the results were always identical irrespective of the 

chromosomes used as controls. Thirteen T18 samples were correctly identified (true-positives) 

and five samples were false-negatives (Table 5.7). One of the 388 non-T18 samples was a false-

positive. These results yielded sensitivity of 72.2% and specificity of 99.7%. Due to the small 

number of T18 samples, the sensitivity CI was quite wide. Due to the adequate number of non-

T18 samples, the specificity CI was narrow. Excluding haemolysed samples, sensitivity reached 

75.0% and specificity remained the same. 

Separation of true-positive and true-negative samples was not as clear as with the Stouffer 

method, especially when using chromosome 2 as control (Figure 5.4). As already mentioned, 

comparing chromosome 18 to all chromosomes, and not just a subset, would provide safer 

results. The Intra-sample method comparing chromosome 18 to all other chromosomes is 

similar to Stouffer. The difference lies in the fact that Stouffer makes pair-wise comparisons 

and then combines the results, while the Intra-sample method compares chromosome 18 to 

all other chromosomes collectively. 
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(3) Pooled control: 

Using the pooled control method, 13 T18 samples were correctly identified (true-positives) and 

five samples were false-negatives (Table 5.8) irrespective of the statistical analysis used, 

yielding sensitivity of 72.2% with wide CI. Excluding haemolysed samples, sensitivity reached 

75.0%. The number of true-negative and false-positive samples varied depending on the 

statistical analysis used. When using a paired t-test, one of the 388 non-T18 samples was a 

false-positive, yielding specificity of 99.7% with narrow CI that remained unchanged when 

haemolysed samples were excluded. When using a paired ratio t-test or ANOVA Dunnett, three 

non-T18 samples were false-positives, yielding specificity of 99.2% with narrow CI that 

improved to 99.4% when haemolysed samples were excluded. When using an ANOVA Holm or 

Bonferroni, five non-T18 samples were false-positives, yielding specificity of 98.7% with 

narrow CI that improved to 99.0% when haemolysed samples were excluded (Table 5.8). 

Separation of true-positive and true-negative samples was not as clear as with the Stouffer 

method (Figure 5.5). Additionally, the Pooled control method requires a large number of 

validation samples before implementation and every time anything in the assay protocol 

changes. 

5.3.2.2.1 Results comparison for T18 detection 

The Stouffer method performed better than the other methods in terms of sensitivity, 

specificity and clear separation between true-positive and true-negative results. However, as 

already seen in Chapter 3 for arrayNIPT T21 detection (section 3.3.3.1), the specific analysis 

method used did not significantly improve results. This suggests that either sample related 

characteristics or assay-specific factors affect detection and hence it would not improve 

substantially by implementing different statistics or bioinformatics approaches. 

Comparing the results obtained by the three different analysis methods (Table 5.9), it became 

clear that the same single sample (13940) always gave a false-positive NIPT result. As 

mentioned earlier (section 5.3.2.1), false-positives could arise due to a number of reasons; 

CPM (11-14, 16, 17, 190, 205, 209, 219-223), maternal constitutional mosaicism or 

subchromosomal gain (205, 229), maternal tumour (225, 236) and multiple pregnancy (205) or 

vanishing twin (225, 244). Maternal constitutional subchromosomal gain on chromosome 18 

and a multiple pregnancy were excluded in this case. The other potential explanations cannot 

be excluded, so this sample could either have arisen due to a biological reason or represent 

the specificity of the assay. Interestingly, it has been suggested that the higher rate of false-

positive T13 and T18 results might arise due to the higher prevalence of CPM for these 
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trisomies compared to T21 (214). Two samples (14002, 13179) were false-positives only when 

the Pooled control method with the paired ratio t-test or ANOVA Dunnett analyses was used. 

In addition, another two samples (10262, 12225) were false-positives only when the Pooled 

control method with the ANOVA Holm/Bonferroni analyses. These are more likely to be 

technical artefacts and analysis-specific.  

From Table 5.9 it also became clear that the same four samples (12315, 13371, 13432, 12435) 

always gave false-negative results. Sample 12315 came from a relatively early gestation 

pregnancy (12+1 wks / 85 days) with a relatively high maternal weight/BMI (88.9 kg / BMI 

33.6) and was hence susceptible to low fetal fraction. Similarly, sample 12435 was haemolysed 

and from a relatively early gestation pregnancy (12+2 wks / 86 days), it was collected in a 

Streck tube that was stored at 4°C for almost two days (2610 min) before plasma separation, 

hence it was also potentially susceptible to low fetal fraction. Samples 13371 and 13432 came 

from relatively early gestation pregnancies (12+3 wks / 87 days and 11+5 wks / 82 days, 

respectively), but had no other a priory risk factors for low fetal fraction. They could then have 

either had low fetal fraction or represent the assay sensitivity for T18. Sample 12699 gives a 

false-negative result when the Intra-sample or Pooled control methods are used, but not with 

Stouffer (Table 5.9). Interestingly, it had no a priory risk factors for low fetal fraction and it was 

the sample with the lowest Stouffer value (161.5). 

T18 pregnancies tend to have smaller placentas (290) and lower fetal fraction (64, 108, 116) 

which could explain the lower sensitivity compared to T21. Comparing the arrayNIPT T18 

performance to biochemical screening, where for ~85% detection rate the false-positive rate is 

~0% (174), sensitivity and specificity are not improved using arrayNIPT. Private NIPT providers 

(Ariosa, BGI, Natera, Premaitha, Sequenom, Verinata – websites visited on 07/12/17) report a 

minimum sensitivity of 97.4% and specificity >99% for T18. Large meta-analysis studies of NGS 

based NIPT report T18 sensitivity >96.3% and specificity >85% (64, 65, 174). The above suggest 

that although T18 arrayNIPT specificity (99.7%) is acceptable, sensitivity (77.8%) is lower than 

desired in a clinical setting. However, due to the small number of T18 samples, the 

retrospective nature of the Evaluation Study and the inclusion of suboptimal samples, a larger 

number of prospective samples will need to be run to establish the arrayNIPT T18 

performance. Under conditions reflecting clinical practice, the assay could potentially perform 

better. Alternatively, in order to improve detection, the assay should be re-designed to include 

more or/and different chromosome 18 probes.  
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5.3.2.3 Trisomy 13 

T13 samples are rare and hence only five were included in the study to explore the possibility 

to detect this trisomy by arrayNIPT. All T13 samples passed QC and one was haemolysed (Table 

5.4). 

(1) Stouffer:  

Using the Stouffer method, 2 T13 samples were correctly identified (true-positives) and three 

samples were false-negatives (Table 5.10). There were no false positives in the 401 non-T13 

samples. These results yielded sensitivity of 40.0% and specificity of 100%. Due to the very 

small number of T13 samples, the sensitivity CI was very wide. Due to the adequate number of 

non-T13 samples, the specificity CI was narrow. Excluding haemolysed samples, sensitivity 

decreased to 25.0% and specificity remained the same. 

The Stouffer method provided very good separation between true-positive and true-negative 

samples (Figure 5.6) and, as already mentioned, compares chromosome 13 to all other 

chromosomes included in the array design, potentially providing safer results.  

(2) Intra-sample: 

Using the Intra-sample method, the results were always identical irrespective of the 

chromosomes used as controls. Two T13 samples were correctly identified (true-positives) and 

three samples were false-negatives (Table 5.11). There were no false-positives in the 401 non-

T13 samples. These results yielded sensitivity of 40.0% and specificity of 100.0%. Due to the 

small number of T13 samples, the sensitivity CI was very wide. Due to the adequate number of 

non-T13 samples, the specificity CI was narrow. Excluding haemolysed samples, sensitivity 

decreased to 25.0% and specificity remained the same. 

Separation of true-positive and true-negative samples was acceptable (Figure 5.7). Again, 

comparing chromosome 13 to all chromosomes would probably provide safer results.  

(3) Pooled control: 

Using the pooled control method and ANOVA Dunnett analysis three T13 samples were 

correctly identified (true-positives) and two were false-negatives (Table 5.12), yielding 

sensitivity of 60.0% with wide CI. One of the 401 non-T13 samples was a false-positive, yielding 

specificity of 99.8% with narrow CI. Excluding haemolysed samples, sensitivity decreased to 

50.0% and specificity increased to 100.0%. With all other analyses, two T13 samples were true-

positives and 3 false-negatives, yielding sensitivity of 40.0%. There were no false-positive 
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results, yielding specificity of 100.0% with narrow CI. Excluding haemolysed samples, 

sensitivity decreased to 25.0% and specificity remained 100.0% (Table 5.12). 

Separation of true-positive and true-negative samples was acceptable and clear with the 

paired t-test analysis (Figure 5.8). Again, the Pooled control method would require a large 

number of validation samples before implementation and every time anything in the assay 

protocol changed. 

(4) Intra-slide: 

 Using the Intra-slide method and ANOVA Dunnett analysis, one T13 sample was correctly 

identified (true-positive) and four were false-negatives (Table 5.13), yielding sensitivity of 

20.0%. There were no false-positives, suggesting specificity of 100.0%. Excluding haemolysed 

samples, sensitivity decreased to 0.0% and specificity remained the same. With all other 

analyses, two T13 samples were true-positives and 3 false-negatives, yielding sensitivity of 

40.0%. There were no false-positive results, suggesting specificity of 100.0%. Excluding 

haemolysed samples, sensitivity decreased to 25.0% and specificity remained the same (Table 

5.13). This method was only performed for the 35 samples that were successfully set-up on 

slides containing a T13. Given the very small sample size, CI and specificity were not calculated. 

Separation of true-positive and true-negative samples was acceptable (Figure 5.9). Since 

chromosome 13 of the sample of interest is compared to chromosome 13 of the T21Ctr, 

analysis depends on the T21Ctr sample being successful, otherwise all samples set-up on the 

slide would fail. Additionally, the cost per tested sample increases when a control sample is 

included in each slide. The T21Ctr is a spike-in sample and as such would not necessarily 

behave similarly to real plasma samples (Appendix L). Therefore it might not be an appropriate 

control. 

5.3.2.3.1 Results comparison for T13 detection 

The performance of arrayNIPT for T13 was very poor, irrespective of the method and analysis 

used (Table 5.14). It became apparent that assay design specific factors hinder detection and 

performance would not improve by implementing different statistics or bioinformatics 

approaches. The arrayNIPT chromosome profile showed that the chromosome 13 probe 

Cy3/Cy5 ratios tend to be lower than that of other chromosomes, especially when examining 

the Pre-Evaluation Study data (Figure 5.1). This would potentially explain the difficulty in 

detecting T13 when using the Stouffer and Intra-sample methods, but not when using the 

Pooled control and Intra-slide methods. 
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The only false-positive result (13179) was observed when using the Pooled control method 

with the ANOVA Dunnett analysis (Table 5.14) and therefore was considered a technical 

artefact and analysis-specific.  Interestingly, the same sample appears to be a T18 false-

positive in some Pooled control T18 analysis, further supporting the fact that it is an analysis-

specific artefact. Although it has been suggested that a higher rate of T13 false-positive results 

might arise due to the higher prevalence of T13 CPM compared to T21 (214), this was not 

observed here. However, the assay seemed to perform poorly even for T13 samples. In 

addition, the sample size (n = 5) was too small and larger numbers of samples would be 

needed to see such an effect. 

The same three samples (11819, 12288, 12432) always gave false-negative results (Table 5.14). 

Samples 11819 and 12288 came from relatively early gestation pregnancies (12+2 wks / 86 

days and 12+5 wks / 89 days, respectively).  Sample 12432 was collected in an EDTA tube and 

stored for almost one day (1515 min) before plasma separation. No sample had other a priory 

risk factors for low fetal fraction. Although low fetal fraction cannot be excluded, given the 

very poor performance seen here, it is most likely that these results represent the true assay 

sensitivity for T13. Sample 12390 gave a false-negative result only when the Intra-slide method 

and ANOVA Dunnett analysis was used and hence was considered a technical artefact and 

analysis-specific. As with T18 pregnancies, T13 pregnancies tend to have smaller placentas 

(290) and lower fetal fraction (64, 108, 116) which could also partially explain the low 

sensitivity.  

Sample 12390 was a true-positive with all methods and exhibited an exceptionally high 

chromosome 13 median Cy3/Cy5 ratio (1.15). This ratio was observed along the whole length 

of the chromosome, so the possibility of a maternal subchromosomal gain on chromosome 13 

was excluded. Another explanation would be for the mother to be a T13 mosaic. QF-PCR of 

maternal gDNA did not reveal any mosaic T13 markers or additional peaks. However, if the 

mosaicism level was below 15-20%, QF-PCR would not be able to detect it (216). The most 

likely explanation for this finding is that the fetal fraction was very high; the sample came from 

a very late gestation pregnancy (33+2 wks / 233 days), the maternal weight/BMI was low (57 

kg, BMI 19.7), the sample was collected in an EDTA tube and plasma was separated 65 min 

post phlebotomy. However, the possibility of an unknown maternal tumour producing cfDNA 

containing chromosome 13 at such high levels cannot be excluded. 

Comparing the arrayNIPT T13 performance to biochemical screening, where for ~96.2% 

detection rate the false-positive rate is ~0% (174), sensitivity would be substantially lower 

using this arrayNIPT assay. Private NIPT providers (Ariosa, BGI, Natera, Premaitha, Sequenom, 
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Verinata – websites visited on 07/12/17) report a minimum sensitivity of 91.7% and specificity 

>99% for T13. Large meta-analysis studies of NGS based NIPT report T13 sensitivity >91% and 

specificity >77% (65, 174). The above suggest that the arrayNIPT sensitivity (40.0%) for T13 is 

very low and not acceptable in a clinical setting. Although specificity is 100.0%, this could 

reflect the inability of the test to detect real T13 cases. Given the particularly poor 

performance, it is unlikely that a larger number of prospective samples would significantly 

improve sensitivity. Therefore the assay should be re-designed to include more or/and 

different chromosome 13 probes.  

5.3.3 Haemolysis 

In the Pre-Evaluation Study, haemolysis was found to be higher in samples that were 

incorrectly identified by arrayNIPT (sections 3.2.4, 3.3.4). To investigate the reproducibility of 

this result, the haemolysis level of samples that were incorrectly identified (false-

positives/negatives) and correctly identified (true-positives/negatives) by arrayNIPT in the 

Evaluation Study was compared (Table 5.15, Figure 5.10). Since it became clear that arrayNIPT 

could not detect T13, T13 samples were excluded from this analysis. In contrast to the Pre-

Evaluation Study findings, there was no difference in OD414 found here, whether all samples 

were investigated (p = 0.609, Figure 5.10A) or whether trisomic (p = 0.466, Figure 5.10B) and 

chromosomally normal (p = 0.840, Figure 5.10C) samples were investigated separately. Again, 

the statistic power of these analyses was <10% and the sample size was small, especially in the 

false-positive/negative groups. Group sizes of >230 samples would be required to detect a 0.02 

difference in OD414. Interestingly, when all samples run on arrayNIPT during the two studies 

were considered together, the difference in OD414 between true-positive and false-negative 

trisomic samples became statistically significant (p = 0.017, (0.013, 0.136)). When considering 

all samples or chromosomally normal samples only, the difference in OD414 between correctly 

and incorrectly identified samples remained insignificant. 

In line with previous results (section 4.3.4), a clear and strong effect of haemolysis on 

arrayNIPT was not established. As previously discussed, OD414 seems to be a very crude and 

inaccurate indication of both fetal fraction and assay performance. Appropriate staff training 

and strict collection, storage, transportation and processing protocols should be implemented 

in clinical practice to ensure optimal sample quality and to minimise both the number of 

haemolysed samples and the potential effect of haemolysis on arrayNIPT performance. The 

incorporation of fetal fraction measurement in the arrayNIPT assay would be of utmost 

importance in order to reduce the risk of false-negative results.  
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Investigation into the factors affecting haemolysis revealed that samples collected in Streck 

tubes had significantly higher haemolysis levels that samples collected in EDTA tubes (p < 

0.0001). Previously this relationship was just not significant (p = 0.052, section 4.2.1.2, Figure 

4.3). Here, the larger sample size allowed for more statistical power and the difference 

became obvious. As discussed in section 4.3.1.3, samples collected in Streck tubes were stored 

at 4°C, instead of the recommended room temperature, rendering the cell-stabilising reagents 

inactive (82, 83, 85, 86). This deviation in protocol is believed to have led to the observed 

haemolysis level increase.  

As expected, other investigations into the factors affecting haemolysis, confirmed the findings 

of Chapter 4 (4.3.1, Appendix N). There was a moderate positive correlation observed between 

the time elapsed to sample processing and haemolysis for samples collected in EDTA tubes (p < 

0.0001, r = 0.32, Figure 5.12A). This correlation was strong positive for samples collected in 

Streck tubes (p < 0.0001, r = 0.82, Figure 5.12B). Although these results could be considered 

unexpected due to the better preservation of cells and fetal fraction in Streck tubes, the 

suboptimal storage conditions of Streck tubes could provide an explanation. In addition, the 

vast majority of samples collected in EDTA tubes (3rd quartile / 75%) were processed within 2.5 

hours (150 min) from phlebotomy (Table 5.17) and all samples but thirteen were processed 

within 24 hours from phlebotomy. These timings were within the 8 (80) and 24 hours (69, 79-

83) that have been previously recommended by most studies to preserve cfDNA stability. With 

the exception of five samples, the minimum time elapsed  to processing for samples collected 

in Streck tubes was ~20 hours and, with the exception of two samples, the maximum time 

elapsed  to processing was ~7 days. Although these timings are within the 7  (83, 85) and 14 

days (288) recommended, the storage under suboptimal conditions temperature (82, 83, 85, 

86) potentailly led to cell instability and haemolysis.  

Differences were observed among FMUs regarding the haemolysis levels of samples recruited 

and the time elapsed to plasma separation (Appendix N). This finding again highlighted the 

need for staff training and stringent protocols followed by all recruiting sites or referral 

centres. 

5.3.4 Sample Demographics 

The median gestational age of the samples successfully tested by arrayNIPT was 94 days (13+3 

weeks) (Table 5.18). The median maternal weight was 64 kg and the median maternal BMI was 

23.4 (Table 5.18).  
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There was no relationship found between maternal weight or maternal BMI and correct 

arrayNIPT diagnosis (Appendix O). High maternal weight and BMI are well-established factors 

leading to low fetal fraction (5, 6, 56, 107-111). This result potentially reflects the small sample 

size, as well as the fact that fetal fraction can vary widely among different pregnancies of 

different or the same gestation (34-36) and its measurement would be needed in order to 

elucidate the effect of maternal weight/BMI. 

However, false-negative samples came from pregnancies with significantly lower gestation (86 

days / 12+2 weeks) than true-positive samples (94 days / 13+3 weeks) (p = 0.015, Table 5.19, 

Figure 5.13). Although the 95% CI is wide (-22, -2) due to the small sample size, this result is in 

line with literature reporting that early gestation is a risk factor for low fetal fraction (3, 6, 107, 

116), in turn low fetal fraction could lead to false-negative results (34, 35, 56) and hence NIPT 

providers often set a ~3-4% lower fetal fraction cut-off for analysis (57-59).  

This relationship between gestational age and arrayNIPT diagnosis was not seen between true-

negative and false-positive samples (p = 0.59), supporting the hypothesis that false-negative, 

but not false-positive, results could arise due to low fetal fraction. False-positive results could 

rise due to biological factors or most likely, in this case, relate to the assay performance and 

characteristics. 

5.3.5 Conclusions and further investigations 

A large number of samples were tested by arrayNIPT in the Evaluation Study. The sample and 

assay QC failure rates were acceptable for clinical practice. In addition, the large number of 

T21 samples tested and analysed using the Stouffer method indicated that sensitivity (98.8%) 

and specificity (97.2%) were improved compared to traditional biochemical screening, but not 

compared to NGS based NIPT. Given that NIPT is not a diagnostic test, such performance could 

potentially be acceptable in clinical practice, especially in small genetic laboratories that do not 

have access to NGS technology. Prospective collection of samples under optimal conditions 

would be expected to improve assay sensitivity and specificity for T21 and better reflect its 

performance in a real clinical setting. 

The Stouffer method was found to be the best performing for T18 analysis. The arrayNIPT 

specificity (99.7%) for T18 was acceptable, but sensitivity (77.8%) was lower than desired in a 

clinical setting. A larger number of T18 samples should be tested to refine assay sensitivity. As 

with T21, prospective collection of samples under strict criteria could improve performance.  
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Although based on a very small number of samples (n = 5), the arrayNIPT sensitivity for T13 

was very poor and not acceptable in clinical practice, irrespective of the analysis method used. 

Specificity was 100%, although it was unclear if this figure reflected the true assay 

performance, or its inability to detect T13. Therefore the assay was redesigned (arrayNIPT 

version 2, section 2.6.2.1) in an attempt to improve T13 detection (Chapter 6: 6.2.3.2 and 

6.3.3). At the same time, certain chromosomal regions were enriched in probes, in order to 

explore the potential detection of microdeletions by arrayNIPT (Chapter 6: 6.2.4 and 6.3.4).   
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Chapter 6:  ArrayNIPT V2 

6.1 Chapter 6 – INTRODUCTION 

The inability of arrayNIPT to detect T13 was identified in the Evaluation Study (Chapter 5) and, 

subsequently, in this Chapter the assay was re-designed to attempt to improve T13 detection. 

Various analysis methods for T13 detection were investigated. In addition, certain 

microdeletion locations were enriched with more probes in order to facilitate and explore 

their potential for detection by arrayNIPT. Both spike-in and real samples were tested. 

Materials and Methods relevant to this Chapter can be found in sections 2.1 and 2.6. 

6.2 Chapter 6 – RESULTS 

6.2.1 Samples 

Twenty-four samples were selected to be run on the arrayNIPT v2 assay. This included eight 

chromosomally normal, three T21, five T13, two CDC (deletion of 5pter), two WHS (deletion of 

4pter), one duplication of 4pter and three DGS samples. Sample demographics and 

characteristics are presented in Table 6.1. The fetal fraction for 16 of these samples (including 

all abnormal) was measured using the OGT-SNP assay. A single sample (17215) failed assay QC 

metrics due to high DLR (DLR = 0.37), suggesting a 4.2% failure rate for this small cohort of 

samples. 

6.2.2 ArrayNIPT v2 chromosome profile 

The Cy3:Cy5 probe ratio distribution for each chromosome included in the arrayNIPT v2 design 

was calculated from cumulative data from all normal chromosomes and chromosome regions 

of the samples run successfully on the arrayNIPT v2 assay, in order to examine any ratio bias 

per chromosome inherent to the new design (Figure 6.1A and B). This chromosome profile was 

compared to the one produced from samples run on the original arrayNIPT assay during the 

Evaluation (Figure 6.1C) and Pre-Evaluation (Figure 6.1D) Studies. Overall, the chromosomes 

that were included in both designs seemed to behave similarly and showed a very similar 

pattern. The exception was chromosome 13 that displayed a lower mean Cy3/Cy5 ratio in v2 

than in the original design. Probes for chromosomes 4 and 22 were only included in the 

arrayNIPT v2. 



 

 

1
7

9
 

Table 6.1: Information, demographics, characteristics and fetal fraction for samples tested on the arrayNIPT v2 assay. Values above or below optimal cut-offs are 
presented in red font. 

RAPID 
ID 

Confirmed 
diagnosis OD414 

Gestation 
(days) 

mins to 
1st spin Tube 

Maternal 
Weight (kg) 

Maternal 
Height  (cm) 

Maternal 
BMI 

OGT-SNP 
fetal fraction 
(%) 

13464 Normal 0.086 93 10 EDTA 85 168 30.37 5.27 
12791 Normal 0.111 95 5 EDTA 55 158 22.29 N/A 

13138 Normal 0.099 90 185 EDTA 72 176 23.11 N/A 

13334 Normal 0.122 81 - EDTA 52 161 20.06 N/A 

13684 Normal 0.113 93 10 EDTA 58 153 24.61 N/A 

13795 Normal 0.115 92 5 EDTA 66 158 26.61 N/A 

13797 Normal 0.085 96 5 EDTA 60 168 21.08 N/A 

13975 Normal 0.086 121 5 EDTA 66 165 24.21 N/A 

11735 T21 0.093 116 15 EDTA 54 165 19.83 11.28 
12319 T21 0.115 110 15 EDTA 72 161 27.78 13.76 
11750 T21 0.104 186 10 EDTA 56 154 23.61 27.94 

9857 T13 0.157 91 15 EDTA 90 158 36.05 5.15 
13591 T13 0.570 90 1320 EDTA 60 160 23.44 8.44 
17155 T13 0.208 144 10 EDTA 57 159 22.55 12.68 
17818 T13 0.203 98 175 EDTA 62 171 21.20 13.39 

*17215 T13 0.118 83 10 EDTA 58 165 21.30 N/A 

12825 CDC 0.279 - 110 - 78 162 29.72 2.60 
17397 CDC 0.117 157 1245 EDTA 65 157 26.37 7.46 
13913 dup4p 0.246 81 5 EDTA 65 168 23.18 14.45 
17580 WHS 0.416 82 5650 Streck 72 173 24.06 2.60 
13847 WHS 0.273 104 1495 Streck 91 161 35.11 3.79 
16327 DGS 0.109 91 15 EDTA 72 170 24.78 6.92 
17632 DGS 0.217 150 0 EDTA 72 170 24.91 9.64 

4109 DGS 0.553 253 1300 - 85 - - 39.04 
CDC: Cri-du-chat syndrome, WHS: Wolf-Hirschhorn syndrome, DGS: DiGeorge syndrome,  
*DLR fail, -: information not available, N/A: assay not run 
Red font highlights high OD414, high maternal weight/BMI and low fetal fraction 
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Figure 6.1: ArrayNIPT chromosome profile; A) Cy3:Cy5 ratio revealing a different pattern for 
each chromosome and an inherent assay bias for samples run on the arrayNIPT v2 assay. B) 
Magnified view of (A). C) Cy3:Cy5 ratio revealing a different pattern for each chromosome and 
an inherent assay bias for the samples run on the original arrayNIPT assay during the 
Evaluation and D) Pre-Evaluation Studies. 
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An ANOVA test with Dunnett corrections was performed comparing the Cy3:Cy5 probe ratio of 

chromosomes 21, 18 and 13 against the ratios of all other chromosomes (Table 6.2). Based on 

this, the chromosomes that behaved more similarly to chromosome 21 on v2 were the same 

as the ones in the Evaluation Study (i.e. chromosomes 1, 10, 11 and 15), but different to the 

ones in the Pre-Evaluation Study (i.e. chromosomes 2, 9, 12 and 14). Chromosome 18 behaved 

similarly to chromosome 2 on v2 and in the Evaluation Study, whereas it behaved similarly to 

chromosomes 3, 5 and 6 in the Pre-Evaluation Study. Chromosome 13 behaved more similarly 

to chromosomes 5 and 6 on the v2 design and the Evaluation Study, while it behaved more 

similarly to chromosomes 3, 5 and 6 in the Pre-Evaluation Study. On the new arrayNIPT design 

(v2), chromosomes 21, 18 and 13 also behave similarly to chromosome 4, which was not 

included in the original design. 

 

 

Table 6.2: ArrayNIPT chromosome profile ANOVA with Dunnett post-hoc analyses p-values. 
The p-values of chromosomes performing similarly to the chromosome of interest are 
highlighted in bold font. 

 
ANOVA Dunnett p-values 

Pre-evaluation Study Evaluation Study arrayNIPT v2 
chr 13 18 21 13 18 21 13 18 21 

1 < 2E-16 < 2E-16 3.10E-05 < 2E-16 0.03296 1 < 2E-16 5.40E-05 0.95402 

2 < 2E-16 0.0002 0.87123 1.50E-05 0.91038 5.00E-05 < 2E-16 0.96149 5.80E-05 

3 2.50E-09 0.99669 0.00011 0.7381 0.00029 5.60E-13 < 2E-16 0.00026 2.00E-13 

4 - - - - - - < 2E-16 0.96854 0.99931 

5 2.00E-06 1 1.50E-06 1 3.50E-06 5.60E-16 < 2E-16 1.50E-06 < 2E-16 

6 8.50E-08 0.99999 7.00E-05 1 6.60E-06 1.30E-14 < 2E-16 3.60E-06 5.60E-16 

7 3.20E-15 0.08386 0.11032 0.9309 0.00011 4.30E-13 < 2E-16 2.20E-05 2.20E-14 

8 8.60E-11 0.63361 0.01238 0.4536 0.00654 9.30E-10 < 2E-16 0.04586 3.60E-08 

9 < 2E-16 0.00194 0.99617 0.4746 0.01779 3.00E-08 < 2E-16 0.07881 2.90E-07 

10 < 2E-16 3.30E-16 0.00555 1.90E-14 0.08662 1 < 2E-16 0.03477 1 

11 < 2E-16 7.50E-11 0.27645 4.10E-12 0.34539 0.9886 < 2E-16 0.53956 0.93495 

12 < 2E-16 0.00072 0.99902 0.0051 0.65018 9.10E-05 < 2E-16 0.80211 0.00016 

13  - 3.80E-07 < 2E-16  - 9.30E-08 < 2E-16 - < 2.E-16 < 2E-16 

14 1.20E-13 0.01477 0.98332 0.1031 0.36815 7.90E-05 < 2E-16 0.16764 7.70E-06 

15 < 2E-16 < 2E-16 2.00E-06 < 2E-16 0.00281 0.9793 < 2E-16 0.00169 0.97209 

18 3.80E-07  - 1.70E-06 1.00E-07  - 0.0162 < 2E-16  - 0.01441 

21 < 2E-16 1.70E-06  - < 2E-16 0.01629  - < 2E-16 0.01448  - 

22 - - - - - - < 2E-16 < 2E-16 < 2E-16 
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6.2.3 Trisomy detection  

6.2.3.1 Stouffer 

The Stouffer method was used for the detection of T21, T18 and T13.  

All three T21 samples were correctly identified and there were no false-positive calls, 

suggesting 100% sensitivity and specificity (Table 6.3). 

There were no T18 samples included in this experiment and there were no false-positive calls, 

suggesting 100% specificity (Table 6.3). 

Of the four T13 samples tested, one failed assay QC. None of the four successfully run T13 

samples was identified as T13 and there were no false-positive results, suggesting 0% 

sensitivity and 100% specificity (Table 6.3). 

 

Figure 6.2: Detection of A) T21, B) T18 and C) T13 using the Stouffer analysis method. The fetal 
fraction of T21 samples is indicated in red and the fetal fraction of T13 samples is indicated in 
green next to each abnormal sample. The orange dashed lines show the calling cut-off values.  
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Table 6.3: T21, T18 and T13 detection and assay sensitivity and specificity using the Stouffer 
analysis method. Sensitivity and specificity CIs were not calculated, because of the small 
number of samples (n = 23). 

 Stouffer Method 

Trisomy 21 Trisomy 18 Trisomy 13 

All 
Excluding 

haemolysed 
All 

Excluding 
haemolysed 

All 
Excluding 

haemolysed 

True-positives 3 3 0 0 0 0 

True-negatives 20 15 23 18 19 15 

False-positives 0 0 0 0 0 0 

sample ID - - - - - - 

False-negatives 0 0 0 0 4 3 

sample ID - - - - 

17818 
9857 

17155 
13591 

17818 
9857 

17155 
 

Sensitivity  100% 100% n/a n/a 0% 0% 

Specificity 100% 100% 100% 100% 100% 100% 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 

 

 

6.2.3.2 Trisomy 13 alternative analysis methods 

Two more analysis methods were explored for the detection of T13. 

 (1) Intra-sample: comparison of chromosome 13 probe signal ratios against the signal ratios of 

probes from combinations of other chromosomes within the same sample. Based on the 

arrayNIPT chromosome profile (Figure 6.1, Table 6.2), chromosome 13 probes signal ratios 

were compared against the signal ratios of probes from the chromosomes performing most 

similarly to chromosome 13 in both original and v2 designs (chromosomes 5 and 6, Figure 

6.3A) and all chromosomes included in the assay (Figure 6.3B) for each sample. There were no 

false-positives and one T13 sample was identified as false-negative, both when including and 

excluding haemolysed samples (Table 6.4). 



Chapter 6: ArrayNIPT V2 

184 
 

 

Figure 6.3: T13 detection using the Intra-sample analysis method comparing chromosome 13 
to: A) chromosomes 5 and 6 and B) all chromosomes included in the assay. The fetal fraction 
of T13 samples is indicated in green next to each abnormal sample. Orange dashed lines show 
where the calling cut-off values could lie. 

 

 

Table 6.4: T13 detection and assay sensitivity and specificity using the Intra-sample method 
and both statistical analyses. Sensitivity and specificity CIs were not calculated, because of the 
small number of samples (n = 23). 

  
  

T13 – Intra-sample Method (all analyses) 

All Excluding haemolysed 

True-positives 3 2 

True-negatives 19 15 

False-positives 0 0 

sample ID - - 

False-negatives 1 1 

sample ID 17818 17818 

Sensitivity  75.0% 66.7% 

Specificity 100.0% 100.0% 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 
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(2) Pooled control: comparison of chromosome 13 probes signal ratios against the signal ratios 

of chromosome 13 probes from a synthetic pooled control composed of all non-T13 successful 

samples, using paired t-test (Figure 6.4A and B) or ANOVA with Bonferroni, Holm (Figure 6.4C), 

or Dunnett (Figure 6.4D) correction. The Bonferroni and Holm corrections performed similarly, 

hence only the latter is shown. There were no false-positive calls. Depending on the statistical 

analysis used, there were one or four false-negative T13 samples, when all successful samples 

are taken into consideration. Excluding haemolysed samples, there were one or three false-

negative T13 samples (Table 6.5).  

 

Figure 6.4: Pooled control analysis comparing chromosome 13 to a synthetic control 
comprising data from all non-T13 successful samples using A) paired t-test, B) paired ratio t-
test, C) ANOVA with Holm correction and D) ANOVA with Dunnett correction. The fetal 
fraction of T13 samples is indicated in green next to each abnormal sample. Orange dashed 
lines show where the calling cut-off values could lie. 



Chapter 6: ArrayNIPT V2 

186 
 

Table 6.5: T13 detection and assay sensitivity and specificity using the Pooled control method 
and different statistical analyses. Sensitivity and specificity CIs were not calculated, because of 
the small number of samples (n = 23). 

  
  

T13 – Pooled Control Method 

Paired t-test / Paired ratio t-test / 
ANOVA Holm / ANOVA Bonferroni 

ANOVA Dunnett 

All 
Excluding 

haemolysed 
All 

Excluding 
haemolysed 

True-positives 3 2 0 0 

True-negatives 19 15 19 15 

False-positives 0 0 0 0 

sample ID - - - - 

False-negatives 1 1 4 3 

sample ID 

17818 
 

17818 
 

17818 
9857 

17155 
17215 
13591 

17818 
9857 

17155 
17215 

 

Sensitivity  75.0% 66.7% 0.0% 0.0% 

Specificity 100.0% 100.0% 100.0% 100.0% 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 

6.2.3.2.1 Trisomy 13 analysis methods comparison 

Comparing the results obtained by the three methods and various statistical analyses, it 

becomes clear that specificity is always 100%. The same single sample (17818) always 

produces a false-negative result. All five T13 samples tested produce false-negative results 

only when the Pooled control ANOVA Dunnett and Stouffer methods are used (Table 6.6). 

Table 6.6: Comparison of false-positive/false-negative results and sensitivity/specificity for T13 
detection obtained by all analysis methods explored. 

 Intra-sample Pooled control 
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False-positives - - - - - - - - 

False-negatives 

17818 

 
17818 

 
17818 

 
17818 

 
17818 

 
17818 

 
17818 
9857 

17155 
17215 
13591 

17818 
9857 

17155 
17215 
13591 

Sensitivity  75.0% 75.0% 0.0% 0.0% 

Sensitivity excl. OD>0.25 66.7% 66.7% 0.0% 0.0% 

Specificity 100.0% 100.0% 100.0% 

Specificity excl. OD>0.25 100.0% 100.0% 100.0% 

Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 
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6.2.4 Microdeletion detection 

Spike-in samples mimicking pregnancies bearing five microdeletion syndromes at 5%, 10% and 

15% fetal fraction were tested. For three of these syndromes real maternal plasma samples 

were available and tested. For terminal deletions, the distal 5 Mb of the chromosome of 

interest were interrogated. Results are presented by two graphs each (section 2.6.2.3C). 

 

6.2.4.1 1pter deletion syndrome 

Three spike-in samples bearing a 1pter deletion at 5%, 10% and 15% were tested on the 

arrayNIPT v2 assay. Detection was possible for all samples, but separation from normal 

samples was clearer as spike-in percentage increased (Figure 6.5). Maternal plasma samples 

from pregnancies affected with 1pter deletions were not available. 

 

Figure 6.5: Detection of 1pter deletion by arrayNIPT v2 in spike-in samples. A) Comparison of 
1pter (x axis) to 1q (y axis) median Cy3/Cy5 ratio. Plotting of samples to the left suggests loss 
of the 1pter. B) Plotting of the 1pter median Cy3/Cy5 ratio (x axis) against the log(p-value) 
generated from the t-test (y axis) comparing 1pter to 1q. Spike-in percentage is indicated next 
to the sample. 
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6.2.4.2 Phelan-McDermid syndrome - 22qter deletion 

Three spike-in samples bearing a 22qter deletion at 5%, 10% and 15% were tested on the 

arrayNIPT v2 assay. Detection was possible for all samples, but separation from normal 

samples was clearer as spike-in percentage increased (Figure 6.6). Maternal plasma samples 

from pregnancies affected with 22qter deletions were not available. One of the 15% DGS 

spike-in samples was detected as a loss of 22q. 

 

 

Figure 6.6: Detection of 22qter deletion by arrayNIPT v2 in spike-in samples. A) Comparison of 
22qter (x axis) to the rest of 22q (y axis) median Cy3/Cy5 ratio. Plotting of samples to the left 
suggests loss of the 22qter. Plotting of samples to the bottom would suggest loss of the 22q. B) 
Plotting of the 22qter median Cy3/Cy5 ratio (x axis) against the log(p-value) generated from 
the t-test (y axis) comparing 22qter to 22q. Spike-in percentage is indicated next to the sample. 
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6.2.4.3 Wolf-Hirschhorn syndrome - 4pter deletion 

Three spike-in samples bearing a 4pter deletion at 5%, 10% and 15% were tested on the 

arrayNIPT v2 assay. Detection was possible for the 10% and 15% spike-ins and separation from 

normal samples was clearer as spike-in percentage increased (Figure 6.7). Two maternal 

plasma samples from pregnancies affected with 4pter deletions and one affected with 4pter 

gain were also tested. Detection was only possible for the 4pter gain and separation was not 

clear. One sample (17818) appeared to be a false-positive for 4pter gain (Figure 6.8). 

 
Figure 6.7: Detection of 4pter deletion by arrayNIPT v2 in spike-in samples. A) Comparison of 
4pter (x axis) to 4q (y axis) median Cy3/Cy5 ratio. Plotting of samples to the left suggests loss 
of the 4pter. B) Plotting of the 4pter median Cy3/Cy5 ratio (x axis) against the log(p-value) 
generated from the t-test (y axis) comparing 4pter to 4q. Spike-in percentage is indicated next 
to the sample. 

 
Figure 6.8: Detection of 4pter deletion and duplication by arrayNIPT v2 in maternal plasma 
samples. A) Comparison of 4pter (x axis) to 4q (y axis) median Cy3/Cy5 ratio. Plotting of 
samples to the left suggests loss of the 4pter. Plotting of samples to the right suggests gain of 
the 4pter. B) Plotting of the 4pter median Cy3/Cy5 ratio (x axis) against the log(p-value) 
generated from the t-test (y axis) comparing 4pter to 4q. The fetal fraction of the abnormal 
samples is indicated next to them. 
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6.2.4.4 Cri-du-Chat syndrome - 5pter deletion 

Three spike-in samples bearing a 5pter deletion at 5%, 10% and 15% were tested on the 

arrayNIPT v2 assay. Detection was possible for all samples and separation was clear, but the 

10% spike-in showed better separation than the 15% spike-in (Figure 6.9). Two maternal 

plasma samples from pregnancies affected with 5pter deletions were also tested. Detection 

was only possible for one of the plasma samples and separation was clear. A single sample 

(17818) appeared to be a false-positive for 5pter gain (Figure 6.10). 

 
Figure 6.9: Detection of 5pter deletion by arrayNIPT v2 in spike-in samples. A) Comparison of 
5pter (x axis) to 5q (y axis) median Cy3/Cy5 ratio. Plotting of samples to the left suggests loss 
of the 5pter. B) Plotting of the 5pter median Cy3/Cy5 ratio (x axis) against the log(p-value) 
generated from the t-test (y axis) comparing 5pter to 5q. Spike-in percentage is indicated next 
to the sample. 

 
Figure 6.10: Detection of 5pter deletion by arrayNIPT v2 in maternal plasma samples. A) 
Comparison of 5pter (x axis) to 5q (y axis) median Cy3/Cy5 ratio. Plotting of samples to the left 
suggests loss of the 5pter. B) Plotting of the 5pter median Cy3/Cy5 ratio (x axis) against the 
log(p-value) generated from the t-test (y axis) comparing 5pter to 5q. The fetal fraction of the 
abnormal samples is indicated next to them. 
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6.2.4.5 DiGeorge syndrome - 22q11.2 deletion 

Two set of three spike-in samples bearing a DGS deletion at 5%, 10% and 15% were tested on 

the arrayNIPT v2 assay. Detection was possible for all samples, but separation from normal 

samples was not clear for the 5% spike-ins (Figure 6.11). Three maternal plasma samples from 

pregnancies affected with DGS were also tested. Detection was only possible for one of the 

plasma samples and separation was clear. A single sample (17818) appeared to be a borderline 

false-positive for 22q11.2 gain (Figure 6.10). 

 
Figure 6.11: Detection of 22q11.2 deletion by arrayNIPT v2 in spike-in samples. A) Comparison 
of the DGSR in 22q11.2 (x axis) to the rest of 22q (y axis) median Cy3/Cy5 ratio. Plotting of 
samples to the left suggests loss of the DGSR. B) Plotting of the DGSR median Cy3/Cy5 ratio (x 
axis) against the log(p-value) generated from the t-test (y axis) comparing DGSR to the rest of 
22q. Spike-in percentage is indicated next to the sample. 

 
Figure 6.12: Detection of 22q11.2 deletion by arrayNIPT v2 in maternal plasma samples. A) 
Comparison of the DGSR in 22q11.2 (x axis) to the rest of 22q (y axis) median Cy3/Cy5 ratio. 
Plotting of samples to the left suggests loss of the DGSR. B) Plotting of the DGSR median 
Cy3/Cy5 ratio (x axis) against the log(p-value) generated from the t-test (y axis) comparing 
DGSR to the rest of 22q. The fetal fraction of the abnormal samples is indicated next to them. 
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6.2.4.6 Microdeletion detection results overview 

Table 6.7 summarises the results of the microdeletion and microduplication samples tested by 

arrayNIPT v2. A single BioBank sample (17818) gave a false-positive microduplication result in 

all the analyses performed (4pter, 5pter and 22q11.2) on maternal plasma samples. When 

considering plasma samples and the 5 Mb terminal deletions only (hence excluding the ~2.8 

Mb DGS), all three samples with fetal fraction <4% were also haemolysed and gave false-

negative results. 

 Table 6.7: Overview of microdeletion/microduplication detection results using the arrayNIPT 
v2 assay. 

Syndrome Sample ID 
Fetal Fraction 

(%) 

Detection by 
the arrayNIPT 

v2 assay 

False-positive 
calls 

1pter loss spike-in 

5.0 Yes  

10.0 Yes 

15.0 Yes 

22qter loss spike-in 

5.0 Yes  

10.0 Yes 

15.0 Yes 

4pter loss (WHS) 
and 

4pter gain 

spike-in 

5.0 No  

10.0 Yes 

15.0 Yes 

17580 (loss) 2.6 No 17818 (4pter gain) 

13847 (loss) 3.8 No 

13913 (gain) 14.5 Yes 

5pter loss (CDC) 

spike-in 

5.0 Yes  

10.0 Yes 

15.0 Yes 

12850 2.6 No 17818 (5pter gain) 

17397 7.5 Yes 

22q11.2 loss 
(DGS) 

spike-in 

5.0 No CDC 15% (22q11.2 loss) 

5.0 No 

10.0 Yes 

10.0 Yes 

15.0 Yes 

15.0 Yes 

16327 6.9 No 17818 (22q11.2 gain) 
 17632 9.6 No 

4109 39.0 Yes 
* Sample ID: haemolysed sample     Sample ID: non-haemolysed sample 
* Red font highlights low fetal fraction 
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6.2.5 Demographics and haemolysis 

In this small cohort of samples there were no significant relationships found among 

haemolysis, fetal fraction, maternal weight, maternal BMI, pregnancy gestation, correct 

arrayNIPT diagnosis and time elapsed from phlebotomy to plasma separation. The only 

significant relationships found was a strong positive correlation between gestational age and 

fetal fraction (Figure 6.13) and a moderate positive correlation between time elapsed from 

phlebotomy to plasma separation (log of minutes) and OD414 (Pearson correlation, p = 0.001, r 

= 0.66 (0.33, 0.85), samples collected in both EDTA and Streck tubes considered together, 

results not shown). 

 

 

Figure 6.13: Pearson correlation analysis revealed a strong positive correlation between 
gestational age and fetal fraction. 
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6.3 Chapter 6 – DISCUSSION 

In this Chapter, the arrayNIPT assay was redesigned to improve T13 detection and explore the 

potential for microdeletion detection. Twenty-four maternal plasma samples and 18 

microdeletion spike-in samples were set-up. 

6.3.1 Maternal plasma samples 

Twenty-four maternal plasma samples were tested on the arrayNIPT v2 assay; eight 

chromosomally normal, three T21, five T13, two CDC (deletion of 5pter), two WHS (deletion of 

4pter), one gain of 4pter and three DGS samples (Table 6.1). A single sample (17215) failed 

assay QC metrics, yielding a 4.2% assay failure rate. No repeat testing was undertaken and this 

figure is lower than the 10% and 8.4% assay failure rate seen in the Pre-Evaluation (section 

3.2.2) and Evaluation (section 5.2.1) Studies, respectively. Since the assay protocol remained 

unchanged and only the slide design changed, this finding was explained by the small number 

of samples tested by the arrayNIPT v2 assay.  

The sample (17215) that failed QC metrics did so due to a high DLR score (0.37). Because there 

was no known processing error and as concluded in Chapter 5 (section 5.3.1), repeat from 

amplification product would not be expected to provide a successful result, the assay was not 

repeated from amplification products. There was insufficient maternal plasma left for another 

cfDNA extraction and repeat from plasma. 

6.3.2 ArrayNIPT v2 chromosome profile 

The arrayNIPT v2 chromosome profile was created using the Cy3:Cy5 probe ratio distribution 

for each chromosome from cumulative data from all normal chromosomes and chromosome 

regions of the samples run successfully on the assay (Figure 6.1A and B). The v2 chromosome 

profile was similar to the original assay and followed the same pattern, suggesting that the 

inherent assay bias remained unchanged and the same analysis method (Stouffer) would be 

expected to provide very similar results. This finding was expected, as the v2 assay contained 

the exact same probes for most chromosomes as the original assay. The exemption were 

chromosomes 1 and 5, where more probes were added on the q arm, and chromosomes 4 and 

22 that were not included in the original design but were included in v2. The addition of 

probes on chromosomes 1 and 5 did not seem to alter the behavior of these two 

chromosomes. Chromosome 22 seemed to behave differently to other chromosomes, showing 

higher Cy3/Cy5 ratios (Figure 6.1). 
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Comparing the ANOVA Dunnett p-values generated from the two array designs and studies 

(Table 6.2), it is interesting that the chromosome(s) that showed similar performance to 

chromosomes 13, 18 and 21 are the same for v2 and the original design in the Evaluation 

Study, but as already discussed in section 5.3.2, differ between the Pre-evaluation and 

Evaluation Studies. The relative small sample numbers run on v2 and in the Pre-Evaluation 

Study, as well as the macroscale of the data (a massive number of probes with tiny differences 

among probes (<0.05 of signal intensity) being analysed), might explain these differences. The 

use of certain chromosomes as controls in the Stouffer and Intra-sample methods has not 

provided improved results so far and using the whole genome instead would be a safer choice.  

6.3.3 Trisomy detection 

Results are presented both including and excluding haemolysed samples for consistency with 

previous Chapters. However, assuming that the effect of haemolysis would mainly be due to 

risk of low fetal fraction, excluding haemolysed samples is not necessary, because the fetal 

fraction of all abnormal samples is known (Table 6.1).  

It would be sensible to exclude samples with low fetal fraction. No experiments have been 

performed to estimate the limit of detection of the assay. Spike-in experiments performed by 

OGT suggested that the assay could consistently detect T21 spike-in samples of 4% or higher 

(data not shown). Results from spike-in experiments cannot necessarily be extrapolated to 

plasma samples, since the two sample types behave differently (Appendix L). Maternal plasma 

samples show more variation (Appendix L) and hence the limit of detection could be higher. 

Private NIPT providers using NGS based technologies often use a 3-4% fetal fraction cut-off for 

result interpretation (57-59). However, without testing a large number of abnormal maternal 

plasma samples on arrayNIPT, using the 4% figure would be an educated estimate, but still 

potentially arbitrary. Moreover, the fetal fraction cut-off for detection could be different for 

whole chromosome abnormalities and sub-chromosomal changes, with the latter requiring a 

higher fetal fraction for consistent detection. The lowest fetal fraction requirement would be 

expected to be negatively correlated to the size of the change. These hypotheses are in line 

with previous reports showing that assay sensitivity for NGS based NIPT depends both on fetal 

fraction and the size of the change (180, 188, 191). Nevertheless, all trisomic cases had a fetal 

fraction of >5.2%, so they wouldn’t meet the 4% cut-off. Three microdeletion cases (12825, 

13847, 17580) had fetal fraction <4%. These are acting as non-trisomic samples during trisomy 

detection and excluding them would not affect the observed sensitivity or specificity. Excluding 

them would lead to wider CI, but CI would already be very wide due to the very small number 

of samples tested and were not calculated. 
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6.3.3.1 Stouffer 

The Stouffer method was used for the detection of T21. Assay performance for T21 using the 

Stouffer method was evaluated in Chapter 5. In this study only three T21 samples were 

included, in order to ensure that T21 detection is unaffected by the inclusion of extra probes 

and the substitution of probes for chromosome 13 in the v2 design. The chromosomally 

normal and T21 samples tested on arrayNIPT v2 were selected because they had no a priori 

risk factors (Table 6.1) for low fetal fraction (with the exception of sample 13464 that had BMI 

of 30.4, but 5.3% fetal fraction) and had already been run successfully and diagnosed correctly 

in the Evaluation Study. Therefore, if adequate assay QC was achieved, their detection would 

depend only on the performance of the new design. All three T21 samples had fetal fraction 

>11.3% and were correctly identified. There were no false-positive calls (Figure 6.2A, Table 

6.3). The change in array design was not expected to be significant enough to alter T21 

detection and these results supported this hypothesis. However, a larger number samples 

would need to be run on arrayNIPT v2 to formally evaluate its performance.   

Due to the relative rarity of T18 samples, the need for inclusion of an adequate number of 

chromosomally normal samples and the purpose of this study being the improvement of T13 

detection, no T18 samples were tested. There were no false-positive T18 results using the 

Stouffer method (Figure 6.2B, Table 6.3). As with T21, a large number samples, including T18, 

would need to be run on arrayNIPT v2 to accurately evaluate its performance.   

The potential of using Stouffer for T13 detection was also investigated. None of the four 

successfully run T13 samples was detected, although the minimum fetal fraction was 5.2%, and 

there were no false-positive T13 calls (Figure 6.2C, Table 6.3). However, based on the median 

Cy3/Cy5 ratio of chromosome 13 alone, three of the T13 samples had higher ratios and were 

separated from the rest of the samples (Figure 6.2C). This was not the case in the Evaluation 

Study, where the three false-negative samples were not separated from the non-T13 samples 

based on their chromosome 13 median Cy3/Cy5 ratio (Figure 5.6). This finding could suggest 

that the T13 false-negative samples in the Evaluation study had low fetal fraction, which did 

not allow the median Cy3/Cy5 ratio of chromosome 13 to be high enough for detection. 

Unfortunately, fetal fraction determination was not performed for any samples in the 

Evaluation Study and this hypothesis cannot be either rejected or proved. In addition, the fetal 

fraction measurement does not seem to always correlate linearly to the median Cy3/Cy5 ratio. 

For example, sample 9857 has a fetal fraction of 5.2% but a higher chr13 median Cy3/Cy5 ratio 

than sample 13591 that has 8.4% fetal fraction (Figure 6.2C). Since the fetal fraction 
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measurement is not build-in the NIPT assay, it might not be 100% accurate. Additionally, other 

assay or sample specific factors might affect the median Cy3/Cy5 ratio. 

6.3.3.2 Trisomy 13 alternative analysis methods 

Since the T13 samples tested were not detected by Stouffer, but could be separated based on 

the chr13 median Cy3/Cy5 ratio, two more analysis methods were explored. For these 

methods, calling cut-off values would indicate the maximum p-value and the minimum 

chromosome 13 median Cy3/Cy5 ratio that would define a trisomy call and would provide the 

optimal balance between true and false calls. 

(1) Intra-sample: 

Using the Intra-sample method, the results were always similar irrespective of the 

chromosomes used as controls. Three T13 samples were correctly identified (true-positives) 

and one was false-negative (Table 6.4). There were no false-positives in the 19 non-T13 

samples. These results suggested sensitivity of 75% and specificity of 100.0%. Excluding 

haemolysed samples, sensitivity decreased to 66.7% and specificity remained the same. 

Separation of true-positive and true-negative samples was acceptable (Figure 6.3). As 

discussed previously, comparing chromosome 13 to all chromosomes would probably provide 

safer results.  

In contrast to all other analysis methods in this thesis, this is the only method and trisomy 

where the trisomic samples are detected and separated from non-trisomic samples because 

the show the least statistical significance; i.e. chromosome 13 of the T13 samples behave more 

similarly to the control chromosomes (5 and 6 or all other chromosomes) than chromosome 13 

of the non-T13 samples. This unusual finding is explained by the chromosome profile of the 

array NIPT v2 assay, where chromosome 13 showed a notably lower median Cy3/Cy5 ratio 

than other chromosomes (Figure 6.1A and B). Subsequently, in a sample with 3 copies of 

chromosome 13, this ratio is expected to be higher and hence behave more similarly to the 

rest of the chromosomes. Although T13 detection is possible with this method, relying on the 

result being the least, rather than the most, significant for detection might not be acceptable 

in clinical practice and a substantially larger number of T13 samples would need to be run to 

determine both the reproducibility and safety of this detection method. 

(2) Pooled control: 
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Using the pooled control method and ANOVA Dunnett analysis none of the four successfully 

run T13 samples was detected (false-negatives) (Figure 6.4D, Table 6.5) and there were no 

false-positive calls, suggesting sensitivity of 0.0% and specificity of 100%. Excluding 

haemolysed samples, both sensitivity and specificity remained the same. With all other 

analyses, three T13 samples were true-positives and one was false-negative, suggesting 75.0% 

sensitivity. There were no false-positive results, suggesting 100% specificity. Excluding 

haemolysed samples, sensitivity decreased to 66.7% and specificity remained 100% (Table 6.5). 

Separation of true-positive and true-negative samples was acceptable and clear with the 

paired t-test and paired ratio t-test analyses (Figure 6.4). As discussed in previous Chapters, 

the Pooled control method would require a large number of validation samples before initial 

implementation and every time a change in the assay protocol is to be implemented. 

6.3.3.2.1 Trisomy 13 analysis methods comparison 

The Pooled control method performed better than the other methods in terms of sensitivity 

(75%). The Intra-sample method also revealed the same sensitivity, but trisomy detection was 

based on results being the least significant, rather than the most significant, which could be 

considered unsafe in clinical practice. Although the Stouffer method has been the best 

performing for T21 and T18, it was not suitable for T13 detection by the arrayNIPT v2 assay, 

since it achieved 0% sensitivity. The Intra-slide method could not be used because there were 

no control samples included in the study set-up. 

There were no false-positive calls in this small cohort of samples, suggesting that specificity 

could be very high. 

With the new array design and using the Intra-sample or Pooled control method T13 detection 

improved compared to the original array design (sensitivity of 75% here vs. 40% previously), 

even though the chromosome 13 profile was even lower than other chromosomes and 

compared to the original design (Figure 6.1). The 3882 chromosome 13 probes of the original 

design were substituted by 4698 new chromosome 13 probes in v2 and only 298 probes were 

common to the two designs. The larger number of probes included potentially allowed for 

more statistical power and hence improved detection. The probe selection criteria were 

slightly different for v2. The probe signal intensity (>200 in v2 vs. >500 in original design) and 

the GC content (<48% in v2 vs. <45% in the original design) were less stringent to achieve 

selection of a larger number of probes. However, the mean and median GC% content of 

chromosome 13 probes was lower in v2 (mean = 35.7%, median = 35.0%) than in the original 

design (mean = 37.8%, median = 38.3%). Chromosome 13 is the chromosome with the second 



Chapter 6: ArrayNIPT V2 

199 
 

lowest GC content amongst all chromosomes. In s-NGS based NIPT, variation among 

chromosomes has been suggested to be related to GC content and chromosome 13 shows 

more variation in sequencing metrics than chromosomes 18 and 21 (26, 249), potentially 

leading to more false results. GC content is also known to affect microarray, and especially 

array CGH, and is linked to the pattern of waviness in gDNA cases (279). It would therefore be 

reasonable to speculate that differences in GC content between chromosomes and 

chromosome probes might affect the sensitivity and specificity of certain chromosomes. 

Moreover, the difference in chromosome 13 GC content between the original and v2 assays 

might partially be responsible for the improvement of T13 detection in the v2 design. Finally, 

before selection for the v2 assay, probes were tested using known T13 and chromosomally 

normal samples and the probes that provided a good separation between normal and 

abnormal results (i.e. log(Cy3/Cy5 ratio) <0.25 in unaffected and ≥0.30 in affected samples) 

were chosen. This also potentially allowed for improved detection, especially when the Pooled 

control method was used.  

The three T13 samples that were correctly diagnosed had fetal fraction >5.2%. Surprisingly, the 

one false-negative T13 sample (17818) had the highest fetal fraction (13.4%) and no a priori 

risk factors for low fetal fraction (Table 6.1). However, it is striking that the same sample 

produced false-positive microduplication results for all three microdeletion regions tested 

(4pter, 5pter, 22q11.2) (Table 6.7). The sample passed all QC metrics. Since the sample passed 

both sample and assay QC metrics, it remains unclear why it consistently gave false results. It is 

however more likely that these false results reflect assay and protocol specific factors rather 

than biological ones. If this hypothesis is correct, repeat testing from plasma would provide 

true results, but unfortunately there was insufficient material left for repeat. In view of the 

sample giving spurious results, its false-negative diagnosis for T13 might not indicate the ability 

of the assay to detect T13, in which case the assay sensitivity in this small cohort of samples 

could reach 100%. 

This was only a small pilot study to investigate if detection can be improved by altering the 

array design. Although the study suggested that this is possible, the sensitivity and specificity 

cannot be determined based on such a small cohort of samples. A larger number of samples, 

including a substantial number of T13 samples, would need to be run to confirm that 

sensitivity improved and define the sensitivity and specificity. Additionally, generating data 

from a large cohort of samples could potentially enable to statistically correct for chromosome 

13 showing a notably lower median Cy3/Cy5 ratio than other chromosomes (Figure 6.1A and 

B). In theory, such correction would allow the Intra-sample method to rely on results being 

most significant (instead of least significant) for T13 detection.  
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6.3.4 Microdeletion detection 

The genomic locations of five microdeletion syndromes were enriched with probes in the v2 

design and spike-in samples were tested to explore microdeletion detection. These syndromes 

were selected because they have the highest incidence amongst recurrent CNVs. For three of 

the syndromes, maternal plasma samples were also available and tested. All results were 

presented by two sub-figures, (A) and (B). Sub-figures (A) (Figure 6.5 - Figure 6.12) could allow 

detection of gains and losses both of the region of interest as well as of the control region. 

More specifically, plotting of samples to the left would suggest loss of the region of interest. 

Plotting of samples to the right would suggest gain of the region of interest. Plotting of 

samples to the top would suggest gain of the control region. Plotting of samples to the bottom 

would suggest loss the of control region. 

6.3.4.1 1pter deletion syndrome 

The terminal 5 Mb of 1p were compared to the whole of 1q. Samples spiked at 5%, 10% and 

15% for the 1pter deletion were clearly separated from samples not bearing a deletion at 

1pter. Samples not bearing a 1pter deletion were tightly grouped together. As the spike-in 

percentage increased, separation became clearer (Figure 6.5). No maternal plasma samples 

were available for this analysis. 

6.3.4.2 Phelan-McDermid syndrome - 22qter deletion 

The terminal 5 Mb of 22q were compared to the rest of 22q. Samples spiked at 5%, 10% and 

15% for the 22pter deletion were clearly separated from samples not bearing a deletion at 

22qter. Samples not bearing a 22qter deletion were relatively tightly grouped together, but 

not as tightly as in the 1pter deletion syndrome analysis. Since the number of probes 

interrogated in each analysis is similar (2616 for chr 1 vs 2840 for chr 22, Table 2.15), this could 

reflect the quality of the probes. Chromosome 1 is the longest autosome chromosome, while 

chromosome 22 is the shortest. In order to achieve similar number of probes on both q arms, 

it is possible that the average probe quality is different. Chromosome 1q probes were selected 

during the original arrayNIPT design (Appendix A), while the chromosome 22q backbone 

probes were selected randomly during the design of v2 so that they would provide uniform 

coverage. As the spike-in percentage increased, separation became clearer (Figure 6.6). 

Interestingly, one of the 15% DGS spike-in samples was identified as a deletion of the control 

region (i.e. 22q arm excluding 22pter) (Figure 6.6A). Of the 2541 control probes for this 

analysis, 831 (33%) are within the DGS region (Table 2.15) which explains this finding; the high 

spike-in percentage for a substantial proportion of the control probes led to this DGS spike-in 
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to be identified as a potential interstitial deletion on 22q. No maternal plasma samples were 

available for this analysis.  

6.3.4.3 Wolf-Hirschhorn syndrome - 4pter deletion 

The terminal 5 Mb of 4p were compared to the whole of 4q. Samples spiked at 10% and 15% 

for the 4pter deletion were clearly separated from samples not bearing a deletion at 4pter. 

However, the 5% spike-in sample was not identified as such. Samples not bearing a 4pter 

deletion showed poorer grouping compared to other microdeletion analyses, probably due to 

the very small number of probes (n = 541) interrogated (Table 2.15). As the spike-in 

percentage increased, separation became clearer (Figure 6.7).  

Two plasma samples from pregnancies affected by WHS and one from a pregnancy bearing a 

4pter gain were also tested. Based on the spike-in experiment, samples with fetal fraction over 

10% would be expected to be identified, while samples with fetal fraction below 5% would not. 

In line with this, the two microdeletion samples were false-negatives and their fetal fractions 

were 2.6% and 3.8% which explains this result. The 4pter gain sample had 14.5% fetal fraction 

and was correctly diagnosed, although its separation was not very clear. This might be due to 

the fact that losses are more easily identified than gains, due to the their expected theoretical 

log2(Cy3/Cy5) ratios (-1 for loss, 0.58 for gain). As in the spike-in experiment, the grouping of 

samples not bearing a CNV on 4pter was poor (Figure 6.8). Sample 17818 appeared to be a 

4pter gain false-positive. 

6.3.4.4 Cri-du-Chat syndrome - 5pter deletion 

The terminal 5 Mb of 5p were compared to the whole of 5q. Samples spiked at 5%, 10% and 

15% for the 5pter deletion were clearly separated from samples not bearing a deletion at 

5pter. Unexpectedly, the 10% spike-in showed a lower median Cy3/Cy5 ratio and higher 

significance than the 15% spike-in. A simple and likely explanation for this finding would be 

human error; either the preparation of the spike-ins was incorrect or the two samples were 

swapped at some point during the set-up process. Alternatively it could be hypothesised that 

the assay cannot always clearly separate differences of 5%. Assuming that the spike-ins were 

correctly prepared, repeat testing might have solved this discrepancy. Unfortunately, time and 

materials constraints did not allow for repeat testing. Samples not bearing a 5pter CNV 

showed tight grouping (Figure 6.9).  

Two plasma samples from pregnancies affected by CDC syndrome were also tested. Based on 

the spike-in experiment, samples with fetal fraction over 5% would be expected to be 

identified. In line with this, one microdeletion sample was true-positive and its fetal fraction 
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was 7.5%. The other microdeletion sample was false-negative and its fetal fraction was 2.6%. 

The grouping of samples not bearing a CNV on 5pter was tight (Figure 6.10), but not as tight as 

in spike-in samples (Figure 6.9). Again, sample 17818 gave a 5pter gain false-positive result. 

6.3.4.5 DiGeorge syndrome - 22q11.2 deletion 

The ~2.5 Mb of the DGS region on 22q11.2 were compared to the rest of 22q. Samples spiked 

at 10% and 15% for the DGS deletion were clearly separated from samples not bearing a 

deletion at 22q11.2. Samples not bearing a DGS CNV showed tight grouping. As the spike-in 

percentage increased, separation became clearer. Interestingly, one of the 15% spike-ins 

showed a notably lower median Cy3/Cy5 ratio and higher significance (Figure 6.11). This could 

be due to pipetting errors during spike-in preparation or it could represent the variability in 

results produced by the assay. The latter could potentially resolve by repeat testing. Also 

repeating the same samples multiple times on the same and on different days would provide 

an insight into the assay variability and repeatability (291). The 15% CDC spike-in gave a false-

positive DGS result. Interestingly and as it would be expected, in Figure 6.11, the two samples 

that plot slightly below the group of non-DGS samples are the 10% and 15% 22qter loss spike-

ins. Because the 22qter change was only ~6Mb (Table 2.12) and represented only some of the 

control probes, the 22qter loss spike-ins could not be identified in this analysis. 

Three plasma samples from pregnancies affected by DGS were also tested. Based on the spike-

in experiment, samples with fetal fraction over 10% would be expected to be identified, while 

samples with fetal fraction below 5% would probably not be identified. In line with this, one 

microdeletion sample was true-positive and its fetal fraction was 39.0%. The other two 

microdeletion samples were false-negatives and their fetal fractions were between 5% and 

10% (6.9% and 9.6%). The grouping of samples not bearing a CNV on 22q11.2 was not as tight 

as in spike-in samples (Figure 6.12). Sample 17818 gave a 22q11.2 gain false-positive result. 

6.3.4.6 Microdeletion detection results overview 

An overview of the microdeletion results is available in Table 6.7. Spike-in samples are 

correctly diagnosed, with the exception of the 5% WHS and 5% DGS spike-ins. The former 

result was not surprising; chromosome 4 was not included in the original arrayNIPT design and 

was only added in v2. Due to the limited space for extra probes, only a total of 755 probes 

cover chromosome 4 (Table 2.14), with 322 at the terminal 5Mb of 4p and only 219 on 4q 

(Table 2.15). This means that a total of 541 probes are interrogated for WHS detection, 

providing much less power compared to the other microdeletions.  



Chapter 6: ArrayNIPT V2 

203 
 

Regarding the 5% DGS results, it could be suggested that smaller deletions are more difficult to 

detect. This is true for gDNA microarray and reflects two facts; larger CNVs will naturally be 

covered by more probes and calling algorithms usually take into consideration the log(Cy3/Cy5 

ratio) of nearby probes. In the case of arrayNIPT though, this does not apply. The number of 

probes interrogated would define better the possibility of a CNV being identified than the 

actual size of the CNV. The caveat though is that equal probe quality is assumed. This criterion 

should be met for the DGSR probes, since they were stringently selected during arrayNIPT v2 

design (section 2.6.2.1). However, this would not be the case for chromosome 22 backbone 

probes. Moreover, the results analysis method used here was basic and only considered the 

median Cy3/Cy5 ratio of probes within the region of interest, without applying any algorithm 

considering the ratio of nearby probes. The DGSR was interrogated by 831 probes, the largest 

number of probes in a region of interest. The control region however was interrogated by 1533 

probes which was substantially lower than that of the other microdeletions (range 2247 – 

2562, excluding WHS, Table 2.15). It could be hypothesised that a certain balance between the 

number of probes in the region of interest, the control region and the total number of probes 

might be needed to achieve optimal results. It would be interesting to test this hypothesis by 

setting up microdeletion samples on a high probe quality and density array and then 

bioinformatically reduce by random sampling the number or probes interrogated and the 

balance between the number of probes in the regions of interest and control. Alternatively, 

region specific characteristics, such as GC content, might have an effect on detection. 

The 15% CDC spike-in gave a false-positive result for DGS. This was the only false-positive 

spike-in result and most likely reflects the specificity of the test (Figure 6.11, Table 6.7). 

The fetal fraction of Biobank samples related well to what was expected to be identified from 

the spike-in experiments. Eight maternal plasma samples were tested, of which only three 

(13913, 17393, 4109) were correctly diagnosed. These had fetal fraction ≥7.5%. Three (17580, 

13847, 12850) of the misdiagnosed microdeletion plasma samples had fetal fraction ≤3.8% and 

were haemolysed (Table 6.7). Additionally, sample 13847 came from a pregnancy with high 

maternal weight/BMI (Table 6.1). The other two misdiagnosed samples were affected with 

DGS and had 6.9% and 9.6% fetal fractions. As already discussed, the smaller number of total 

or control probes interrogated during the DGS analysis and the potentially lower quality of 

backbone probes on chromosome 22 are believed to result in the non-detection of DGS cases 

with fetal fraction <10%. Based on the spike-in experiments, the detection of samples with 

fetal fraction between 5% and 10% would be borderline and spike-in samples would be 

expected to perform better than maternal plasma samples (see below). Therefore the DGS 

results are supported by the spike-in experiments. 
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A single BioBank sample (17818) gave a false-positive microduplication result in all the 

analyses performed (4pter, 5pter and 22q11.2). This sample was also a false-negative T13. As 

mentioned previously, this sample passed both sample and assay QC. Its general poor 

performance probably reflects assay or protocol related issues that could also potentially 

affect assay specificity. 

Spike-in samples (Figure 6.7, Figure 6.9, Figure 6.11) showed better grouping of samples 

unaffected by the syndrome of interest compared to plasma samples (Figure 6.8, Figure 6.10, 

Figure 6.12). Given that spike-in samples are known to perform differently and show less 

variation compared to plasma samples (Appendix L) this observation was expected. This 

finding also means that the limit of detection for spike-ins might be lower than for BioBank 

samples (as also suggested by the DGS experiments) and extrapolation of findings should be 

conservative. 

Detection of CNVs on s-NGS based NIPT has been shown to be a function of CNV size, fetal 

fraction and read depth (180, 188, 189, 191). For arrayCGH, the equivalent of read depth 

would be the number of probes interrogated. As already proven by the WHS analysis, as the 

number of probes interrogated becomes smaller, the grouping of normal samples becomes 

less tight, the limit of detection (or fetal fraction needed) higher and the chance for false-

negative results greater. The size of the region is probably not as important, as long as the 

number of good quality probes covering it is sufficient. Fetal fraction has already been shown 

to affect detection in this small cohort of samples; low fetal fraction samples were not 

detected, but as expected this also depended on probe number. A final consideration would 

be whether the CNV is a gain or a loss. It is easier to detect losses than gains, because of the 

smaller difference to be identified in the latter (i.e. 1 vs 2 copies for loss and 3 vs 2 copies for 

gain). It is therefore proposed that the detection of CNVs by arrayNIPT is a function of the 

number of probes, probe quality, fetal fraction and type of copy number change (gain or loss). 

On the other hand, the detection of CNVs by NGS based NIPT does not seem to heavily depend 

on the type of the change (191), probably reflecting the difference in technologies, with array 

CGH being a relative quantitation method and s-NGS being an absolute quantitation method. 

The detection of CNVs by NIPT has been the centre of a lot of discussion in the scientific 

community. The vast majority of private providers (Sequenom, BGI, Natera, Verinata, Ariosa) 

offer some form of CNV detection along with their NIPT assays (company websites visited on 

20/12/17). These approaches target specific syndromes, with Sequenom also offering genome-

wide detection at >7Mb (187). However the false-positive rate is usually high (176, 179, 180, 

193) and, due to the low prevalence, the PPV is low (188, 194-197), potential leading to 
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negative equilibrium between harm and benefit to the patient. False-negative results also 

seem to arise relatively frequently (179, 180, 184, 187). For these reasons, it has been 

suggested that it is not appropriate for clinical implementation, proceeding to testing should 

be with caution, potentially testing is beneficial only to certain high risk populations and 

careful counselling and follow-up should be undertaken (187, 188, 193, 195, 196). 

Interestingly, the only company using a microarray based assay (Ariosa) only tests for DGS and 

and, based mainly on spike-in samples, reported 75.4% sensitivity and 99.5% specificity (184). 

This raises the question whether the Ariosa microarray assay does not have enough power 

(space for probes) to detect more syndromes, or whether only this microdeletion was chosen 

due to its very high prevalence (1 in 4000) and hence higher expected PPV.  

Irrespective of clinical utility and need, the results here suggest that microdeletion and 

microduplication detection might be possible by arrayNIPT. Investigations into different 

analysis methods should be undertaken to establish the most appropriate one. For example, 

comparison of the region of interest to the rest of the genome, instead of a chromosome arm, 

might provide better and safer results. The development of a sophisticated bioinformatics 

algorithm interogating the whole genome, instead of targeted regions, should also be 

explored. Such an algorithm would be better suited in clinical practice, because the vast 

majority of CNVs are non-recurrent (188, 292). Moreover, although targeted approaches might 

increase sensitivity and reduce uncertainty in reporting (188), they could also reduce 

specificity by performing multiple hypothesis testing (187).  

6.3.5 Demographics and haemolysis 

The small sample size in this study did not allow for some well documented relationships 

between variables to be identified, such as the negative correlation between maternal 

weight/BMI and fetal fraction (5, 6, 56, 107-111). However, a significant strong positive 

correlation between gestational age and fetal fraction (p = 0.0001, r = 0.84, Figure 6.13) was 

identified. This finding is in line with previous reports (6, 107, 116). 

In addition, a moderate positive correlation between time elapsed from phlebotomy to plasma 

separation and haemolysis (p = 0.001, r = 0.66) was found. Previously, a weak positive 

correlation was detected for samples collected in EDTA tubes and a strong positive correlation 

for samples collected in Streck tubes (sections 4.2.1.3 and 5.2.3). Due to the small number of 

samples here, samples collected in both EDTA and Streck tubes were considered together. This 

could explain the moderate correlation, although only two samples were collected in Streck 

tubes (Table 6.1).  
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6.3.6 Conclusions and further investigations 

The arrayNIPT v2 was designed in order to attempt to improve T13 detection and explore the 

possibility of CNV detection by arrayNIPT. This was a small proof-of-principle study, but 

produced promising results for both its aims. 

The sensitivity of the assay for T13 improved compared to the original design. This was a result 

of both changes in design and detection method. The Pooled control method was found to be 

the best performing one. However, testing a large number of samples would potentially allow 

for bioinformatic correction for the bias seen in chromosome 13 on the arrayNIPT v2 profile. 

Such correction could in turn also improve the performance of the Intra-sample method. 

Although the results from this study were promising, a large number of T13 samples, along 

with euploid samples, would need to be run to establish the assay sensitivity and specificity for 

T13. Ideally, these samples should be prospectively collected under stringent collection, 

storage and processing criteria. However, the very low prevalence of T13 means that 

thousands of samples would need to be collected and tested to achieve accurate 

determination of assay performance. Therefore, the inclusion of retrospective BioBank 

samples might still be necessary.  

All three T21 samples included were identified, however a larger number of samples would 

need to be tested to ensure that sensitivity and specificity remain unchanged compared to the 

original design. There were no T18 samples included, so again a large number of T18 samples, 

potentially including some retrospective samples, will need to be run. In the Evaluation Study, 

the assay performance for T18 was shown to be less sensitive than for T21 detection. This 

proof-of-principle study suggested that detection can be improved by assay re-design. 

Therefore, re-designing the assay to attempt improvement of T18 detection might be 

appropriate. 

The detection of microdeletions was proven feasible, with the possibility of detection 

increasing with increasing fetal fraction and larger number of good quality probes 

interrogated. Further research into probe number and quality should be undertaken to 

establish exactly how these parameters affect detection. The addition of more syndromes 

could potentially be achieved by using a higher resolution array design, but this would also 

render the assay more costly. Ideally, the possibility of developing an algorithm that 

interrogates the whole genome and does not rely on targeted detection should be explored. 

Such an algorithm would be of higher clinical utility. Nevertheless, it is uncertain if arrayCGH 

would be able to generate enough data and provide enough power to allow genome-wide CNV 

detection. 
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Chapter 7:  CONCLUSIONS AND FUTURE INVESTIGATIONS 

Since the discovery of cffDNA in the maternal circulation (1), NIPT and NIPD have shown great 

progress and are now used routinely. NIPT has been offered privately since 2011 (267) and 

some in-house NIPT kits have become available on the market, providing Genetics laboratories 

with the opportunity to easily offer such tests in-house. NGS has dominated the NIPT market, 

because of the large amount of data generated at a much lower cost compared to Sanger 

sequencing (293), allowing the detection of fetal aneuploidies or mutations in the presence of 

high maternal background. However, Ariosa Diagnostics Inc. moved from NGS to successfully 

using Affymetrix microarrays for NIPT (284).  

The main aim of this project was to explore the possibility of using array CGH for NIPT with a 

view to informing the development of an arrayNIPT commercial kit. 

7.1 CONCLUSIONS 

7.1.1 Advantages of arrayNIPT 

Microarrays have been used routinely for postnatal (281) and prenatal (282, 294-298) 

diagnostics for a number of years. Therefore the vast majority of genetics laboratories have 

extensive experience in the technique and have acquired technical skills and expertise. In 

addition, many laboratories have the equipment needed for array CGH, such as scanners and 

rotisserie hybridisation ovens. On the other hand, some laboratories, especially smaller ones, 

do not have access to NGS technology and sequencers or their sequencer(s) might not have 

enough capacity to run both NIPT and other routine diagnostic testing. The capital outlay for a 

sequencer is very high and running costs for both reagents and maintenance contracts are 

substantial. Therefore the idea of arrayNIPT would be attractive, offering a low cost, rapid and 

easily transferrable test and only requiring standard array CGH equipment and expertise. Such 

an approach could allow in-house NIPT in most genetics laboratories with minimal capital 

outlay and running costs compared to NGS based technologies.  

7.1.2 Common trisomy detection by arrayNIPT 

The performance of arrayNIPT for T21 detection was acceptable revealing 98.8% (95% CI, 93- 

100%) sensitivity and 97.2% (95% CI, 95-99%) specificity. These figures are an improvement 

compared to traditional biochemical screening, where for ~85% detection rate the false-

positive rate is ~4% (174, 271). However, when comparing array CGH to NGS based NIPT, 

sensitivity and specificity are lower that the >99% sensitivity and specificity reported for T21 

NIPT in large meta-analysis studies (64, 65, 174), as well as on the websites of private NIPT 
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providers (Ariosa, BGI, Natera, Premaitha, Sequenom, Verinata – websites visited on 

11/09/17). Given that NIPT is a screening and not a diagnostic test (55, 197, 207-209), 

arrayNIPT performance for T21 could potentially be acceptable in a clinical setting. 

Additionally, due to the retrospective nature of this study and the inclusion of suboptimal 

samples, prospective samples collected under conditions reflecting clinical practice might 

further improve performance. Nevertheless, due to the differences between the array CGH 

and NGS techniques and the very high depth that can be achieved by the latter, it is uncertain 

if sensitivity and specificity of >99% can be achieved by arrayNIPT. 

The performance of arrayNIPT for T18 detection was probably not acceptable, revealing 77.8% 

(95% CI, 52-94%) sensitivity and 99.7% (95% CI, 99- 100%) specificity. These figures are lower 

compared to traditional biochemical screening, where for ~85% detection rate the false-

positive rate is ~0% (174). Private NIPT providers (Ariosa, BGI, Natera, Premaitha, Sequenom, 

Verinata – websites visited on 07/12/17) report a minimum sensitivity of 97.4% and specificity 

>99% for T18. Large meta-analysis studies of NGS based NIPT report T18 sensitivity >96.3% and 

specificity >85% (64, 65, 174). Therefore, although T18 arrayNIPT specificity is acceptable, 

sensitivity is lower than desired in a clinical setting. Both the original arrayNIPT design and the 

Stouffer algorithm were developed with T21 detection in focus. Therefore, re-designing the 

array and developing a T18 specific detection algorithm would potentially improve T18 

detection, as already shown in the case of T13. A larger number of T18 samples would need to 

be run to assess the performance of a new assay design and calling algorithm, ideally collected 

prospectively under stringent criteria. Due to the low incidence of T18, such a collection would 

be unlikely to reach the desired number of T18 samples within a relevant timescale, hence 

good quality retrospective samples would need to be included. 

T13 detection by biochemical screening is ~96.2% for a ~0% false-positive rate (174) and 

Private NIPT providers (Ariosa, BGI, Natera, Premaitha, Sequenom, Verinata – websites visited 

on 07/12/17) report a minimum sensitivity of >91.7% and specificity >99% for T13. Large meta-

analysis studies of NGS based NIPT report T13 sensitivity >91% and specificity >77% (65, 174). 

The performance of arrayNIPT for T13 detection using the original arrayNIPT design was not 

acceptable, revealing 40.0% (95% CI, 5-85%) sensitivity and 100% (95% CI, 99-100%) specificity. 

Although the number of T13 samples was very small (n = 5) and T13 detection tends to be 

more challenging due to smaller placentas (290) and lower fetal fraction (64, 108, 116), it is 

unlikely that such poor sensitivity is explained only by biological factors. In NGS based NIPT, 

higher sequencing variation for chromosome 13 is believed to also affect detection (26, 249). It 

remains unclear why sensitivity was so poor using the original arrayNIPT, but re-designing the 

assay and using the Pooled control analysis method led to improved detection in array NIPT v2, 
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suggesting 75.0% sensitivity and 100.0% specificity. Considering that the only false-negative 

result produced spurious results for all testing, including microdeletions, sensitivity might be 

even higher. This performance was based on a very small cohort of samples (four T13 and 19 

non-T13) and hence only provides proof-of-principle. A larger number of T13 samples would 

need to be run to properly assess the performance of arrayNIPT v2 and refine the calling 

algorithm. Ideally these samples would be collected prospectively under strict criteria, 

however due to the very low incidence of T13, the inclusion of retrospective samples would be 

unavoidable. Finally, changing the array design to improve T18 and T13 detection would also 

necessitate ensuring that T21 detection is not affected, by including the appropriate number of 

T21 samples in the validation process. 

All the above suggest that, as it stands, arrayNIPT is not ready for clinical implementation and 

more work is needed to ensure an assay of high analytical validity. In a national health service, 

the acceptable assay performance would be determined not only by the performance of 

biochemical screening and of other NIPT assays, but also by cost efficiency. Given the 

screening nature of NIPT, a favourable balance would need to be achieved between cost and 

performance. Such balance would depend on the format of screening (first-line or contingent), 

screening and invasive diagnostic testing uptake, cost of invasive diagnostic testing, invasive 

procedure related miscarriages, cost of the arrayNIPT assay, arrayNIPT performance, current 

screening cost and lifelong cost of caring for individuals affected by a common trisomy (299-

303). 

7.1.3 Fetal fraction, haemolysis and assay performance 

Haemolysis was hypothesized to be an indicator of low fetal fraction. Although it was proven 

that prolonged time to plasma separation led to higher haemolysis and lower fetal fraction, a 

clear relationship between haemolysis and fetal fraction or assay performance was not 

established. Hence, the effect of high sample haemolysis on assay performance still remains 

unclear. Additionally, very high haemolysis would suggest poor plasma quality and might affect 

the assay in ways yet unknown. 

In any case, strict sample collection criteria and storage, transportation and processing 

protocols should be implemented to ensure optimal sample quality and to minimise 

haemolysis and the increase of maternal cfDNA. OGT recommends that samples should be 

collected in Streck tubes, stored and transferred at temperatures between 15°C and 30°C and 

double centrifuged within 48 hours from phlebotomy. Nevertheless, prompt plasma 

separation after collection in EDTA tubes would also produce optimal quality samples (80, 83-

86). Ensuring that samples collected in EDTA tubes are stored in the fridge (-4°C) and samples 
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collected in Streck tubes at room temperature would also produce plasma of optimal quality 

(82, 83, 85). 

In addition, OGT recommends that the maternal plasma OD414 should be measured and 

samples with OD414 above 0.25 should not be processed. Although haemolysis has been shown 

to be a very crude indicator of fetal fraction and such recommendation is not fully supported 

by results, it would still reduce the risk of false results due to low fetal fraction or poor sample 

quality. Ideally a fetal fraction measurement assay should be embedded in arrayNIPT. Such an 

assay would minimise the need for OD414 measurement. In the absence of fetal fraction 

estimation, if haemolysed samples are processed, they should be interpreted with caution. 

Lastly, training of staff collecting, storing and processing the maternal samples is of utmost 

importance. Comprehensive training would achieve understanding of the procedures and 

scientific background and would promote adherence to the strict protocols necessary for 

sample quality assurance. 

7.1.4 Fetal fraction measurement 

For the purpose of measuring the fetal fraction of samples run on arrayNIPT, six fetal fraction 

measurement assays were compared (sections 4.2.2 and 4.3.2); HLA, ZFX/ZFY, SRY dPCR, Y 

chromosome read count by RAPIDR, NIAT MASTR and OGT-SNP bait based. Both spike-ins and 

maternal plasma samples were used.  

It became clear that different assays can produce very different results for the same sample. 

Additionally, the HLA and ZFX/ZFY assays could produce different results after repeat testing of 

the same sample. The two SNP based assays were the only assays that would be universally 

informative and in the spike-in experiments performed better, producing measurements with 

the highest agreement to the spike-in percentage. 

These two assays were then used to estimate the fetal fraction of samples already tested by 

arrayNIPT (sections 4.2.3 and 4.3.3). The OGT-SNP fetal fraction measurements were better 

supported by the literature and more in line with what would be expected. Most likely this is 

explained by the fact that the NIAT MASTR assay uses the original cfDNA sample, while the 

OGT-SNP assay utilises the amplification products of the arrayNIPT protocol. 

Taken together all the above findings, it was hypothesised that the variation in results could, at 

least partially, be due to different amplification bias introduced during the assay protocols. If 

this hypothesis is true, then the fetal fraction estimation at the end of each protocol would be 

correct for the specific sample at the specific stage, but would not necessarily reflect the fetal 
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fraction of the original cfDNA sample. More importantly, this supports that any add-on assay 

for fetal fraction determination would be inaccurate and even misleading when interpreting 

NIPT or NIPD results. Only a fetal fraction assay embedded in the test assay would provide 

meaningful and reliable estimation of the percentage of cffDNA. 

7.1.5 Detection of microdeletions by arrayNIPT 

The expansion of NIPT to include microdeletion and microduplication syndromes is still 

controversial. It has been argued to proceed with caution and that CNV testing is not ready for 

clinical implementation. It could potentially be beneficial only in certain high-risk populations 

and careful counselling and follow-up should always be undertaken (187, 188, 193, 195, 196). 

Nevertheless, most private NIPT providers offer targeted syndrome detection (company 

websites visited on 20/12/17), with Sequenom also offering genome-wide detection at >7Mb 

(187). The false-positive rate is high (176, 179, 180, 193), the PPV is low (188, 194-197) and 

false-negative results are frequent (179, 180, 184, 187). Such performance could potentially 

lead to a negative balance between harm and benefit to the mother and fetus.   

Proof-of-principle experiments on spike-in and maternal plasma samples revealed that the 

detection of targeted CNVs by arrayNIPT is feasible. Samples with higher fetal fraction and 

CNVs interrogated by a larger number of good quality probes were more easily detectable. It is 

therefore suggested that CNV detection by arrayNIPT depends on the number of probes 

interrogated, probe quality, fetal fraction and type of copy number change (gain or loss).  

When considering spike-in samples, the majority was correctly identified (Table 6.7). The WHS 

and DGS 5% spike-ins were false-negatives, most likely due to the smaller number and/or 

lower quality of probes interrogated. The CDC 15% spike-in produced a false-positive DGS call, 

potentially reflecting the assay specificity. As expected, spike-in samples performed slightly 

better that maternal plasma samples, showing better grouping and lower limit of detection, 

probably due to their lower variation on arrayNIPT (Appendix L). 

When considering maternal plasma samples, the three samples bearing a CNV with fetal 

fraction ≤3.8% were not identified and the two samples bearing a CNV with fetal fraction ≥14.5 

were correctly identified. A CDC sample with 7.5% was correctly identified, while two DGS 

samples with 6.9% and 9.6% fetal fraction were false-negatives. These findings probably rise 

due to the larger number of good quality probes interrogated for the CDC analysis compared 

to the DGS analysis. A single sample (17818) gave a false-positive microduplication result in all 

the analyses performed (4pter, 5pter and 22q11.2) was also a false-negative T13. Its general 
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poor performance probably reflects assay or protocol related issues that could also potentially 

affect assay specificity. 

Exploring different analysis methods, such as comparison of the region of interest to the rest 

of the genome or sophisticated genome-wide bioinformatics algorithms, could improve results 

and make the assay better suited to clinical practice. Naturally, a larger number of samples 

with known fetal fraction would need to be tested and, due to the low incidence of each 

microdeletion and microduplication, the use of spike-in samples would be unavoidable. Ethical 

considerations regarding the equilibrium between patient benefit and harm in relation to 

assay performance should direct clinical implementation. 

7.1.6 Study limitations 

This study was not without limitations. A main limitation of the study is its retrospective 

nature. As already extensively discussed previously, a prospective collection of samples would 

better reflect clinical practice and ensure optimal sample quality and assay performance. 

Additionally, in the cases of microdeletion testing and the comparison of fetal fraction 

measurement assays, some spike-in samples were used. Although such samples are useful for 

preliminary and proof-of-principle results, they do not always replicate maternal plasma 

sample performance and findings cannot be unconditionally extrapolated without testing real 

samples. 

Another main limitation of this study is the fact that fetal fraction was unknown in the vast 

majority of cases. Trisomy and CNV detection, and consequently assay performance, heavily 

depend on the sample being of adequate fetal fraction. Conclusions regarding false-negative 

results due to low fetal fraction, instead of assay performance per se, could not be made. In 

addition, not knowing the fetal fraction prevented conclusions regarding the assay limit of 

detection to be drawn. Moreover, in the few cases where fetal fraction was measured, it was 

done by the OGT-SNP assay. This assay is not entirely embedded in the arrayNIPT. As an add-

on test it might not accurately reflect the fetal fraction of the sample at the arrayNIPT result 

stage. 

Sample size was sufficient in order to establish assay sensitivity for T21 and specificity for T21, 

T18 and T13. However, sample numbers were small and T18 and T13 sensitivity could not be 

accurately established. Similarly, sensitivity and specificity for targeted CNV detection could 

not be established. In addition, due to the relatively small cohort of samples tested and the 

small number of samples where fetal fraction was measured, statistical analysis did not have 
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enough power to establish expected relationships, such as a negative correlation between 

haemolysis and fetal fraction, or relationships widely reported in literature, such as a positive 

correlation between fetal fraction and gestation (6, 107, 116) and a negative correlation 

between fetal fraction and maternal weight/BMI (5, 6, 56, 107-111). Due to the multiple 

parameters potentially affecting OD414, fetal fraction and true/false results, ideally multiple 

regression analyses should be performed. However, again, the sample size was too small to 

obtain statistically meaningful and conclusive results. 

7.2 FUTURE INVESTIGATIONS 

The main aim of this study was to establish the performance of arrayNIPT for T21 detection. 

Investigations were also performed to obtain preliminary data on the performance of 

arrayNIPT for T18, T13 and CNV detection. Factors that could potentially affect the assay were 

also considered. As already discussed, further work needs to be undertaken to evaluate the 

arrayNIPT analytical and clinical validity. 

Assay and analysis algorithm re-design should be explored to improve performance for T18.  

More T18 and T13 samples will need to be tested to establish T18 and T13 performance. T21 

samples should also be included to ensure that T21 performance remains unaltered.  

The limit of detection of the arrayNIPT assay should be established. Strikingly, based on the 

small cohort of samples tested in this study, T21 cases were correctly diagnosed even when 

the fetal fraction was as low as 1.8% (Table 4.11). However, the accuracy of fetal fraction 

measurement is unknown and the fetal fraction of more samples will need to be tested in 

order to unequivocally establish the lower fetal fraction cut-off that allows consistent 

detection. Preliminary spike-in experiments performed by OGT suggested that samples with 

fetal fraction ≥4% were reliably detected (data not shown). 

Testing samples collected prospectively under strict collection, storage and processing criteria 

and protocols would also be required to simulate clinical practice and ensure optimal sample 

quality. NGS-based NIPT is the gold standard, therefore these samples should be run in parallel 

on arrayNIPT and on a well-established NGS-based NIPT method, in order to compare their 

performance (sensitivity, specificity, failure, repeat rate, limit of detection, etc.). Equal or 

better performance would warranty implementation. Poorer performance should be weighed 

against patient benefit and harm, and implementation and running costs. A health economics 

study would be necessary, especially if the assay was to be considered in a national health 

service. 
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The arrayNIPT assay could be expanded to include some microdeletion or microduplication 

syndromes. Genome-wide analysis would be the most clinically useful, since the majority of 

pathogenic CNVs are non-recurrent. However, if the assay is not able to detect CNVs genome-

wide, targeted analysis should be aimed at the DGS and subtelomeric changes, since these are 

the genomic regions most frequently affected.  

The development of an embedded fetal fraction measurement assay in arrayNIPT would be of 

utmost importance, because it would provide result quality assurance. Therefore, the 

possibility of including SNP probes in the array design should be explored. SNPs inherited by 

the fetus from the father and for which the mother is homozygous for a different allele could 

be used to measure fetal fraction, as with SNP-based NGS techniques. This would provide a 

fetal fraction measurement assay built-in the arrayNIPT and thus more accurate fetal fraction 

estimation and more confidence in results at no extra cost. Very recently, the measurement of 

fetal fraction using SNP probes on microarray has been shown to be feasible, accurate and 

reproducible (134).  

Finally, as with any genetic test, ethical, legal (for example patent infringement) and social 

implications should be considered through-out assay development and clinical 

implementation. 
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Appendix A - CytoSure Affirm Device Design and 
Description 
 

A.1 Device Design 

A.1.1 CytoSure Affirm Microarrays 

The CytoSure Affirm Microarray design is designated design number 059862 and consists of 

60mer oligonucleotide probes which are synthesised on the glass surface by an in situ ink jet 

process (Hughes et al Nature Biotech (2001) 19 p342-347). There are 8 sub arrays printed on a 

3’’x1’’ microscope glass slide in a 4x2 format. These sub arrays can be hybridised separately, so 

that 8 individual samples can be analysed on the single slide. The arrays are designated 1_1, 

1_2, 1_3, 1_4, 2_1, 2_2, 2_3 and 2_4. The slide also consists of 2 stickers on the front and back 

of the slide. These stickers contain a unique identifier number as a barcode.  

 

Figure A.1: Arrangement of the sub-arrays on the slide 

Each subarray has 57,486 individual 60mer single stranded DNA oligonucleotides attached to 
the glass at their 3’ end. These oligos are complementary to sequences throughout the 
genome on differing chromosomes and are known as probes. The manufacture of the slides 
takes place at Agilent technologies in California who have been manufacturing such arrays for 
many years. The probes are circular with a diameter of ~30 um. They are positioned in a so 
called ‘orange packing’ configuration. See diagram below: 

 

Figure A.2: Orange packing of spots 
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The design of the oligonucleotide sequences took place at OGT. The collection of probes  were 
designed to have higher density of probes on chromosome 13, 18 and 21. The remaining 
probes on the autosomal chromosome act as controls. Some chromosomes have no probes eg 
chromosome 19 which has a high GC content, no probes were selected. 

The number of probes on each chromosome is given in the table below. The probes are 
present on the array in a random order and not for example in chromosomal order. This is to 
reduce the chance of any problems if for example there is an uneven hybridisation which with 
a non-random order might affect probes in one chromosome only. 

Table A.1: The number of probes per chromosome 

 
 
Chromosome 

Number of probes 

1 4617 

2 5061 

3 3939 

4 0 

5 3466 

6 3314 

7 3624 

8 2966 

9 2409 

10 2962 

11 2810 

12 2636 

13 3882 

14 1795 

15 2081 

16 0 

17 0 

18 3890 

19 0 

20 0 

21 3810 

22 0 

X 3923 

Y 0 

Array Control probes 301 

 

The oligonucleotides for the design 059862 were selected from the existing OGT microarray 
designs: 035632, 030864 and 025065. The probes on these arrays had been designed in silico 
to be optimal for microarray hybridisation by having no repeats elsewhere in the genome and 
a good predicted Tm. Arrays were then hybridised with Trisomy 21, Trisomy 13, Trisomy 18 
and Normal DNA samples and it was this data which was used to further refine the probe 
selection. 

Probes were then selected on the following criteria: 

 Signal obtained when the probes are hybridised in the Red and Green is greater than 
500 
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 The GC content of the each oligo is less than 45% 

 The GC content of the collection of oligos are matched between chromosome 21, 13, 
18 and the control probes. 

The algorithm used was an R program (https://www.r-project.org/) and the algorithm is 
present at 0840/design/probePickR_01. 

The probes sequences can be obtained from OGT Oligome database under the AMADID code 
059862. 

A.1.2 CytoSure Affirm amplification kit 

The amplification kit provides the reagents for amplifying the DNA that has been extracted 
from the plasma DNA (‘the plasma DNA’) to several micrograms which enables the DNA to be 
hybridised to the microarray. 

The principle of the kit is to ligate on DNA adaptors onto both ends of the DNA. The adaptors 
contain PCR primer binding sites which are then used by the primers in a PCR to amplify the 
DNA. 

An overview of the steps in the amplification is given in the diagram 

 

Figure A.3: Overview of amplification of the plasma DNA (blue) by end repair (step1A), 
phosphorylation (step 1A), A-tailing (step 1B), ligation of adaptors (pink), step 2 and finally by 
PCR amplification (step 3) 

The reagents in the kit are shown in the table below: 

 

 

https://www.r-project.org/
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Table A.2: CytoSure Affirm kit reagents 

 

The kit is manufactured at CytoCell, Cambridge, UK. CytoCell is a subsidiary of OGT. 

The Steps that the kits are used for are described below. Please refer to the technical 
instructions for use for detailed information. 

Step 1a: End repair and kinase of the ends 

The first step contains a Step 1 Buffer (Invitrogen Ligase Buffer) which is compatible with the 
enzymes in Step 1 and 2. The ends of the plasma DNA molecules are repaired using the T4 DNA 
polymerase and Klenow DNA Polymerase enzymes 

These enzymes are active at 20 degrees and create a blunt end ready for the next step. 

The 5’ ends are then phosphorylated using T4 polynucleotide kinase. Again this enzyme is 
active at 20 degrees. 

Step 1b:A-tailing 

TOP DNA Polymerase (Bioneer) has a strong non-template dependent polymerase activity. It is 
a thermostable enzyme and is active at 72 degrees. By providing an increased concentration of 
dATP in the reaction, an A is more likely to be added to the 3’ end of the DNA. By increasing 
the temperature from 20 degrees to 72 degrees, the TOP DNA Polymerase is activated after 
the end repair has taken place. 

Step 2: Ligation 
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The adaptor molecules are designed with a T at the 5’ end. The Adaptor A set consists of two 
oligos complementary to each other. When hybridised together they create the double 
stranded DNA Step2: Adaptor A. This contains a 5’ T complementary to the A on the 5’ end of 
the plasma DNA molecules. The Adaptor B set also consists of two oligos complementary to 
each other with a 3’ T.  

The DNA oligos also contain a blocker to minimise adaptor to adaptor ligation. The sequences 
of oligos are given below in Table A.3. 

Following A tailing, the components of the ligation reaction are added. These are the two 
adaptor sets, some buffer and the T4 DNA ligase enzyme. This is the enzyme that catalyzes the 
ligation of the adaptors to the two ends of the plasma DNA. The ligation reaction takes place at 
20 degrees.  

Table A.3: The sequences of the adaptors 

Adaptor set A 

Adaptor Mix 1*T [SpcC3] ACT CTT TCC CTA CAC GAC GCT CTT CCG ATC*T 

Adaptor Mix 1 Phos [Phos] GAT CGG AAG AGC GTC GTG TAG GGA AAG AGT [SpcC3] 

Adaptor set B 

Adaptor Mix 2 Phos [Phos] GAT CGG AAG AGC ACA CGT CTG AAC TCC A[SpcC3] 

Adaptor Mix 2*T [SpcC3] TGGA GTT CAG ACG TGT GCT CTT CCG ATC*T 
 

Step 3: PCR amplification 

Following ligation of the adaptors, the unligated adaptors are removed using SPRI magnetic 
beads (not supplied). The PCR reaction consists of, reaction buffer, primers complementary to 
the respective adaptors (Primers 1 and 2) and a thermostable PCR enzyme (Accuzyme from 
Bioline). The primers sequences are: 

Primer1: ACT CTT TCC CTA CAC GAC GCT CTT CCG ATCT 

Primer 2: T GGA GTT CAG ACG TGT GCT CTT CCG ATC T 

The PCR cycles are:  

Temperature Time 

One cycle 

98oC 3 min 

15 cycles — Standard ramping 

98oC 30 s 

65oC 30 s 

One cycle 

4oC hold 

 

A.1.3 CytoSure Affirm Labelling kit 

The labelling kit is designed to label the amplified DNA with the dyes Cy3 and Cy5. These dyes 
are fluorescent dyes. The sample DNA is labelled with Cy3 and the reference DNA is labelled 
with Cy5. The components in the CytoSure Affirm labelling kit are identical to the CytoSure 
labelling kit that OGT has been supplying to the RUO market for many years. The CytoSure 
Affirm kit differs in the physical labels (stickers) on the tubes and boxes.  

The labelling occurs in a two-step process. First random oligonucleotide primers and reaction 
buffer are added to the DNA. The mix is then denatured at 95 degrees. During this step the 
two strands of the DNA are separated. After 3 minutes of denaturation the mix is place on ice 
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when the random primers anneal to the sample DNA. After 5 minutes on ice, nucleotides are 
added along with the Cy3-dCTP or Cy5-dCTP and exo-free Klenow. The Klenow is a DNA 
polymerase which uses the random primers as a primer to extend the DNA incorporating the 
Cy-dCTP. Klenow has strand invasive properties so this will result in a linear amplification as 
well as labelling of the DNA. The DNA is incubated at 37 oC for 2 hours. Following this the 
Klenow is deactivated by incubation at 65 oC for 10 minutes and the DNA purified using 
purification columns. 

The labelling kit is manufactured at GE Lifesciences in Cardiff and has been established for 
many years.  

A.1.4 CytoSure Affirm Software 

Description algorithm for detecting Trisomy 21 

All microarray raw data were quantified using the Agilent Feature Extraction software 
(v.10.7.3.1). Subsequently, the microarray data was normalised to remove potential dye-bias 
and probes were filtered according genomic location and signal intensity ranges. The 
distribution of the log2 normalised signal ratios (sample/reference) were compared according 
to chromosome location using pairwise Wilcoxon rank sum tests of chromosome 21 versus all 
remaining chromosomes. Following Bonferroni multiple testing correction of the resulting p-
values for each comparison, these where combined using the Stouffers’ Z-score method. The 
final p-value on the –log10 scale was indicative of a disomy if it was less than 50 and of a 
potential T21 is it was higher than 200. Intermediate values were assigned a no-call. 

A.2 Device Description 

Intended Use 

This test is intended to be used in conjunction with current screening protocols for foetal 
trisomy 21 using samples of blood collected from women weighing no more than 90kg.  

The test is used to identify of levels of circulating cell-free DNA originating from chromosome 
21 above a cut-off point which would support the conclusion from other screening tests that 
the pregnancy is at high risk of trisomy 21.  

The high-risk of trisomy 21 requires confirmation by invasive testing (chorionic villus sampling 
or amniocentesis, with diagnostic testing). 

What is detected? 

The test assesses the relative abundance of fluorescently labelled DNA fragments from each 
chromosome between the sample DNA and a normal reference DNA and can therefore identify 
if chromosome 21 fragments are present at greater than the reference level in the sample. 

Function of the device 

The test provides information regarding the risk of Down syndrome which is additive to the 
tests already conducted in the clinical care pathway currently. The test can help to identify 
those pregnancies at high risk of giving rise to a child with Down syndrome. 

The specific disorder, condition or risk factor of interest 
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The test looks for the presence of trisomy 21 in foetal genomic DNA samples from the 
mother’s blood. The presence of trisomy 21 in the foetus is associated with Down syndrome. 

Is the device automated or not? 

The device is not automated. 

Is the device qualitative or quantitative? 

The device is qualitative. The outcome of the test is not a measurement of the analyte but 
rather a probability of a positive or a negative outcome. 

What type of specimen is required? 

A blood sample from the mother taken after week 11 of pregnancy is required. Typically, 2x 
10ml blood samples are taken for this test. The second sample is held in reserve in case there 
should be processing problems with the first sample or in case the first sample should give an 
inconclusive result. 

What is the testing population? 

The testing population is pregnant women who are <90Kg in body mass and who are at week 
11 of pregnancy or beyond. 

The Intended User 

The product constitutes a manual test to be carried out by trained clinical laboratory personnel 
and the product is supplied with software for the analysis and interpretation of the test data. It 
is the clinician’s responsibility to draw conclusions from this test result in combination with all 
the other tests in the clinical care pathway and relay a summary of the results to the patient. 
This includes the provision of suitable counselling for the patient and family as required. 

Principle of the Assay 

The device consists of a microarray, reagents and software. 

The test consists of amplification of circulating cell free DNA (cfDNA) obtained from pregnant 
women according to the following procedure and is summarised in the flow diagram below. 

Whole blood from pregnant women is collected in Streck tubes (2 x 10ml) and plasma is 
carefully isolated by double centrifugation no more than 48hr after blood collection. cfDNA is 
extracted from 5ml of plasma for each patient, concentrated and amplified following end-
repair and ligation to adaptors. The amplified DNA is then fluorescently labelled with Cy3 dye 
and co-hybridised to an optimised aCGH microarray with commercially available reference 
human genomic DNA, which has been amplified and labelled in the same way with Cy5 dye. 
The slide is then washed and scanned to obtain Cy3 and Cy5 signal data for every probe on 
each array. Software is used to extract the data from the scanner image and to analyse the 
signal data. The data analysis categorises the sample into one of the following: 

1) Likely T21 pregnancy 

2) Undetermined (no call) 

3) Likely disomy pregnancy (normal)  

4) Sample or assay not passed QC.  
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Class of the Device 

According to the guidance in Article 9 of the In vitro diagnostics directive (Directive 98/79/EEC) 
regarding conformity assessment procedures, the class of the device is Class 2b. Devices of this 
type are specifically listed in Annex II List B. 
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Description of the product components 

Number of boxes and shipping conditions: 

Component Box Component 
code 

Number 
supplied 

Dimensions (LxWxD) Shipping 
Temperature 

Amplification Kit 020080 x1 133mm x 84mm x 
52mm 

-15˚C to -25˚C  

Control DNA kit 990216 x1 75mm x 70mm x 
21mm 

-15˚C to -25˚C 

DNA Labelling Kit 990401 x2 120mm x 35mm x 
67mm 

-15˚C to -25˚C 

Purification 
columns 

990402 x2 155mm x 115mm x 
70mm 

5˚C to 30˚C 

Microarray kit 990403 x1 88mm x 81mm x 
30mm 

5˚C to 30˚C 

Blood collection kit 990411 x21* 140mm x 155mm x 
45mm 

18˚C to 30˚C 

USB stick 
(software) 

990460 x1 33mm x 44mm x 
80mm 

5˚C to 30˚C 

Complete product 020085 29 N/A N/A 
Will be packed into one larger outer box for dispatch. 

 

CytoSure Affirm--Amplification Kit (manufactured at Cytocell): 

 

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

End repair and A-

tailing reagents

1 AMP RB1 Step 1 Buffer 990200 5x ligase buffer 414 µL 0.5mL Ribbed, 

skirted tube, 

colour natural

 Tethered screw 

cap, red 

Red

2 Nucleotide mix 1 Step 1 dNTPs 990201 Mixture of dNPT 

and dATP for 

end repair and 

A-tailing (10mM 

each dNTP, 

40mM total)

62 uL 0.5mL Ribbed, 

skirted tube, 

colour natural

 Tethered screw 

cap, red 

Red

3 T4 DNA polymerase Step 1 Enzyme 1 990202 T4 DNA 

polymerase 

(3000 U/µL)

21 uL 0.5mL Ribbed, 

skirted tube, 

colour natural

 Tethered screw 

cap, red 

Red

4 Klenow DNA 

polymerase

Step 1 Enzyme 2 990203 Klenow DNA 

polymerase 

(5000 U/µL)

24 uL 0.5mL Ribbed, 

skirted tube, 

colour natural

 Tethered screw 

cap, red 

Red

5 T4 PNK Step 1 Enzyme 3 990204 T4 PNK (10,000 

U/µL)

46 uL 0.5mL Ribbed, 

skirted tube, 

colour natural

 Tethered screw 

cap, red 

Red

6 A-tailing enzyme Step 1 Enzyme 4 990205 TOP DNA 

polymerase (5 

U/µL)

124 uL 0.5mL Ribbed, 

skirted tube, 

colour natural

 Tethered screw 

cap, red 

Red
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CytoSure Affirm—Control Kit (manufactured at OGT): 

 

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Ligation reagents

7 AMP RB2 Step 2 Buffer 990206 5x Invitrogen 

ligase buffer

41 uL 0.5mL Ribbed, 

skirted tube, 

colour natural

 Tethered screw 

cap, blue 

Blue

8 Adaptor mix 2A Step 2 Adaptor A 990207 Mix of oligo 1 

and 2 in Tris 

buffer (100 µM)

41 uL 0.5mL Ribbed, 

skirted tube, 

colour natural

 Tethered screw 

cap, blue 

Blue

9 Adaptor mix 2B Step 2 Adaptor B 990208 Mix of oligo 3 

and 4 in Tris 

buffer (100 µM)

41 uL 0.5mL Ribbed, 

skirted tube, 

colour natural

 Tethered screw 

cap, blue 

Blue

10 T4 Ligase Step 2 Enzyme 990209 T4 Ligase 

(600,000 U/µL)

48 uL 0.5mL Ribbed, 

skirted tube, 

colour natural

 Tethered screw 

cap, blue 

Blue

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

PCR reagents

11 AMP RB3 Step 3 Buffer 990210 10x PCR Buffer 120 uL 0.5mL Ribbed, 

skirted tube, 

colour natural

 Tethered screw 

cap, yellow 

Yellow

12 PCR Primer mix Step 3 Primer 990211 Mix of primer 1 

and 2 (50 µM)

110 uL 0.5mL Ribbed, 

skirted tube, 

colour natural

 Tethered screw 

cap, yellow 

Yellow

13 Nucleotide mix 2 Step 3 dNTPs 990212 10 mM each 

dNTP (40 mM 

Total)

69 uL 0.5mL Ribbed, 

skirted tube, 

colour natural

 Tethered screw 

cap, yellow 

Yellow

14 PCR Polymerase Step 3 Enzyme 990213 Accuzyme DNA 

polymerase (2.5 

U/µL)

110 µL 0.5mL Ribbed, 

skirted tube, 

colour natural

 Tethered screw 

cap, yellow 

Yellow

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Packaging

19 Cardboard box (L x W 

x D)

N/A N/A Contains all 

other 

components

N/A 133mm x 84mm 

x 52mm

 Integrated lid White

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Positive control DNA

1 Trisomy 21 Control 

DNA spiked into 

normal DNA at 10% 

level. Total 25 ng/uL.

Control DNA 990216 Sheared human 

genomic DNA, 

female with 

10% T21 

genomic DNA 

spike.

27 µL 0.5mL Ribbed, 

skirted tube, 

colour purple

 Tethered screw 

cap, purple 

Purple

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Packaging

2 Cardboard box (L x W 

x D)

N/A N/A Contains all  

other 

components

N/A 75mm x 70mm x 

21mm

 Integrated lid White
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CytoSure Affirm—DNA Labelling Kit (manufactured at GE Healthcare): 

 

 

CytoSure Affirm—Microarray Kit (manufactured at Agilent): 

 

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Labelling reagents

1 Random primers Random primers 28978822RP As supplied by 

GE Healthcare

240 µL 1.5mL Non-

skirted tube, 

colour natural

 Screw cap, 

black 

Black

2 Reaction buffer Reaction buffer 28978822RB As supplied by 

GE Healthcare

240 uL 1.5mL Non-

skirted tube, 

colour natural

 Screw cap, 

yellow 

Yellow

3 Nucleotide mix dCTP labelling mix 28978822LM As supplied by 

GE Healthcare

240 uL 1.5mL Non-

skirted tube, 

colour natural

 Screw cap, 

green 

Green

4 Cy3 dCTP 1 mM Cy3 dCTP 28978822C3 As supplied by 

GE Healthcare

12 uL 0.5mL Non-

skirted tube, 

colour natural.

 Securitainer, 

Red 

Red

5 Cy5 dCTP 1 mM Cy5 dCTP 28978822C5 As supplied by 

GE Healthcare

12 uL 0.5mL Non-

skirted tube, 

colour natural.

 Securitainer, 

Blue 

Blue

6 Klenow enzyme (40 

U/uL)

Klenow 29094030 As supplied by 

GE Healthcare

24 uL 1.5mL Non-

skirted tube, 

colour natural

 Screw cap, pink Pink

7 Control Lambda DNA Control DNA 28917996 As supplied by 

GE Healthcare

100 uL 1.5mL Non-

skirted tube, 

colour natural

 Screw cap, 

purple 

Purple

8 Nuclease free water Water 28978822WA As supplied by 

GE Healthcare

1000 uL 2.0mL Non-

skirted tube, 

colour natural

 Screw cap, 

natural 

Natural

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Packaging

9 Cardboard box (L x W 

x D)

N/A N/A Contains all  

other 

components

N/A 120mm x 35mm 

x 67mm

 Integrated lid White

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Columns

10 Purification columns 

(x24)

Purification columns 28943701 As supplied by 

GE Healthcare

Resin Column, colour 

natural with 

natural l id. Also 

2ml collection 

tube, no lid.

 Screw cap, 

natural 

Natural

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Packaging

11 Cardboard box (L x W 

x D)

N/A N/A Contains all  

other 

components

N/A 155mm x 

115mm x 70mm

 Integrated lid White

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Positive control DNA

1 Microarrays for NIPT 

analysis (8x480K, 

60mer oligos)

Microarrays 059862 Microarrays for 

NIPT analysis 

(8x480K, 60mer 

oligos)

N/A

2 Microarrays for NIPT 

analysis (8x480K, 

60mer oligos)

Microarrays 059862 Microarrays for 

NIPT analysis 

(8x480K, 60mer 

oligos)

N/A

3 Microarrays for NIPT 

analysis (8x480K, 

60mer oligos)

Microarrays 059862 Microarrays for 

NIPT analysis 

(8x480K, 60mer 

oligos)

N/A

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Packaging

4 Orange plastic slide 

box (L x W x D)

N/A N/A Contains three 

slides

N/A 88mm x 81mm x 

30mm

 Fitted lid, 

orange 

Orange

Orange Corning 

slide box

 Box lid taped 

down, orange 

Orange
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CytoSure Affirm—Blood Collection Kit (tubes manufactured at Streck, packaging 
manufactured at Therapak): 

 

CytoSure Affirm Software (manufactured at Triteq and OGT):

 

 

Description of specimen collection and transport materials 

All staff involved in taking the blood samples from the patients will be adequately trained in 
phlebotomy.  Specimen collection is carried out via standard practices using Streck blood 
collection tubes and an ‘Information For Use’ (IFU) leaflet from Streck will be supplied with 
each box of two tubes (one IFU per patient). This is available in a number of different 

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Positive control DNA

1 Microarrays for NIPT 

analysis (8x480K, 

60mer oligos)

Microarrays 059862 Microarrays for 

NIPT analysis 

(8x480K, 60mer 

oligos)

N/A

2 Microarrays for NIPT 

analysis (8x480K, 

60mer oligos)

Microarrays 059862 Microarrays for 

NIPT analysis 

(8x480K, 60mer 

oligos)

N/A

3 Microarrays for NIPT 

analysis (8x480K, 

60mer oligos)

Microarrays 059862 Microarrays for 

NIPT analysis 

(8x480K, 60mer 

oligos)

N/A

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Packaging

4 Orange plastic slide 

box (L x W x D)

N/A N/A Contains three 

slides

N/A 88mm x 81mm x 

30mm

 Fitted lid, 

orange 

Orange

Orange Corning 

slide box

 Box lid taped 

down, orange 

Orange

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Blood Collection Tubes

1 Streck 10ml blood 

collection tube for 

stabilization of cell-free 

plasma DNA.

BCT CE 218997 Blood 

Collection Tube

N/A 10ml glass test 

tube

 Vacutainer 

seal, black & 

brown. 

Black & 

brown

2 Streck 10ml blood 

collection tube for 

stabilization of cell-free 

plasma DNA.

BCT CE 218997 Blood 

Collection Tube

N/A 10ml glass test 

tube

 Vacutainer 

seal, black & 

brown. 

Black & 

brown

3 Streck IFU Information for use 218997 IFU in English, 

French, German, 

Italian, 

Spanish, and 

Swedish

N/A Insulated 

package

 Cardboard box Brown

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Packaging

4 Cardboard box (L x W x D) 

containing temperature 

insulating insert

N/A N/A Contains all  

other 

components

N/A 140mm x 

155mm x 45mm

 Integrated lid White

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

CytoSure Affirm Analysis 

Software

1 USB memory stick. USB Stick None USB memory 

stick containing 

the CytoSure 

Affirm software, 

xml fi le, IFU and 

Feature 

Extraction 

Protocol.

N/A Secured in 

padded 

envelope 

 Padded 

envelope 

Brown

# Component name Kit component name Kit Part no. Content 

description

Volume per 

tube

Container Closure 

description

Closure 

colour

Packaging

2 Polypropylene slide box 

(L x W x D)-inserts into 

recess between the 

polystyrene insulation 

material and the outer 

cardboard box.

N/A N/A Contains all  

other 

components

N/A 35mm x 44mm x 

80mm

 Tethered lid Clear
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languages. Once collected, the samples are re-packaged in the original Streck tube insulated 
packaging and outer carton, relabelled and dispatched to the testing laboratory for analysis. 

Assay characteristics 

Full details of the assay can be found in the laboratory manual (IFU). There is an IFU for the 
Streck tubes (for the blood draw), and IFU for the laboratory procedures, and an IFU for the 
use of the software for the analysis. 

Instrument characteristics 

An Agilent Microarray scanner (model G2505C) with ozone control is required for scanning of 
the microarrays. 

Software to be supplied 

A USB stick will be supplied to each customer on their first order of the product. This will 
contain an analysis software package generated in accordance with the ISO62304 medical 
device software standard. It will also contain the ‘Information For Use’ (IFU) for the software, 
instructions for feature extraction, and an XML pattern file. 

The customer will be able to install the software package on their Windows computer and use 
the software to generate a Microsoft Excel template which is then filled in with the results 
from the assay by the customer. The software then uses the completed template as an input 
file for the QC data and the feature extracted array image data as input for the assay data. The 
combined data set is then analysed using the software. On the basis of this analysis, it will be 
possible to categorise each individual result into one of four categories as described under 
‘Principle of the assay’. 

Configurations or variants of the medical device 

The medical device will be supplied as a kit containing enough consumables and reagents for 
the processing of 24 reactions. This would include the processing of 21 patient samples and 3 
positive control samples. Currently, there are no other configurations or variants of the 
product. 

Accessories to be used with the medical device 

Reagents 

QIAamp Circulating Nucleic Acid Kit, 50 preps (Qiagen, 55114) 
Qubit ssDNA  Assay Kit (Life Technologies, Q10212) 
Human COT DNA (1 mg/mL, 250uL) (OGT, 500078) 
Agilent Oligo aCGH Hybridization kit (OGT, 500014) 
Agencourt AMPure™ XP magnetic beads (Beckman Coulter Genomics cat. no. A63880, A63881, 
A63882)  
Array CGH Wash 1 and Wash 2 buffers (OGT, 500015) 
Array CGH backing slide, 8x format (Agilent, 990216) 
Equipment 

Agilent microarray scanner G2505C with ozone control (e.g. SciGene Nozone) 
Agilent SureHyb™ Hybridisation oven Cat. No. G2545A with rotisserie Cat. No. G2530-60029 
Thermal PCR cycler (e.g. Agilent SureCycler™ 8800 Thermal Cycler or equivalent) with heated 
lid and 1-2oC/s ramping rate 
Qubit® 2.0 fluorometer (Life Technologies Cat. No. Q32866) 
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NanoDrop spectrophotometer 
Vacuum pump capable of producing a vacuum of –800 to –900 mbar 
QIAvac 24 Plus vacuum manifold (Qiagen Cat. No 19413) 
QIAvac Connecting System or equivalent (Qiagen Cat. No 19419) 
Magnetic rack for bead separation e.g. DynaMag-2 Magnet (Invitrogen cat. No 12321D) 
 
Other 

Agilent Feature Extraction software (Version 10.7.3.1) 
Hybridization Chamber, Stainless (OGT Cat. No 500018) 
Blood collection and Vacutainer consumables compatible with Streck Cell-Free DNA BCT 
 
Reference to the Manufacturer’s Previous Device Generation(s) and/or Similar Devices or 
Device History  

For an IVD medical device not yet available on any market 

Where relevant to demonstrating conformity to the Essential Principles, and to provide 
general background information, the STED may provide a summary of: 1) the manufacturer’s 
previous generation(s) of the IVD medical device, if such exists; and/or 2) the manufacturer’s 
similar IVD medical devices available on the market. 

No IVD medical devices based on aCGH technology are available on the market from Oxford 
Gene Technology (OGT). The technique itself is not new and OGT amongst other providers 
have been supplying aCGH products for constitutional cytogenetics research since 2007. The 
technique has been used widely since 2008 to detect sub chromosomal copy number changes 
in cytogenetics research and in 2010 was recommended as the technique of choice for a first 
tier test. Various design iterations have been developed and released by OGT as an 
understanding of genes known to be important in developmental delay has evolved. 
CytoSure™ ISCA, CytoSure™ ISCA v2 and CytoSure™ Constitutional v3 arrays were released in 
Feb 2010, March 2012 and June 2015 respectively and are for research use only, not for use in 
diagnostic procedures.  

There are two key components of the CytoSure Affirm® assay, the first is amplification of 
circulating free foetal DNA and the second hybridisation to a microarray, whilst there is no test 
on the market currently combining these two aspects, other tests are available utilizing each of 
these approaches. 

Premaitha’s Iona® test, Multiplicom’s Clarigo™ test and PraenaTest® supplied by LifeCodexx all 
utilize methods for amplification of free foetal DNA. Agendia’s Mammaprint®, based on a 
microarray manufactured by Agilent, (the manufacturer of CytoSure Affirm microarrays) is a 
product cleared by the FDA in 2007 for Breast cancer recurrence analysis.  
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Appendix B – ArrayNIPT Protocol 
 

B.1 Process overview  
 

Day 1: Blood collection (Section B.4): Two Streck cell-free DNA blood collection tubes are each 

filled with 10 ml of blood from the pregnant woman.  

Day 1: Blood processing (Section B.5): The blood is then double spun within two days to 

extract the plasma, which should be stored at or below –70oC, until processing. 

Day 2: DNA extraction (Section B.6): Circulating cell-free DNA is extracted from the plasma 

using the Qiagen QIAamp® circulating nucleic acid kit.  

Day 2: DNA amplification (Section B.7): The extracted DNA is amplified in a three-step process 

from ~50 ng to several micrograms using the CytoSure Affirm™ NIPT Amplification Kit. A 

corresponding reference DNA is also amplified alongside the samples. 

Day 3: DNA labelling (Section B.8): The reference and samples are then labelled with Cy5 and 

Cy3 dyes, respectively. 

Day 3: Hybridisation of microarrays (Section B.9): The labelled sample and reference DNA are 

prepared and hybridised to a microarray. 

Day 4: Washing and scanning of microarrays (Section B.10): After hybridisation, the 

microarray slide is washed and scanned to create a TIFF image. 

Day 4: Data analysis (Section B.11) The scanned TIFF image is feature extracted and the results 

are obtained with the OGT NIPT data analysis software. 
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Figure B.1: Flow diagram of suggested timeline for complete CytoSure Affirm protocol 
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B.2 Pack contents, shipping, safety and storage 

Box 1 

Component Shipping and Storage Contents 

Streck tubes: 
 

Shipping:  
15 to 30oC 
Storage: 
15 to 30oC 

42 x Streck cell-free DNA BCT  
Instructions 

Box 2  

Component Shipping and Storage Contents 

NIPT Amplification 
Kit: 
 

Shipping:  
Dry ice 
 
Storage: 
–20oC 

Step 1 Buffer 
Step 1 dNTPs 
Step 1 Enzyme 1 
Step 1 Enzyme 2 
Step 1 Enzyme 3 
Step 1 Enzyme 4 
Step 2 Buffer 
Step 2 Adaptor A 
Step 2 Adaptor B 
Step 2 Enzyme 
Step 3 Buffer 
Step 3 Primer 1 
Step 3 Primer 2 
Step 3 dNTPs 
Step 3 Enzyme 
Reference DNA 
Water 

Box 3 

Component Shipping and Storage Contents 

T21 Control DNA: 
 

Shipping:  
Dry ice 
Storage: 
–20oC 

T21 Control DNA 

Boxes 4 and 5 (identical)  

Component Shipping and Storage Contents 

 CytoSure Labelling 
Kit 
 

Shipping:  
Dry ice 
 
Storage: 
–20oC 

Random Primers 
Reaction Buffer 
Labelling Mix 
Cy3-dCTPTM 
Cy5-dCTPTM 

Exo-Free Klenow 
Water 
Control DNA 

Boxes 6 and 7 (identical) 

Component Shipping and Storage Contents 

CytoSure Columns 
 

Shipping:  
18 to 30oC 
Storage: 
18 to 30oC 

Spin columns 
Tubes 
Caps 
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Box 8  

Component Shipping and Storage Contents 

Microarray slides: 
 

Shipping:  
18 to 30oC, vacuum packed 
Storage: 
18 to 30oC, under dry nitrogen 

3 x slides with 8 microarrays each of 
~60k oligonucleotide probes 

Box 9  

Component Shipping and Storage Contents 

CD: 
 

Shipping:  
18 to 30oC 
Storage: 
18 to 30oC 

Analysis Software 
XML pattern file 

 

B.2.1 Important points 

 All fridges, freezers, thermocyclers, hot blocks and hybridisation ovens should be 
monitored and calibrated regularly so that they achieve the correct temperature. 

 The general laboratory temperature should be within 18 to 25oC. 

 Pipettes should be regularly calibrated and checked that the correct volume is being 
dispensed as recommended by the manufacturer.  

 Centrifuges should be calibrated and serviced on a regular basis as recommended by 
the manufacturer.  

 All reagents and consumables should only be used within their expiration date.  

 Ensure clear and correct labelling of all tubes and columns during processing and for 
storage with permanent pen or appropriate labels in order to prevent sample mix up 
or labels coming off during storage. 

 All tube transfers and labelling should be checked by a second operator to avoid 
sample mix up. Distractions in the laboratory should be minimised.  

 Sample tracking is essential in order to minimise the risk of sample mix up. The use of 
barcodes and sample tracking software is recommended.  

 Staff following this protocol should be fully trained prior to using clinical samples. 

 Make sure that the kit box is intact and undamaged, and that reagents have not 
leaked. Do not use a kit that has been damaged. 

 When using a pipette, ensure that it is set to the correct volume, and that liquid is 
carefully and completely aspirated and dispensed. 

 Unless otherwise indicated, all steps of this protocol, including centrifugation steps, 
should be carried out at room temperature (15–25°C). 

 Because of the sensitivity of nucleic acid amplification technologies, the following 
precautions are necessary when handling samples to avoid cross-contamination: 

- Carefully pipette the sample into the spin column without moistening the rim 
of the column. 

- Always change pipette tips between liquid transfers. Use aerosol-barrier 
pipette tips. 

- Avoid touching the spin column membrane with the pipette tip. 
- After vortexing or heating a microcentrifuge tube, briefly centrifuge it to 

remove drops from the inside of the lid. 
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- Wear gloves throughout the entire procedure. In case of contact between 
gloves and sample, change gloves immediately. 

- Close the spin column before placing it in the microcentrifuge. 
- Open only one spin column at a time, and take care to avoid generating 

aerosols. 
 

B.2.2 Safety 

Handling of the CytoSure Affirm™ system should be carried out by trained clinical laboratory 
staff in accordance with good laboratory practice, using the correct protective equipment such 
as laboratory coats, safety glasses and gloves. Any chemicals used are potentially hazardous. 
Please refer to the MSDS for specific information.  

 

B.3 Equipment and reagents required 

Required (not supplied) 

Equipment 

 ≤ –70°C freezer 

 –15 to –25°C freezer  

 2 to 8°C fridge  

 Ice machine 

 Agilent SureHyb™ Hybridisation oven Cat. No. G2545A with rotisserie Cat. No. G2530-
60029 

 Agilent microarray scanner G2505C with ozone control (e.g. SciGene Nozone) 

 Clinical centrifuge  

 Microcentrifuge up to 20,000 x g (RCF) 

 Vacuum concentrator for 1.5 ml tubes (e.g. SpeedVac)  

 Vortexer 

 Thermal PCR cycler (e.g. Agilent SureCycler™ 8800 Thermal Cycler or equivalent) with 
heated lid and 1-2oC/s ramping rate 

 Qubit® 2.0 fluorometer (Life Technologies Cat. No. Q32866) 

 NanoDrop spectrophotometer 

 Magnetic stirrer 

 Water bath for 50 ml tubes at 60°C  

 Hot block for 2 ml tubes at 56°C 

 Hot block for 1.5 ml tubes at 37°C 

 Vacuum pump capable of producing a vacuum of –800 to –900 mbar 

 QIAvac 24 Plus vacuum manifold (Qiagen Cat. No 19413) 

 QIAvac Connecting System or equivalent (Qiagen Cat. No 19419) 

 Magnetic rack for bead separation e.g. DynaMag-2 Magnet (Invitrogen cat. No 
12321D) 

 Pipette controller 

 Adjustable pipettes 

 Ice bucket 

 Three 500 ml glass dishes (Wheaton) 

 Glass rack for slides 

 Agilent scanner cassettes 

 Hybridization Chamber, Stainless (OGT Cat. No 500018) 

 Magnetic flea 
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Consumables 

 1.5 ml DNA LoBind® tubes (Eppendorf cat. no. 022431021 or equivalent) 

 0.2 ml PCR 8-tube strips, RNAse/DNAse-free (VWR Cat. No. 732-0545 or equivalent) 

 2 ml or 5 ml microcentrifuge tubes  

 5 ml or 2 ml cryotubes  

 Qubit assay tubes (Life Technologies Cat. No. Q32856) or Axygen PCR-05-C tubes 
(VWR, part No. 10011-830) 

 50 ml sterile tubes 

 Filtered sterile pipette tips 

 25ml/10ml/5ml pipettes 

 Durable, freeze-proof microcentrifuge labels (e.g. Tough-Tags)  

 8x Gasket slides (OGT Cat. No. 500010) 

 Blood collection and Vacutainer consumables compatible with Streck Cell-Free DNA 
BCT 

 Agencourt AMPure™ XP magnetic beads (Beckman Coulter Genomics cat. no. A63880, 
A63881, A63882)  

 96–100% Ethanol, molecular biology grade (Sigma-Aldrich Cat. No. E7023 or 
equivalent)  

 Isopropanol ≥99.5% (Sigma-Aldrich Cat. No. I9516 or equivalent)  

 Phosphate buffered saline (diluted from 10x, Sigma-Aldrich Cat. No. P5493 or 
equivalent)  

 Molecular Biology Grade water (Sigma Aldrich Cat. No. W4502-1L or equivalent) 

 Array CGH Wash 1 and Wash 2 (OGT cat. No. 500015) 

 Recommended for washing dishes: Acetonitrile, biotech. grade ≥ 99.9% (Sigma-Aldrich 
Cat. No. 494445 or equivalent) 

Reagents 

 QIAamp Circulating Nucleic Acid Kit, 50 preps (Qiagen Cat. No 55114) 

 Qubit ssDNA  Assay Kit (Life Technologies Cat. No. Q10212) 

 Human Cot I DNA (1 mg/mL)  

 Agilent Oligo aCGH Hybridization kit (OGT 500014) 
Other 

 Agilent Feature Extraction software (10.7.3.1) 

 

B.3.1 Data analysis software 

Data generated by the NGS library prep kit should only be analysed using OGT’s NIPT analysis 
software. Please contact OGT for more details. 

 

B.4 Blood collection 

Reagents (supplied) 

Component Shipping and 
Storage 

Contents 

Box 1: 
Streck tubes 
 

Shipping:  
15 to 30oC 
Storage: 
15 to 30oC 

42 x Streck tubes (21 x 2) 
Barcodes 
Instruction 
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B.4.1 Equipment and reagents to be supplied by the user 

 Blood collection and vacutainer consumables compatible with Streck Cell-free DNA 
BCT 

 

B.4.2 Important information before beginning blood sampling 

B.4.2.1 Precautions 

 Check that all reagents and consumables, including the blood collection tubes, are 
within their expiration date. 

 The blood withdrawal is to be carried out by a trained professional according to CLSI 
H3-A61. 

 Blood should be drawn directly using the Vacutainer system, and not via a syringe.  

 Prevention of backflow: Since Cell-Free DNA BCT contains chemical additives, it is 
important to avoid possible backflow from the tube. To guard against backflow, keep 
the donor’s arm in the downward position during the collection procedure, hold the 
tube with the stopper in the uppermost position so that the tube contents do not 
touch the stopper or the end of the needle during sample collection, and release 
tourniquet once blood starts to flow in the tube, or within 2 min of application. 

 Care must be taken to prevent haemolysis of the sample. 

 Do not use a BCT if there is cloudiness or precipitate visible inside the tube.  

 If indications of product deterioration occur, contact Streck Technical Services at 800-
843-0912 or technicalservices@streck.com or www.ogt.com  

 Keep Streck BCT at room temperature at all times, before and after blood collection 
(15-30oC).  

 Do not freeze or refrigerate filled or unfilled BCT. Proper insulation is required for 
shipment during extreme temperature conditions. 

 It is recommended that rooms where samples are to be processed are temperature 
controlled and monitored to avoid extremes of temperatures. 

 It is recommended that all equipment (pipettes and centrifuges) used in the protocol is 
regularly serviced and well maintained. 

 Use only Cell-Free DNA BCT (Streck) tubes for blood collection. No other tubes should 
be used. 

 Product is intended for use as supplied. Do not dilute or add other components to Cell-
Free DNA BCT. 

 Overfilling or underfilling of tubes will result in an incorrect blood-to-additive ratio and 
may lead to incorrect analytic results or poor product performance. 

 Do not use tubes for collection of materials to be injected into patients. 

 Do not allow samples to go below 10C as maternal cell lysis will reduce the foetal 
fraction.  

 IMPORTANT: Blood samples need to be double spun down within 48 hours of 
collection. Prolonged storage of sample can result in reduced foetal fraction which 
could give an incorrect result. Arrangements should be in place for samples to be 
centrifuged before blood draw. 

                                                           
1
 Clinical and Laboratory Standards Institute. H3-A6, Procedures for the Collection of Diagnostic 

Blood Specimens by Venipuncture; Approved Standard-Sixth Edition. 

mailto:technicalservices@streck.com
http://www.ogt.com/
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B.4.2.2 Safety 

 Glass has the potential for breakage; precautionary measures should be taken during 
handling. All biological specimens and materials coming in contact with them are 
considered biohazards and should be treated as if capable of transmitting infection. 
Dispose of in accordance with federal, state and local regulations. Avoid contact with 
skin and mucous membranes. 

 Appropriate PPE must be worn and good laboratory practice should be followed at all 
times. 

 Product should be disposed with infectious medical waste. 

 Remove and reinsert stopper by either gently rocking the stopper from side to side or 
by grasping with a simultaneous twisting and pulling action. A “thumb roll” procedure 
for stopper removal is not recommended, as tube breakage and injury may result. 

 MSDS can be obtained at www.streck.com, by calling 800-843-0912 or www.ogt.com 

 

B.4.3 Detailed Protocol 

1. At time of collection all of the following information must be recorded:  

 Name and address of collection centre 

 Donor identification 

 Maternal age 

 Gestational age 

 Maternal weight (measured) 

 Maternal height 

 Date of collection 

 Time of collection 

 Identifier of phlebotomist 

2. Clearly label the Streck tubes with a sample identifier (e.g. barcode sticker) which also 
corresponds to any data input forms [checking point].  

3. Collect specimen by venepuncture according to CLSI H3-A662. 

4. Collect 10 ml of blood using the vacutainer into each Streck Cell-Free DNA BCT (Box 1). Use 
two BCT per donor. 

5. Remove tube from adapter and immediately mix by gentle inversion 8 to 10 times. 
Inadequate or delayed mixing may result in inaccurate test results. One inversion is a 
complete turn of the wrist, 180 degrees, and back per the figure below: 

 

 

6. Proceed with plasma isolation from whole blood. 

                                                           
2
 Clinical and Laboratory Standards Institute. H3-A6, Procedures for the Collection of Diagnostic 

Blood Specimens by Venipuncture; Approved Standard-Sixth Edition. 

http://www.ogt.com/
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7. Samples should be stored still and upright at 15–30oC for up to 48 hours before spinning 

(including transit time). Do not allow samples to go below 10C as maternal cell lysis will 
reduce the foetal fraction. Do not keep blood samples in the fridge or freezer. 

Note: If the blood is to be shipped for processing, package the tube in and ship at room 
temperature. The blood needs to be double spun within 48 hours of sampling. 

 

B.5 Blood processing 

B.5.1 Equipment and reagents to be supplied by the user 

 Microcentrifuge up to 16,000 x g (RCF) 

 Clinical centrifuge for spinning BCT 

 NanoDrop™ spectrophotometer 

 ≤ –70°C freezer 

 Adjustable pipettes 

 Filtered sterile pipette tips 

 2 ml or 5 ml microcentrifuge tubes for second spin 

 5 ml or 2 ml cryotubes for plasma storage 

 

B.5.2 Important information before beginning Blood processing 

B.5.2.1 Precautions: 

 Check that reagents and consumables are within their expiration date. 

 IMPORTANT: There is no stopping point until the end of the section 6.3.1. Do not start 
blood processing if both spins cannot be carried out. 

 IMPORTANT: Blood samples need to be double spun down within 48 hours of blood 
draw.  

 Allow 45 min to process eight BCT.  

 Plasma should not be frozen and thawed more than twice. 

 Good laboratory practice should be followed. 

 A dedicated work environment for plasma extraction is recommended to avoid risk of 
contamination.  

 Plasma extractions must be carried out in a Class II facility by an appropriately trained 
professional. 

 Product should be disposed with infectious medical waste. 

 

B.5.3 Detailed protocol 

1. Check that the following information has been recorded for each sample in the data 
collection form: 

 Name and address of collection centre 

 Donor identification 

 Maternal age 

 Gestational age 
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 Maternal weight (measured) 

 Maternal height 

 Date of collection 

 Time of collection 

 Identifier of phlebotomist 

2. For each sample: 

 Confirm that the sample is in a Streck BCT (black and beige mottled lid) 

 Confirm that the samples were collected within 48 hours 

 Confirm that the blood in the tube has not coagulated 

 Check that the tubes contain more than 8 mL blood 

 Check that the sample identifier on the tube and data sheet match 

3. During the blood processing, record the following information on the sample log: 

 Identifier of lab technician 

 Identifier of checker 

 Time and date of spin 1 

 Time and date of spin 2 

 Time and date of storage in ≤ -70oC 

4. Spin 1: Spin the samples in the Streck collection tubes at 1,600 x g (RCF) for 20 min at 
room temperature, ensuring that the centrifuge is correctly balanced. 

5. Prepare a set of 3 x 2 ml tubes (or 1 x 5 ml tube) for every Streck tube being processed, 
and clearly label them with the sample number.  

6. Carefully collect the plasma layer into the prepared labelled tubes without disturbing 
the buffy coat [transfer check]. 

7. Proceed to Spin 2 immediately (within 1 hr of Spin 1) 

8. Spin 2: Centrifuge at room temperature 16,000 x g (RCF) for 10 min, ensuring that the 
centrifuge is correctly balanced, to remove residual cells.  

Note: It is extremely important that the buffy coat layer is not disturbed and that the 
plasma is spun for a second time at higher speed to remove remaining cellular matter. 

9. Carefully collect the plasma supernatant and recombine into a set of clearly labelled  
3 x 2 ml cryotubes (or 1 x 5 ml cryotube) [transfer check]. 

 

B.5.3.1 Plasma QC 

Measure the absorbance of the plasma at 414nm using a Nanodrop:  

1. Clean Nanodrop pedestal well with distilled water. 

2. Select UV-vis settings and measurements at 414nm. 

3. Blank the spectrophotometer with water. 

4. Measure each sample separately by pipetting ~2 μl plasma onto the pedestal and 
cleaning with a lint-free tissue in between measurements. Use a clean pipette tip each 
time. 

5. Record each measurement ensuring no sample mix up [checking point]. 

6. When the measurements are done, wipe the NanoDrop pedestal with 70% ethanol 
and then water. 

QC point 1: If the OD at 414nm exceeds 0.25 then do not proceed, as the sample is 
haemolysed. A new sample will be required. 
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7. If not processed immediately, store plasma samples at or below –70oC straight away 
(within 1 hr of Spin 2) until further use. If the samples are to be transported, they 
should be shipped on dry ice. 

B.6 DNA extraction 

In this step the DNA is extracted from the plasma using the QIAamp Circulating Nucleic Acid Kit 
(Qiagen). 

B.6.1 Reagents and Equipment required but not supplied 
 QIAamp Circulating Nucleic Acid Kit 55114 (50 preps) 

Contents 
QIAGENMini columns 50 

Tube Extenders (20 ml) 2 x 25 

Collection Tubes (2.0 ml) 50 

Elution Tubes (1.5 ml) 50 

VacConnectors 50 

Buffer ACL 220 ml 

Buffer ACB (concentrate) 300 ml 

Buffer ACW1 (concentrate) 19 ml 

Buffer ACW2 (concentrate) 13 ml 

Buffer AVE (purple caps) 5 x 2 ml 

QIAGEN Proteinase K 4 x 7 ml 

Carrier RNA (red caps) 310 μg 

Handbook 1 

 Vacuum pump capable of producing a vacuum of –800 to –900 mbar 

 QIAvac 24 Plus vacuum manifold (Qiagen Cat. No. 19413) 

 QIAvac Connecting System or equivalent (Qiagen Cat. No. 19419) 

 Vortexer 

 Hot block for 2 ml tubes at 56°C 

 Ethanol (96–100%) 

 Isopropanol (100%) 

 Molecular Biology Grade water (Sigma Aldrich cat. no. W4502-1L or equivalent) 

 Phosphate buffered saline 

 25 ml / 10 ml / 5 ml pipettes 

 Water bath/heating block for 50 ml tubes at 60oC 

 Microcentrifuge  

 Vacuum concentrator for 1.5 ml tubes 

 Qubit 2.0 fluorometer (Life Technologies Cat. No. Q32866) 

 Qubit ssDNA  Assay Kit:  Life Technologies Cat. No. Q10212 
Contents 

Material Amount Concentration 

Qubit ssDNA Reagent 
(Component A) 

250 μl or 1.25 ml 200x concentration 
in DMSO 

Qubit ssDNA Buffer 
(Component B) 

50 ml or 250 ml N/A 

Qubit ssDNA HS Standard #1 
(Component C) 

1 ml or 5 ml 0 ng/µl in TE buffer 

Qubit ssDNA HS Standard #2 
(Component D) 

1 ml or 5 ml 10 ng/µl in TE buffer 
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B.6.2 Storage  

Qubit reagents 
 Component A should be stored at room temperature (18–25C), desiccated and 

protected from light. 

 Component B should be stored at room temperature (18–25C). 

 Components C and D should be stored at 2–8C. 

 When stored as directed, kits are stable for six months. 

QIAmp reagents 
 QIAamp Mini columns should be stored at 2–8°C upon arrival and are stable for at 

least one year after delivery.  

 All buffers can be stored at room temperature (18–25°C) for up to one year.  

 Lyophilized carrier RNA can be stored at room temperature (18–25°C).  

 Carrier RNA can only be dissolved in Buffer AVE; dissolved carrier RNA should be 
immediately added to Buffer ACL as described in section 7.4 or in the manufacturer’s 
handbook. This solution should be prepared fresh, and is stable at 2–8°C for up to  
48 hours. Unused portions of carrier RNA dissolved in Buffer AVE should be frozen in 
aliquots at –15 to –30°C.  

 The QIAamp Circulating Nucleic Acid Kit contains a ready-to-use proteinase K solution, 
which is dissolved in a specially formulated storage buffer. The proteinase K is stable 
for up to 1 year after delivery when stored at room temperature (18–25°C). To prolong 
the lifetime of proteinase K, storage at 2–8°C is recommended. 

 

B.6.3 Preparation of the QIAamp reagents  

Buffer ACB 

Before use, add 200 ml isopropanol (100%) to 300 ml buffer ACB concentrate to obtain 500 ml 
Buffer ACB. Mix well after adding isopropanol. 

Buffer ACW1 

Before use, add 25 ml ethanol (96–100%) to 19 ml buffer ACW1 concentrate to obtain 44 ml 
Buffer ACW1. Mix well after adding ethanol. 

Buffer ACW2 

Before use, add 30 ml ethanol (96–100%) to 13 ml buffer ACW2 concentrate to obtain 43 ml. 
Buffer ACW2. Mix well after adding ethanol. 

Adding carrier RNA to Buffer ACL 

Add 1550 μl Buffer AVE to the tube containing 310 μg lyophilized carrier RNA to obtain a 
solution of 0.2 μg/μl. Dissolve the carrier RNA thoroughly, divide it into conveniently sized 
aliquots, and store it at –15 to –30°C. Do not freeze-thaw the aliquots of carrier RNA more 
than three times. 

Note that carrier RNA does not dissolve in Buffer ACL. It must first be dissolved in Buffer AVE 
and then added to Buffer ACL. 

Calculate the volume of Buffer ACL/carrier RNA mix needed per number of samples being 
processed, according to Table B1 below and the manufacturer’s instructions. 

 

Table B1: Volumes of Buffer ACL and carrier RNA (dissolved in Buffer AVE) required for 
processing 5 ml samples. 

No. of samples Buffer ACL (ml) Carrier RNA in Buffer AVE (l) 
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1 4.4 5.6 

2 8.8 11.3 

3 13.2 16.9 

4 17.6 22.5 

5 22.0 28.1 

6 26.4 33.8 

7 30.8 39.4 

8 35.2 45.0 

9 39.6 50.6 

10 44.0 56.3 

11 48.4 61.9 

12 52.8 67.5 

13 57.2 73.1 

14 61.6 78.8 

15 66.0 84.4 

16 70.4 90.0 

17 74.8 95.6 

18 79.2 101.3 

19 83.6 106.9 

20 88.0 112.5 

21 92.4 118.1 

22 96.8 123.8 

23 101.2 129.4 

24 105.6 135.0 

Gently mix by inverting the tube or bottle 10 times. To avoid foaming, do not vortex. 

For further information please consult the manufacturer’s literature. 

 

B.6.4 Important information before beginning   

 Alternative DNA extraction kits must not be used as they may lead to an incorrect 
result. 

 Check that all reagents and consumables are being used within their expiration date. 

 This protocol is for purification of circulating DNA from 5 ml of plasma. 

 All centrifugation steps are carried out at room temperature (18–25°C). 
 Switch off vacuum between steps to ensure that a consistent, even vacuum is applied 

during protocol steps. 

 Equilibrate samples to room temperature. 

 If samples are < 5 ml, bring the volumes up to 5 ml with phosphate-buffered saline. 

 Set up the QIAvac 24 Plus as described in the manufacturer’s handbook. 

 Heat a water bath or heating block to 60°C for use with 50 ml tubes. 

 Heat a heating block to 56°C for use with 2 ml collection tubes. 

 Equilibrate nuclease-free water to room temperature for the elution step. 

 Ensure that Buffer ACB, Buffer ACW1, and Buffer ACW2 have been prepared according 
to the instructions in section 7.3. 

 Add carrier RNA reconstituted in Buffer AVE to Buffer ACL according to instructions in 
section 7.3. 

 We recommend labelling the tubes and the QIAamp Mini columns for use on the 
QIAvac 24 Plus vacuum system according to the scheme in Figure B.2 in order to avoid 
the mix-up of samples.  

 Ensure the centrifuges are balanced. 
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B.6.4.1 Precautions 

 All procedures must only be carried out by appropriately trained professionals. 

 The extraction process has not been validated with the use of the QIACube. 

 It is recommended that rooms where samples are to be processed are temperature 
controlled and monitored to avoid extremes of temperatures. 

 It is recommended that all equipment (pipettes and centrifuges) used in the protocol is 
regularly serviced and well maintained. 

 A dedicated work environment for DNA extraction is recommended to avoid risk of 
contamination.  

 All samples must be labelled clearly to avoid sample mix up. 

 Good laboratory practise should be followed. 

 Plasma should not have been frozen and thawed more than twice.  

 DNA extraction from less than 4 ml plasma may not yield enough DNA for 
amplification. 

 The protocols require a vacuum pump capable of producing a vacuum of –800 to –900 
mbar (e.g. Qiagen, Vacuum Pump). Higher vacuum pressures must be avoided. Use of 
vacuum pressures lower than recommended may reduce nucleic acid yield and purity 
and increase the risk of clogged membranes. 

 

B.6.4.2 Safety 

 Take care to ensure protection from burns when using water baths and hot blocks. 

 When working with chemicals, always wear a suitable lab coat, disposable gloves, and 
protective goggles. For more information, please consult the appropriate material 
safety data sheets (MSDS). These are available online in convenient and compact PDF 
format at www.qiagen.com/Support/MSDS.aspx where you can find, view, and print 
the MSDS for each QIAGEN kit and kit component. 

 Buffer ACL, Buffer ACB, and Buffer ACW1 contain guanidine salts, which can form 
highly reactive compounds when combined with bleach. 

 The following risk and safety phrases apply to components of the QIAamp Circulating 
Nucleic Acid Kit: 
- Buffer ACL and Buffer ACB: Contain Guanidine thiocyanate: harmful. Risk and 

safety phrases: R20/21/22-32, S13-26-36/37/39-46 
- Buffer ACW1: Contains Guanidine hydrochloride: harmful, irritant. Risk and 

safety phrases: R22-36/38, S13-26-36-46 
- QIAGEN Proteinase K: Contains proteinase K: sensitizer, irritant. Risk and safety 

phrases: R36/37/ 38-42/43, S23-24-26-36/37 

 

B.6.5 Detailed Protocol for DNA extraction 

 B.6.5.1 Setup the QIAvac 24 Plus 

 Consult the manufacturer’s handbook. 
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Figure B.2: Setting up the QIAvac 24 Plus with QIAamp Mini columns. 

 

1. Record the time and date of plasma DNA extraction in the sample log sheet. 

2. Connect the QIAvac 24 Plus to a vacuum source. If using the QIAvac Connecting 
System, connect the system to the manifold and vacuum source as described in 
Appendix A of the QIAvac 24 Plus Handbook.  

3. Insert a VacValve (optional) into each luer slot of the QIAvac 24 Plus that is to be used 
Close unused luer slots with luer plugs or close the inserted VacValve.  

4. VacValves should be used if flow rates of samples differ significantly to ensure 
consistent vacuum.  

5. Insert a VacConnector into each VacValve.  

6. Perform this step directly before starting the purification to avoid exposure of 
VacConnectors to potential contaminants in the air.  

7. Place the QIAamp Mini columns into the VacConnectors on the manifold.  

8. Note: Save the collection tube from the blister pack for use in the purification protocol.  

9. Insert a tube extender (20 ml) into each QIAamp Mini column.  

Note: Make sure that the tube extender is firmly inserted into the QIAamp Mini column in 
order to avoid leakage of sample.  

Note: Leave the lid of the QIAamp Mini column open while applying vacuum.  

10. Switch off the vacuum between steps to ensure that a consistent, even vacuum is 
applied during processing. For faster vacuum release, a vacuum regulator should be 
used.  

 

B.6.5.2 DNA extraction 

 Allow 5 ml plasma per sample being tested to equilibrate to room temperature.  

 Heat a water bath or heating block to 60°C for use with 50 ml tubes. 

 Heat a heating block to 56°C for use with 2 ml collection tubes. 

 Prepare buffer ACL with carrier RNA as described in section 7.3 and the 
manufacturer’s handbook for as many samples as necessary. 

1. QIAvac 24 Plus vacuum manifold 

2. Luer slot of the QIAvac 24 Plus (closed 
with luer plug) 

3. VacValve 

4. VacConnector 

5. QIAamp Mini column 

6. Tube Extender 
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1. Clearly and carefully label as many 50 ml tubes as there are samples to be processed. 

2. Pipette 500 μl QIAGEN Proteinase K into each 50 ml centrifuge tube.  

3. Add 5 ml of plasma to each labelled tube [transfer check].  

4. Add 4.0 ml Buffer ACL (containing 1.0 μg carrier RNA). Close the cap and mix by pulse-
vortexing for 30 s. Make sure that a visible vortex forms in the tube. To ensure 
efficient lysis, it is essential that the sample and Buffer ACL are mixed thoroughly to 
yield a homogeneous solution.  

Note: Do not interrupt the procedure at this time. Proceed immediately to step 5 to start 
the lysis incubation.  

5. Incubate at 60°C in a pre-heated water bath for 30 min.  

6. Place the tube back on the lab bench and unscrew the cap.  

7. Add 9 ml Buffer ACB to the lysate in the tube. Close the cap and mix thoroughly by 
pulse-vortexing for 15–30 s.  

8. Incubate the lysate–Buffer ACB mixture in the tube for 5 min on ice.  

9. Insert the QIAamp Mini column into the VacConnector on the QIAvac 24 Plus. Insert a 
20 ml tube extender into the open QIAamp Mini column. Make sure that the tube 
extender is firmly inserted into the QIAamp Mini column in order to avoid leakage of 
sample. 

Note: Keep the collection tube for the dry spin in step 14.  

10. Carefully apply the lysate–Buffer ACB mixture from step 7 into the tube extender of 
the QIAamp Mini column [transfer check]. Switch on the vacuum pump. When all 
lysates have been drawn through the columns completely, switch off the vacuum 
pump and release the pressure to 0 mbar. Carefully remove and discard the tube 
extender.  

Note: To avoid cross-contamination, be careful not to move the tube extenders over 
neighbouring QIAamp Mini Columns.  

11. Apply 600 μl Buffer ACW1 to the QIAamp Mini column. Leave the lid of the column 
open, and switch on the vacuum pump. After all of Buffer ACW1 has been drawn 
through the QIAamp Mini column, switch off the vacuum pump and release the 
pressure to 0 mbar.  

12. Apply 750 μl Buffer ACW2 to the QIAamp Mini column. Leave the lid of the column 
open, and switch on the vacuum pump. After all of Buffer ACW2 has been drawn 
through the QIAamp Mini column, switch off the vacuum pump and release the 
pressure to 0 mbar. 

13. Apply 750 μl of ethanol (96–100%) to the QIAamp Mini column. Leave the lid of the 
column open, and switch on the vacuum pump. After all of ethanol has been drawn 
through the spin column, switch off the vacuum pump and release the pressure to 0 
mbar.  

14. Close the lid of the QIAamp Mini column. Remove it from the vacuum manifold, and 
discard the VacConnector. Place the QIAamp Mini column in a clean 2 ml collection 
tube, and centrifuge at full speed (20,000 x g (RCF); 14,000 rpm) for 3 min.  

15. Place the QIAamp Mini Column into a new 2 ml collection tube. Open the lid, and 
incubate the assembly at 56°C for 10 min to dry the membrane completely.  

16. Place the QIAamp Mini column in a clean, labelled 1.5 ml LoBind tube (not the elution 
tubes provided in the kit) [transfer check] and discard the 2 ml collection tube from 
step 15. Carefully apply 105 μl of nuclease-free water (not the elution buffer AVE 
provided with the kit) to the centre of the QIAamp Mini membrane. Close the lid of the 
column and incubate at room temperature for 3 min.  

IMPORTANT: Ensure that the nuclease-free water is equilibrated to room temperature (15–
25°C).  
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17. Centrifuge the tubes with the columns in a microcentrifuge at full speed (20,000 x g 
(RCF); 14,000 rpm) for 1 min to elute the nucleic acids, ensuring that the centrifuge is 
correctly balanced. The recovered eluate volume will be up to 5 μl less than the elution 
volume applied to the QIAamp Mini column. 

 

After processing samples, clean the QIAvac 24 Plus (see “Cleaning and Decontaminating the 
QIAvac 24 Plus” in the QIAvac 24 Plus Handbook).  

  

B.6.5.3 Quantitation of the extracted DNA using the Qubit ssDNA assay kit 

Precautions 

 Check that all reagents and consumables are within their expiration date. 

 All procedures must only be carried out by appropriately trained professionals. 

 It is recommended that rooms where samples are to be processed are temperature 
controlled and monitored to avoid extremes of temperatures. 

 It is recommended that all equipment used in the protocol is regularly serviced and 
well maintained. 

 Good Laboratory Practise should be followed (i.e. wear PPE and keep work spaces 
clean and tidy). 

 The Qubit assays are designed to be performed at room temperature, as temperature 
fluctuations can influence the accuracy of the assay. To minimize temperature 
fluctuations, store the Qubit ssDNA reagent and the Qubit ssDNA buffer at room 
temperature and insert all assay tubes into the Qubit 2.0 Fluorometer only for as much 
time as it takes for the instrument to measure the fluorescence; the Qubit 2.0 
Fluorometer can raise the temperature of the assay solution significantly, even over a 
period of a few minutes. Do not hold the assay tubes in your hand before reading, as 
this warms the solution and results in a low reading. 

 Calibrating the Qubit 2.0 Fluorometer. For each assay, you have the choice to run a 
new calibration or to use the values from the previous calibration. 

 To allow the Qubit assay to reach optimal fluorescence, incubate the tubes for the 
DNA assays for 2 min after mixing the sample or standard with the working solution. 
After this incubation period, the fluorescence signal is stable for 30 min at room 
temperature.  

 Make sure using the correct Qubit kit is being used (ssDNA). 

Safety 

When working with chemicals, always wear a suitable lab coat, disposable gloves, and 
protective goggles. For more information, please consult the appropriate material safety data 
sheets (MSDS). 

No data are available addressing the mutagenicity or toxicity of the Qubit™ ssDNA HS reagent 
(Component A). This reagent is known to bind nucleic acid and is provided as a solution in 
DMSO. Treat the Qubit ssDNA HS reagent with the same safety precautions as all other 
potential mutagens and dispose of the dye in accordance with local regulations. 

 

B.6.6 Detailed Protocol for DNA measurement 

1. Set up the number of 0.5 ml tubes you will need for standards and samples, and label 
them clearly (label the tube lids, not the sides). The Qubit ssDNA assay requires 2 
standards.  
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Note: Use only thin-wall, clear 0.5 ml PCR tubes. Acceptable tubes include Qubit assay tubes 
(500 tubes, Cat. No. Q32856) or Axygen PCR-05-C tubes (VWR, part no. 10011-830).  

2. Make the Qubit working solution by diluting the Qubit ssDNA HS reagent 1:200 in 
Qubit™ ssDNA buffer.  

Note: Use a clean plastic tube each time you make Qubit™ working solution. Do not mix the 
working solution in a glass container. The final volume in each tube must be 200 μl. Each 
assay tube will require 190 μl of Qubit™ working solution.  

Prepare sufficient Qubit™ working solution to accommodate all standards and 
samples. For example, for 8 samples, prepare enough working solution for the samples 
and 2 standards: ~200 μl per tube in 10 tubes yields 2 ml of working solution (10 μl of 
Qubit™ reagent plus 1,990 μl of Qubit™ buffer). 

3. Preheat a thermocycler to 37C with a heated lid. 

4. In labelled 0.2 ml tubes combine 3 µl sample with 7µl nuclease-free water [transfer 
check]. Flick mix and spin down the contents of the tube. 

5. Place the samples at 37oC under a heated lid and increase the temperature to 95oC. 

Incubate the samples for 7 min at 95C then snap cool on ice for 5 min. 

6. Spin down the contents of the tube. 

7. Load 190 μl of Qubit working solution into each of the labelled assay tubes used for 
standards and samples. 

8. Add 10 μl of each Qubit standard to the appropriate tube and mix by vortexing 2–3 s, 
being careful not to create bubbles. 

Note: Careful pipetting is critical to ensure that exactly 10 μl of each Qubit ssDNA standard is 
added to 190 μl of Qubit working solution. It is also important to label the lid of each 
standard tube correctly as calibration of the Qubit 2.0 Fluorometer requires that the 
standards be introduced to the instrument in the right order. 

9. Add the 10 μl of each of the denatured samples to assay tubes containing the Qubit 
working solution [transfer check] and mix by vortexing for 2-3 s. The final volume in 
each tube should be 200 μl. 

10. Allow all tubes to incubate at room temperature for 2 min. 

11. On the Home Screen of the Qubit 2.0 Fluorometer, press DNA, and then select ssDNA 
as the assay type. The screen will prompt you to choose between reading new 
standards and using the previous calibration.  

12. On the Standards Screen, press Yes to run a new calibration. 

13. Insert the tube containing Standard #1 in the Qubit 2.0 Fluorometer, close the lid, and 
press Read. The reading will take approximately 3 s. 

14. Remove Standard #1. 

15. Insert the tube containing Standard #2 in the Qubit 2.0 Fluorometer, close the lid, and 
press Read. 

16. Remove Standard #2. 

17. Insert a sample tube into the Qubit 2.0 Fluorometer, close the lid, and press Read. 

18. Upon the completion of the measurement, the concentration after dilution will be 
displayed on the screen. Obtain the original concentration by pressing Calculate Stock 
Conc., whereby the volume roller wheel is displayed. Using the roller wheel, select the 
volume of your original sample that you have added to the assay tube (3 μl). When you 
stop scrolling, the Qubit 2.0 Fluorometer calculates the original sample concentration 
based on the measured assay concentration. The units can be chosen by selecting 
them on a roller wheel when pressing the concentration units next to the 
measurement on the screen. Select ng/μl. Record this measurement [checking point]. 

19. To read the next sample, remove the sample from the Qubit 2.0 Fluorometer, insert 
the next sample, and press Read Next Sample. 
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20. Repeat sample readings until all samples have been read and recorded. 

QC check 2: DNA concentration should be 0.5-2.5 ng/μl 

 

B.6.6.2 Sample concentration 

1. Once sample concentration has been measured, dry down the sample completely in a 
vacuum concentrator at 35–40oC.  

2. Add 15 μl of nuclease-free water and resuspend the DNA by pipetting up and down 10 
times. 

3. Vortex for 2 s and spin down the contents of the tubes. 

4. Leave to sit at room temperature for 5 min. 

5. Vortex again for 2 s and spin down the contents of the tubes. 

Stopping point: The sample can be stored –20oC until processing, or proceed immediately to 
the next section. 

 

B.7 DNA amplification 
Reagents (supplied) 

Box 2:  
NIPT amplification 
kit 
 

Shipping:  
Dry ice 
 
Storage: 
–20oC 

Shapes 
Step 1 Buffer  
Step 1 dNTPs  
Step 1 Enzyme 1  
Step 1 Enzyme 2  
Step 1 Enzyme 3  
Step 1 Enzyme 4  
Step 2 Buffer  
Step 2 Adaptor A  
Step 2 Adaptor B  
Step 2 Enzyme  
Step 3 Buffer  
Step 3 Primer 1  
Step 3 Primer 2  
Step 3 dNTPs  
Step 3 Enzyme  
Reference DNA  
Water 

 

T21 Control DNA 

Component Shipping and Storage Contents 

Box 3:  
T21 Control DNA 
 

Shipping:  
Dry ice 
 
Storage: 
–20oC 

T21 Control DNA 

 

B.7.1 Reagents and equipment (not supplied) 

 Agencourt® AMPure® XP magnetic beads  

 Magnetic rack for bead separation  
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 70% ethanol (IMPORTANT: make up fresh: 35 ml 100% ethanol, 15 ml molecular 
biology grade water) 

 Hot block for 1.5 ml tubes set at 37oC 

 Thermocycler with heated lid 

 Microcentrifuge 

 NanoDrop spectrophotometer 

B.7.2 Important information before you start 
 Check that all reagents and consumables are within their expiration date.  

 Reference DNA should be processed alongside the clinical samples (tube with green 
cap ).  

 For each slide, up to seven samples can be processed along with one T21 control DNA 
and 3 reference DNA. This is for the amplification of enough samples to use all 8 
microarrays of one slide (a minimum of 6 microarrays have to be hybridised with 
labelled material on each slide). Mastermixes in the protocols that follow are based on 
the processing of seven samples, one control and three references. If more or fewer 
samples are being processed, mastermixes need to be re-calculated. Please refer to 
the table below regarding processing of different numbers of samples. 

 

No. of clinical 
samples 

being 
processed 

No. of 
positive 
controls 
required 

No. of 
reference 
reactions 

required in 
Steps 1 and 2 

No. of 
reference 
reactions 

required in 
Step 3 

No. of 
reference 
reactions 

required in 
labelling 

No. of 
arrays 

required 

No.of 
slides 

required 

1* 1 1 2 2 2 N/A 

2* 1 2 4 3 3 N/A 

3* 1 2 4 4 4 N/A 

4* 1 2 4 5 5 N/A 

5 1 3 6 6 6 1 

6 1 3 6 7 7 1 

7 1 3 6 8 8 1 

8* 2 4 8 10 10 > 1 

9* 2 4 8 11 11 > 1 

10 2 5 10 12 12 2 

11 2 5 10 13 13 2 

12 2 5 10 14 14 2 

13 2 6 12 15 15 2 

14 2 6 12 16 16 2 

15 3 7 14 18 18 3 

16 3 7 14 19 19 3 

17 3 8 16 20 20 3 

18 3 8 16 21 21 3 

19 3 8 16 22 22 3 

20 3 9 18 23 23 3 

21 3 9 18 24 24 3 

*IMPORTANT: For these numbers of samples, not enough microarrays will be filled to fulfil the requirements 
of the slide. Each slide needs to have at least 6 microarrays hybridised with labelled material, i.e. if 12 arrays 
are required, they should be divided equally among 2 slides. If the highlighted numbers of samples need to 
be processed, more arrays will need to be hybridised with labelled material to make up the numbers. In this 
case duplicates of samples or controls could be run from Step 3 onwards, as well as more reference reactions 
to make up the numbers of hybridisations. 
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 Take the Agencourt AMPure XP magnetic beads (Beckman Coulter, Inc.) out of the 
fridge at least 30 min before using them. 

 70% ethanol should be made up fresh. 

 Do not keep the enzymes out of the freezer for extended periods of time. 

 

B.7.3 Detailed Protocol 

Amplification consists of the following three steps (Steps 1, 2 and 3): 

Step 1 (reagents with red caps ): 

1. Allow reagents to thaw on ice. Flick mix and spin down. 
2. Clearly label 0.2 ml PCR tubes as follows and add nuclease-free water where needed.  

 

Tube DNA source DNA vol. (μl) Water 

1 Sample 1 15 (from step 7.6.2) - 

2 Sample 2 15 (from step 7.6.2) - 

3 Sample 3 15 (from step 7.6.2) - 

4 Sample 4 15 (from step 7.6.2) - 

5 Sample 5 15 (from step 7.6.2) - 

6 Sample 6 15 (from step 7.6.2) - 

7 Sample 7 15 (from step 7.6.2) - 

8 
T21 Control DNA 25ng/µl 

(Box 3) 
2 13 

9 
Reference DNA 25ng/µl (Box 

2 ) 
2 13 

10 
Reference DNA 25ng/µl (Box 

2 ) 
2 13 

11 
Reference DNA 25ng/µl (Box 

2 ) 
2 13 

 
3. Prepare a mastermix of the following reagents (mix by pipetting): 

Reagent ()  
Vol. per 

reaction (µl) 
x12 Mastermix vol. 

(µl)  

Nuclease-free H2O 17.9 214.8 

Step 1 Buffer 10.0 120.0 

Step 1 dNTP 1.5 18.0 

Step 1 Enzyme 1 0.5 6.0 

Step 1 Enzyme 2 1.0 12.0 

Step 1 Enzyme 3 1.1 13.2 

Step 1 Enzyme 4 3.0 36.0 

Total 35.0 420 

 
4. Aliquot 35 µl of the mastermix into each of the labelled tubes.  
5. Pipette the samples, as well as 2 μl each of the control DNA and reference DNA (made up 

to 15 μl with nuclease-free water) into the corresponding tubes [transfer check]. 
6. Cap the tubes well, flick mix and spin down. 
7. Incubate at 20oC for 30 min in a pre-set thermocycler. 
8. Allow lid to heat and set incubator at 72oC. 
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Note: This is a good time to allow the Step 2 reagents to thaw on ice while Step 1 is being 
carried out. Also take the Agencourt AMPure XP magnetic beads out of the fridge to reach 
room temperature. 

9. Incubate the samples at 72oC for 30 min with the heated lid on. 
10. Immediately place on ice or ice-cold block for 5 min. 
11. Short-spin the tubes. 
12. Allow Step 2 reagents to thaw on ice while Step 1 is being carried out. 
 

Step 2 (reagents with blue caps ): 

1. Allow the Step 2 reagents to thaw on ice while Step 1 is being carried out.  
2. Flick mix reagents and spin down. 
3. Prepare a mastermix of the following reagents (mix by pipetting): 

Reagent () 
Vol. per 

reaction (µl) 
x12 Mastermix vol. 

(µl)  

Step 2 Buffer 1 12 

Step 2 Adaptor A 1 12 

Step 2 Adaptor B 1 12 

Step 2 Enzyme  2 24 

Total 5 60 

 

4. Add 5 µl of the mastermix to each strip tube (total 55 µl), flick-mix and short spin down. 
5. Incubate at 20oC for 15 min. 
6. Clean-up using AMPure XP Agencourt magnetic beads equilibrated to room temperature 

as follows: 
Note: This is a good time to take the Step 3 reagents (excluding the enzymes) out of the 
freezer to allow them to thaw on ice. 

i. Take the Agencourt AMPure XP magnetic beads out of the fridge to reach 
room temperature for at least 30 min.  

ii. Vortex the beads until they appear homogeneous and consistent in colour. 
iii. Add 99 µl beads to 11 clearly labelled LoBind tubes.  
iv. Transfer the 55 µl of each reaction to the tubes with beads in [transfer check], 

mix well by pipetting, and leave to stand at room temperature for 5 min. 
v. Place the tubes on the magnetic rack and leave for 5 min to separate. 

vi. Remove and discard the supernatant. 
vii. Add 500 µl of 70% ethanol while the tubes are still on the magnetic rack and 

leave at room temperature for 1 min. 
viii. Remove and discard the ethanol. 

ix. Repeat the washing steps  for one more wash, ensuring all liquid is removed 
from the tubes. 

x. Place the tubes in a 37°C hot block to dry the beads and evaporate any 
remaining ethanol for ~2 min. Wait until the beads appear dry and matte, but 
do not let the beads over-dry and crack. 

xi. Add 32 µl of nuclease-free water to the beads and vortex in order to 
resuspend the dry beads in the water. Briefly spin down at low speed (<200 x g 
(RCF)), without letting the beads pellet, and leave at room temperature for 2 
min. 

xii. Place the tubes on the magnetic rack and leave for 3 min to separate. 
xiii. Remove eluted DNA as in the steps below.  
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xiv. Carefully remove supernatant (~30 µl eluted DNA) from each sample and 
control and transfer each into a clean, clearly labelled 1.5 ml LoBind tube. 
Carefully remove supernatant (~30 µl eluted DNA) from reference and pool 
into one labelled 1.5 ml LoBind tube [transfer check].  

xv. Continue immediately with Step 3. 
 

Step 3 (reagents with yellow caps ): 

1. Allow the Step 3 reagents to thaw on ice. 

2. Flick mix and spin down the reagents. 

3. Prepare a mastermix of the following reagents (mix by pipetting):  

Reagent () 
Vol. per reaction 

(µl) 
x15 Mastermix vol. 

(µl) 

Nuclease-free H2O 24.75 371.25 

Step 3 Buffer 5.0 75.0 

Step 3 Primer 2.0 30.0 

Step 3 dNTP 1.25 18.75 

Step 3 Enzyme 2.0 30.0 

Total 35.0 525.0 

 
4. Prepare 14 0.2 ml PCR tubes, 8 of which are to be labelled with sample number or control, 

and 6 are for reference DNA. 
5. Add 35 µl of the mastermix into each of the 14 PCR tubes. 
6. Add 15 µl of each sample and the control from Step 2 into the correctly labelled PCR tube 

[transfer check]. Store the remaining samples at –20oC. 
7. Add 15 µl of reference DNA from Step 2 into each of the 6 allocated tubes. Each tube 

should now contain 50 µl. 
8. Set up the thermocycler with the following protocol, making sure that the ramping rate is 

set to standard (1-2oC/s).    

Temperature Time 

One cycle 

98oC 3 min 

15 cycles — Standard ramping 

98oC 30 s 

65oC 30 s 

One cycle 

4oC hold 

Stopping point: If it is not possible to proceed with sample clean-up immediately after cycling, 
they can be left overnight in the thermocycler at 4oC. If so, proceed with clean-up and labelling 
the morning after. Alternatively samples can be stored at –20oC until further processing (e.g. 
over a weekend). 

 
9.  Clean-up using AMPure XP Agencourt magnetic beads as follows:  
i. Ensure the beads are equilibrated to room temperature and vortex until they appear 

homogeneous and consistent in colour.  
ii. Add 90 µl beads to 14 clearly labelled LoBind tubes.  
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iii. Add the 50 µl PCR reactions to the beads in the correct tubes [transfer check], mix well 
by pipetting, and leave to stand at room temperature for 5 min. 

iv. Place the tubes on the magnetic rack and leave for 5 min to separate. 
v. Remove and discard the supernatant. 

vi. Add 500 µl of 70% ethanol while the tubes are still on the magnetic rack and leave at 
room temperature for 1 minute. 

vii. Remove and discard the ethanol. 
viii. Repeat the washing steps for one more wash, making sure that all ethanol is removed. 

ix. Place the tubes in a 37°C hot block to dry the beads and evaporate any remaining 
ethanol for ~2 min. Wait until the beads appear dry and matte, but do not let the 
beads over-dry and crack.  

x. Add 32 µl of nuclease-free water to the beads and vortex briefly in order to resuspend 
the dry beads in the water. Briefly spin down at low speed (<200 x g (RCF)), without 
letting the beads pellet, and leave to sit at room temperature for 2 min. 

xi. Place the tubes on the magnetic rack and leave for 3 min to separate. 
xii. Carefully remove eluted DNA supernatant (~30 µl eluted DNA) from each sample, the 

control and the references and transfer each into a clean, clearly labelled 1.5 ml LoBind 
tube [transfer check].  

 
10. Measure the concentration of all the purified PCR products on a NanoDrop UV 
Spectrometer (DNA-50 settings). It is recommended that 1.5 µl of material is used to 
measure the absorbance at 230, 260 and 280 nm. If all reference samples pass QC 
(concentration: 40–125 ng/µl, 260/280: 1.7-2.2, 260/230: 1.9-2.8), pool them into one 
tube and measure the pooled reference concentration.  

 

QC check 3: Concentrations should be in the range 40–125 ng/µl and absorbance ratios 
should be 260/280: 1.7-2.2 and 260/230: 1.9-2.8. If the readings fall outside this range, do 
not proceed with these samples. 

 

11.  Proceed with DNA labelling and hybridisation. 
 

B.8 DNA labelling  

Reagents supplied 

Component Shipping and Storage Contents 

Box 4 and 5 
(identical): CytoSure 
labelling kits 
 

Shipping:  
Dry ice 
 
Storage: 
–20oC 

Random Primers 
Reaction Buffer 
Labelling Mix 
Cy3-dCTP 
Cy5-dCTP 

Exo-Free Klenow 
Water 
Control DNA 

 

Component Shipping and Storage Contents 

Box 6 and 7 
(identical): 
CytoSure columns 
 

Shipping:  
18 to 30oC 
Storage: 
18 to 30oC 

CytoSure Spin Columns 
Tubes 
Caps 
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B.8.1 Reagents and equipment (not supplied) 

 Thermocycler with heated lid 

 Microcentrifuge 

 NanoDrop spectrophotometer 

 Vacuum concentrator (Speedvac) 
 

B.8.2 Important information before you start 

 Check that all reagents and consumables are within their expiration date. 

 Each sample and control DNA is labelled with Cy3, and each reference is labelled 
with Cy5. For every sample and control reaction, one reference reaction should be 
prepared at the same time.  

 Cy dyes are sensitive to light. Exclude light from the Cy dyes and during 
incubations. 

 There is no stopping point. The labelling up to the setting up of the hybridisation 
(section 10) should be carried out in one day. 

 

B.8.3 Safety 

 Cy dyes are hazardous. Please consult the MSDS. 
 

B.8.4 Detailed protocol 

B.8.4.1 DNA labelling 

1. Allow labelling reagents (Box 4 or 5) to thaw on ice. 

2. Flick mix reagents and spin down 

3. Prepare the 8 samples and 8 references, by adding 1 µg DNA of each in clearly labelled PCR 
tubes and topping with water up to 18 μl [transfer check]. Calculate volumes required for  

1 μg using the NanoDrop concentrations after Step 3. Store the remaining sample at –20C.  

Note: If the volume required for 1 µg is >18 µl, dry down the PCR product for 5 min in a 
vacuum concentrator at 40oC and then measure the concentration again on a NanoDrop. 

Set up PCR strip tubes tubes for the labelling as follows: 

Tube DNA Water 

1 1 µg Sample 1 To 18 μl 

2 1 µg Sample 2 To 18 μl 

3 1 µg Sample 3 To 18 μl 

4 1 µg Sample 4 To 18 μl 

5 1 µg Sample 5 To 18 μl 

6 1 µg Sample 6 To 18 μl 

7 1 µg Sample 7 To 18 μl 

8 1 µg Control DNA To 18 μl 

9 1 µg Pooled Reference DNA To 18 μl 

10 1 µg Pooled Reference DNA To 18 μl 

11 1 µg Pooled Reference DNA To 18 μl 

12 1 µg Pooled Reference DNA To 18 μl 

13 1 µg Pooled Reference DNA To 18 μl 

14 1 µg Pooled Reference DNA To 18 μl 

15 1 µg Pooled Reference DNA To 18 μl 

16 1 µg Pooled Reference DNA To 18 μl 
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4. Prepare a mastermix of the following reagents (mix by pipetting):  

 Vol. per reaction 
(μL) 

x17 Mastermix vol. 
(μL) 

Random primer  10 170 

Reaction buffer 10 170 

Total 20 340 

5. Add 20 μl of mastermix in each tube (38 μl total), flick mix and short spin. 

6. Denature in a PCR block with a heated lid at 95C for 3 min 
7. Immediately place on ice for 5 min. 
8. Shortly spin down. 
9. Prepare a Cy3 and a Cy5 mastermix of the following reagents, taking care to protect from 
light: 

 Vol per Cy3 
reaction (µl) 

Vol per Cy5 
reaction (µl) 

x9 Cy3 mastermix 
(µl) 

x9 Cy5 mastermix 
(µl) 

Nucleotide mix  10 10 90 90 

Cy3-dCTP  1 – 9 – 

Cy5-dCTP – 1 – 9 

Klenow 1 1 9 9 

Total 12 12 108 108 

10. Add 12 μl of Cy3 mastermix (red colour) into each of the tubes containing the sample and 
control reactions (tubes 1–8 in table above), and add 12 μl of Cy5 mastermix (blue colour) into 
each of the tubes containing the reference reactions (tubes 9–16 in table above) [transfer 
check]. 

11. Incubate at 37C for 2 h. 

12. Incubate at 65C for 10 min. 
13. Place on ice for 5 min. 
14. Briefly spin the contents of the tubes down. 
 

B.8.4.2 Purifying the labelled DNA 

1. Vortex 16 purification columns (Box 6 or 7), slightly unscrew the lids, snap the bottom 
and place into collection tubes. 

2. Centrifuge for 1 min at 2,000 x g (RCF). 
3. Discard the collection tubes, label the columns and place them in labelled 1.5 ml 

Eppendorf tubes. 
4. Transfer each labelled sample and reference (50 μl) in the corresponding column 
5. Centrifuge for 1 min at 2,000 x g (RCF). 
6. Discard the columns. 
7. Measure the labelling efficiency using the NanoDrop spectrophotometer, taking care 

to protect the samples from light as much as possible. Use the DNA33 program. It is 
recommended that 1.5 µl of material is used to measure the absorbance at 260 nm, 
550 nm and 650 nm for ssDNA. Measure the concentration and labelling efficiency of 
all 8 samples and 8 references. 

 
QC check 4: The DNA concentrations should be 150–300 ng/μl and the dye concentrations 
should be 5–12 pmol/μl.  
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8. If the NanoDrop readings of the 8 reference reactions pass QC, pool the reactions 
together and measure the pool on the NanoDrop again using the settings described 
above. 

9. Measure the volume of the pooled reference and divide equally (~44-46 μl) into the 8 
tubes containing the Cy3-labelled samples (including the control).  

10. Completely dry down the 8 sample/reference mixes in a SpeedVac at 40-50C in the 
dark for ~40 min. If not dry continue drying until dry. 

11. Resuspend the dried pellet in 16 µl water by pipetting up and down.  
 

B.9 Hybridisation of microarrays  
Reagents supplied 

Component Shipping and Storage Contents 

Box 7  Shipping:  
18 to 30oC. Vacuum packed. 
 
Storage: 
18 to 30oC. Under dry Nitrogen. 

3 x Microarray Slides with 8 arrays 
each of ~60k oligonucleotide 
probes. 

 

B.9.1 Reagents and equipment not supplied 

 8x Gasket slides (OGT Cat. No. 500010) 

 Thermocycler with heated lid 

 Agilent SureHyb hybridisation oven with rotator 

 Agilent SureHyb cassettes (8) 

 Hybridization Chambers, Stainless (OGT Cat. No 500018) 

 Agilent microarray scanner G2505C with Ozone control e.g. SciGene 

 Human Cot-1 (1 mg/ml)  

 Agilent SureHyb 2xHiRPM buffer. Part of Oligo aCGH Hybridization kit (OGT 
500014) 

 Agilent 10x blocking agent. Part of Oligo aCGH Hybridization kit (OGT 500014) 

 

B.9.2 Important information before you begin 

 Check that all reagents and consumables are within their expiration date. 

 Pre-heat a hybridisation oven to 65oC, ensuring the rotation of the rotisserie is 20 
rpm. 

 Ensure the slide is AMADID 59862. This can be seen from the barcode. E.g. 
barcode 255986210174 where the AMADID is 3rd  to 7th  numbers (underlined). 

 Prepare the 10x Blocking Agent by adding 1,350 µl water to the 10x Blocking Agent 
tube and leave at room temperature (18–25oC) for 60 min. This can be stored at  
–20oC for 2 months. 

 Cy dyes are sensitive to light exclude light from tubes with Cy dye and from slides 
with hybridised DNA. 

 The presence of even low amounts of Ozone can have a very detrimental effect on 
slides. Scanner should be subject to Ozone control e.g. the SciGene NoZone Ozone 
scrubber. 

 The slides should be scanned immediately after Wash 2. 

 Do not reuse slides. 

 At least 6 out of the 8 arrays should be filled with labelled material. Less than 6 
filled arrays may result in problems feature extracting. 
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B.9.3 Safety 

 Take care when handling glass. 

 2x HiRPM buffer is harmful. Please consult MSDS and take appropriate 
precautions. 

B.9.4 Detailed protocol 

1. Remove prepared 10x Blocking agent from the freezer and allow to thaw on ice. 
2. Prepare 8 PCR tubes and clearly label with the sample number. 
3. Flick mix Cot-1 and 10x Blocking Agent and spin down. Gently mix 2x HiRPM Hybridisation 
Buffer. 
4. Prepare a hybridisation mastermix of the following reagents. Take extra care pipetting 
because the Hybridization Buffer is very viscous.  

 Vol per 
reaction (µl) 

x10 Mastermix vol (µl) for 8 
sample/ref 

Cot-1 (1 mg/ml) 2.0 20 

Agilent 10x Blocking Agent 4.5 45 

Agilent 2x HiRPM Hybridization Buffer 22.5 225 

Total 29.0 290 

 
5. Vortex the mastermix for 5 s and spin in a microcentrifuge at full speed for 30–60 s. 
6. Carefully transfer 29 µl of the mastermix into each of the 8 labelled tubes. Take care 
pipetting as the liquid is viscous. 
7. Transfer the whole of each labelled sample/reference mixture into the corresponding PCR 
tube [transfer check]. The final volume should be 45 µl. 
8. Flick mix the tubes and briefly spin down the contents. 
9. Place the tubes into a thermocycler with a pre-heated lid and increase the temperature to 
94oC. 
10. Once the cycler reaches temperature, denature the target for 3 min. 
11. Reduce the cycler temperature to 37oC and incubate the tubes for 30 min. 
Note: This is a good time to pre-heat the hybridisation oven to 65oC. 
12. Place a gasket slide in a clamp assembly. 
13. Remove the PCR tubes with the labelled sample mixes from the thermal block, flick mix 
and spin down. 
14. Carefully dispense the whole of each of the labelled hybridisation mixes (45 µl each) onto 
the corresponding chambers of the gasket slide (see below). Record which sample goes in 
which chamber. [transfer check] 
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15. When all of the hybridisation mixes have been transferred onto the chambers, carefully 
place a NIPT slide onto the Gasket slide, with the array side (“Agilent” labelled) facing down 
onto the gasket. Make a note of the slide number. Quickly but carefully place the clamp 
assembly on the slide and tighten the thumbscrew firmly.  
16. Some bubbles should form. These bubbles should be moving. If they are not, tap the 
chamber on the bench until the bubbles are dislodged. 
17. Immediately place the hybridisation chamber in the hybridisation oven.  

18. Hybridise at 65C for ~22 h while rotating the chambers at a speed of 20 rpm.  

 

B.10 Washing and scanning of slides 

B.10.1 Required reagents and equipment (not supplied) 

 Agilent scanner G2505C with Ozone control 

 Agilent scanner cassettes 

 Three glass dishes 

 Glass rack for slides 

 Magnetic stirrer 

 Magnetic flea 

 Array CGH Wash 1 and Wash 2 (OGT 500015) 

 

B.10.2 Important information before you start 

 Check that all reagents and consumables are within their expiration date. 

 It is important to clean the glass dishes thoroughly e.g. using Acetonitrile and then 
wash  
5 times with MilliQ or similar grade water. 

 The Wash 2 must be at 37C. Ensure glass dish and Wash 2 buffer (~500 ml) are 
pre-warmed to this temperature. 

 Always handle the slides with dust-free, colourless gloves. 

 Ensure Array CGH Wash buffers 1 and 2 are used, in the right order. 

 The scanner should be regularly serviced and calibrated. 

 

B.10.3 Detailed protocol 

1. After ~22 h of hybridisation, ensure the scanner lasers are warmed up before washing 
the slide.  

2. Ensure that the dishes have been cleaned since the previous use (e.g. washed with 
Acetonitrile). 

3. Fill two glass dishes with  Array CGH Wash 1 (~500 ml) ; one for disassembly and one 
for first wash, into which a stirring flea should also be placed. 

4. Place the washing dish onto a magnetic stirrer and switch on so that a whirlpool is 
almost being formed in the buffer. Proceed with steps 5-8 as quickly as possible: 

5. Take the chamber out of the oven and quickly check there is hybridisation mix in each 
of the arrays. Disassemble the chamber by unscrewing the thumbscrew on the clamp 
assembly and remove the slide, which will be attached to the gasket. 

6. Immediately place the slide in the disassembly bath, gently prise the gasket slide from 
the slide under the surface of the buffer. Transfer the slide quickly to a slide rack and 
place into the Wash 1 bath on a stirrer, ensuring the slide is fully immersed in the 
buffer. 

7. Stir at room temperature for 5 min.  
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8. Prepare the pre-warmed aCGH Wash buffer 2 and dish with a stirring flea in it. 
9. Remove the rack from Wash 1 and place immediately into the pre-warmed Wash 2 bath 

and stir at the same speed at 37C for 1 min. 
10. After exactly 1 min remove the rack slowly from the buffer to avoid the formation of 

droplets on the slide.  
11. Quickly but carefully insert the slide into an Agilent slide holder, with the array side 

(bar code with “Agilent” face) facing up, i.e. facing the cover of the holder. The non-
barcoded edge should be placed onto the rear ledge of the holder, so that the barcode 
is visible from both sides when the holder is closed.  

12. Close the slide holder cover by gently pressing down on the cover with your thumb 
and pulling it back to lock it in place.  

13. Immediately place the slide holder into an available slot in the scanner and make a 
note of the slot number. 

14. In the Agilent Scan Control software choose the correct slide slot number. 
15. Select the following scanner settings: 

 100% PMT gain with both the green (~532 nm) and red (~633 nm) channels  

 2 µm pixel size  

 16bit TIFF 

 Agilent HD (61 x 21 mm) scan region 

 No XDR 

 aCGH setting 
16. Start scanning immediately. Each slide, takes ~20 min to scan. When the scan is 

finished, a TIFF file of around 1,338,405 KB will be generated, with a name 
corresponding to the slide number. The scanned image can be seen using the Agilent 
Feature Extraction software. 

Note: Each scan affects the dye intensity. It is recommended not scanning a slide more 
than a maximum of three times. 

 

Figure B.3: OGT slide position in scanned image generated by an Agilent scanner 

17. Save the TIFF file to an appropriate electronic folder in a secure location, where the 
feature extraction data may also be saved. 

Wear double gloves and clean all used glass dishes thoroughly (e.g. with acetonitrile and 
deionised distilled water). 

 

B.11 Data analysis 
Component Shipping and Storage Contents 

Box 8:  
CD 
 

Shipping:  
18 to 30oC. 
Storage: 
18 to 30oC. 

OGT Analysis Software. 
XML pattern file. 
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B.11.1 Important information 

 Take care not to load in the wrong .txt file into the software when analysing the results 
i.e. do not associate the .txt file with the wrong sample ID. 

 

B.11.2 Software required (and not supplied) 

 Agilent Feature Extraction software (10.7.3.1). 

 

B.11.3 Feature Extraction 

1. Load the relevant XML file, present on the OGT CD, into the Agilent Feature Extraction 
software. 

2. In the software, select: File  New  Standard Project to begin a new feature extraction. 
3. Add the scanned slide by selecting Edit  Add Extraction Set(s). 
4. Browse and select the relevant TIFF file of the scanned slide, ensuring that the file name 

corresponds to the scanned slide number. 
5. Select protocol name “CGH_107_Sep09”. 
6. Begin feature extraction by clicking the start button or selecting Project  Start 

extracting. 
7. A pop-up box will appear asking if you want to save the changes to the project. Click “Yes” 

and save locally. 
Feature extraction lasts ~30 min and the generated data and reports are saved in the 
electronic folder where the TIFF file was saved 
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Appendix C – ArrayNIPT Quality Control Metrics 
 

C.1 PLASMA SAMPLE QUALITY CONTROL METRICS  
 
Plasma samples with not enough volume for successful cfDNA extraction, i.e. volume <3.7 ml, 
were excluded from analysis. 
 

C.2 ASSAY QUALITY CONTROL METRICS  
 

Successful sample set-up on microarray 

To determine if the sample was successfully set up on the microarray assay, the following 

sample quality metrics are required to fall within the ranges (min – max) below: 

 Qubit ssDNA (ng/μl): 0.5 – 2.5 

 Sample: Nanodrop post PCR (ng/μl): 40 - 125 

 Ref: Nanodrop post PCR (ng/μl): 40 - 125 

 Sample DNA labelling concentration (ng/μl): 150 - 300 

 Sample Cy3 dye labelling concentration (pmol/μl): 5 - 12 

 Ref DNA labelling concentration (ng/μl): 150 - 300 

 Ref Cy5 dye labelling concentration (pmol/μl): 5 – 12 

C.3 MICROARRAY QUALITY CONTROL METRICS  
 

C.3.1. Microarray failure definition 

To determine if the assay has failed or not one needs the following quality metrics related to 
the microarray measurements: 

 IsGoodGrid 

 DerivativeLR_Spread 

 Waviness 

 g_SignalIntensity 

 r_SignalIntensity 

 g_Signal2Noise 

 r_Signal2Noise 

 g_BGNoise 

 r_BGNoise 

 AnyColorPrcntFeatNonUnifOL 

 GRepro 

 rRepro 
 
All metrics with the exception of waviness are computed during the feature extraction of the 
image using the Agilent Feature Extraction software. The waviness is computed by the Triteq 
software. 
 
Each metric corresponds to one number. 
The NIPT assay (microarray) is defined as failed if any of the following conditions are met: 
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 IsGoodGrid < 1 
This condition, on its own, is sufficient to fail an assay 
 

 DerivativeLR_Spread >= 0.3 
This condition, on its own, is sufficient to fail an assay 
 

 waviness >= 0.035 
This condition, on its own, is sufficient to fail an assay 

 g_SignalIntensity <= 500 AND r_SignalIntensity <= 750 
If both conditions are met, the assay is failed 

 (g_Signal2Noise <= 30 AND r_Signal2Noise <= 30) AND (g_BGNoise >= 25 AND 
r_BGNoise >= 35) 

If all 4 conditions are met at the same time, the assay is failed 

 AnyColorPrcntFeatNonUnifOL  >= 1 AND (gRepro >= 0.2 AND rRepro >= 0.2) 
If all 3 conditions are met at the same time, the assay is failed 
 

C.3.2. Determination of selected cut-offs 

The cut-offs used as thresholds for determining the quality of an array using different metrics 
were established using empirical evidence from a collection of 805 NIPT assays produced by 
OGT and collaborators during 2014 and 2015. 
 
All samples were labelled as negative, no-call or positive according to the T21 algorithm and 
compared to their original status label which could be either the original clinical diagnosis or 
the amount of T21 spike in for non-clinical samples. The concordance of both labels, excluding 
the no-call (grey-zone), was used as a training set for inferring the importance of each quality 
metric. This gave the following ranking in order of importance: DerivativeLR_Spread and 
waviness followed by the signal intensity of both channels which in turn was followed by the 
signal to noise and background noise metrics. The lowest ranked metrics were the 
AnyColorPrcntFeatNonUnifOL and the reproducibility metric from both channels. 
 
Next the distributions of the data of the different quality metrics were inspected and 
percentiles were generated for each metric in turn. By inspecting the distributions, the ranking 
from the learning algorithms and the respective percentiles different cut-offs were generated 
for each metric.  
 

Grid placement 

The grid placement QC metric IsGoodGrid is essential for successful feature extraction. If this 
QC metric fails (indicated by a value less than 1) the information contained in the feature 
extracted file is unreliable and needs to be discarded from further analysis.  
Of the data set of 805 assays, 1.74% failed this metric. 
 

DLRS and waviness 

The DerivativeLR_Spread (DLRS) measures the standard deviation of the probe-to-probe 
difference of the log ratios. A large standard deviation indicates more noise in the data and 
suggests that the data is too variable and unreliable. The waviness is similar to the DLRS 
because it represents the average standard deviation observed within each cytoband of each 
chromosome on the array. As for the DLRS, a higher value is indicative of noisier data. The 
complete definition of the waviness metric is available below. 



APPENDICES 

281 
 

The cut-off values used for the DLRS is the one recommended by Agilent and represents the 
85-90th percentile of the distribution. Of the data set of 805 assays, 14.66% failed this metric.    
 

Signal intensities 

Signal intensities are important QC metrics for the successful processing of the array. The 
green and red channel may be influenced by different external conditions (e.g., ozone may 
reduce the red (Cy5) signal more than the green (Cy3) signal).  
The cut-off values used for the green and red signal intensities represents the 5-10th 
percentile of the green channel distribution and 0-5th percentile of the red channel 
distribution. Of the data set of 805 assays, 1.99% failed this metric. 
 

Noise characteristics 

The Signal2Noise metric determines how much the measured signal is distinguishable from the 
background. The higher the Signal2Noise the higher the quality of the signal. The BGNoise 
represents the uniformity of the background signals. A high BGNoise is indicative of a lower 
quality of the signal. 
The cut-off values used where within the 90-95th percentiles for the BGNoise and 5-10th 
percentiles for the Signal2Noise. 
Of the data set of 805 assays, 6.58% failed this metric. 
 

Reproducibility 

The reproducibility metrics consist of AnyColorPrcntFeatNonUnifOL, gRepro and rRepro. The 
AnyColorPrcntFeatNonUnifOL metric is the percentage of features that were identified as 
being outliers in either the green or red channel, and the gRepro and the rRepro consist of 
channel specific (green and red respectively) reproducibility observed at the feature level. High 
values for any of these three metrics is indicative of a poor quality microarray.  
The cut-off values where based on the recommendations of Agilent within the 90-100% 
percentiles for the AnyColorPrcntFeatNonUnifOL and gRepro metric and the 95-100% 
percentile for rRepro. 
Of the data set of 805 assays, 0% failed this metric. 
 

Waviness calculation 

The waviness metric is defined as the mean of all standard deviations observed on smoothed 
data within all bands of all chromosomes. 
For each autosome chromosome, smooth the normalised log2-ratios for all probes mapping to 
that particular chromosome. The smoothing is done by using a rolling weighted mean within a 
window of size 2000000 base-pairs where the weight of each probe is relative to its’ genomic 
position. Next, for each cytoband within the chromosome, compute the standard deviation of 
the smoothed normalised log2-ratios. The final waviness factor is the mean of all cytoband 
standard deviations.  
 
 

 

  



 

 
 

2
8

2
 

Appendix D - OD414, DLR and arrayNIPT results analyses p-values for all samples run on the arrayNIPT Pre-Evaluation Study 
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Appendix E - Full sequences for HLA and ZFX/Y primers, Illumina sequencing primers (p5 / p7) and 
indexes (ID1 - ID15) 

 

 
Fetal identifier sequences 

 
 
 
 

HLABexon3-P5-ID1  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATATCACGACGGGCGCCTCCTCCGCGGG 

HLABexon3-P5-ID2 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATCGATGTACGGGCGCCTCCTCCGCGGG 

HLABexon3-P5-ID3 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATTTAGGCACGGGCGCCTCCTCCGCGGG 

HLABexon3-P5-ID4 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATTGACCAACGGGCGCCTCCTCCGCGGG 

HLABexon3-P5-ID5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATACAGTGACGGGCGCCTCCTCCGCGGG 

HLABexon3-P5-ID6 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATGCCAATACGGGCGCCTCCTCCGCGGG 

HLABexon3-P5-ID7 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATCAGATCACGGGCGCCTCCTCCGCGGG 

HLABexon3-P5-ID8 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATACTTGAACGGGCGCCTCCTCCGCGGG 

HLABexon3-P5-ID9 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATGATCAGACGGGCGCCTCCTCCGCGGG 

HLABexon3-P5-ID10 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATTAGCTTACGGGCGCCTCCTCCGCGGG 

HLABexon3-P5-ID11 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATGGCTACACGGGCGCCTCCTCCGCGGG 

HLABexon3-P5-ID12 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATCTTGTAACGGGCGCCTCCTCCGCGGG 

HLABexon3-P7  CAAGCAGAAGACGGCATACGAGCTCTTCCGATCTTCGTTCAGGGCGATGTAATC 

  
*AT ‘filler sequence’ 
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 ZFXZFY 
 

ZFXZFY-P5-ID1  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATATCACGCAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P5-ID2  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATCGATGTCAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P5-ID3  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATTTAGGCCAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P5-ID4  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATTGACCACAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P5-ID5  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATACAGTGCAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P5-ID6 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATGCCAATCAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P5-ID7  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATCAGATCCAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P5-ID8  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATACTTGACAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P5-ID9  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATGATCAGCAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P5-ID10  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATTAGCTTCAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P5-ID11 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATGGCTACCAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P5-ID12  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATCTTGTACAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P5-ID13 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATAGTCAACAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P5-ID14 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATAGTTCCCAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P5-ID15 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATATGTCACAAGTGCTGGACTCAGATGTAACTG 

ZFXZFY-P7  CAAGCAGAAGACGGCATACGAGCTCTTCCGATCTTGAAGTAATGTCAGAAGCTAAAACATCA 

 

*AT ‘filler sequence’ 
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Appendix F – ArrayNIPT Pre-Evaluation Study Sample 
Demographics 
 

F.1 Before any exclusions  

All samples 
n = 100 min 1st qu median mean 3rd qu max NA 

Gestation (days) 79 89 95 98 103 160 0 

Maternal Weight (kg) 34 58 66 70 78 150 1 

Maternal BMI 15.3 21.8 24.6 25.8 28.3 56.7 5 
 

Maternal Weight (kg) 

 n min 1st qu median mean 3rd qu max NA 

Confirmed Diagnosis 

Normal 80 34 58 66 69 77 107 1 

T21 20 54 60 66 75 83 150 0 

 
F.2 Before excluding haemolysed (OD414 > 0.25) samples and 
after excluding QC fails 

T21s only 
n = 15 min 1st qu median mean 3rd qu max NA 

Gestation (days) 81 89 91 100 101 152 0 

Maternal Weight (kg) 54 61 66 76 85 150 0 

Maternal BMI 18.0 22.8 24.1 28.3 29.0 56.7 0 

Gestation (days) 

 n min 1st qu median mean 3rd qu max NA 

Correct arrayNIPT diagnosis 

No 4 85 90 91 91 92 95 0 

Yes 11 81 89 92 103 108 152 0 
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All samples 
Gestation (days) 

 n min 1st qu median mean 3rd qu max 

Confirmed Diagnosis 

Normal 68 79 89 96 98 103 160 

T21 15 81 89 91 100 101 152 

ArrayNIPT result 

Normal 71 79 90 95 98 103 160 

T21 12 81 88 92 102 108 152 

Correct arrayNIPT diagnosis 

No 5 85 87 91 90 91 95 

Yes 78 79 89 95 99 103 160 

 

 

 

 

Maternal Weight (kg) 

 n min 1st qu median mean 3rd qu max NA 

Confirmed Diagnosis 

Normal 68 45 57 65 68 76 107 1 

T21 15 54 61 66 76 85 150 0 

ArrayNIPT result 

Normal 71 45 57 65 68 77 107 1 

T21 12 55 63 67 78 80 150 0 

Correct arrayNIPT diagnosis 

No 5 54 60 76 72 82 87 0 

Yes 78 45 57 65 70 77 150 1 
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Maternal BMI 

 n min 1st qu median mean 3rd qu max NA 

Confirmed Diagnosis 

Normal 68 18.0 21.7 24.6 25.5 28.1 46.1 4 

T21 15 18.0 22.8 24.1 28.3 29.0 56.7 0 

ArrayNIPT result 

Normal 71 18.0 21.8 24.6 25.4 28.3 46.1 4 

T21 12 18.0 23.1 24.7 29.1 29.3 56.7 0 

Correct arrayNIPT diagnosis 

No 5 22.0 22.5 27.9 26.0 28.4 29.4 0 

Yes 78 18.00 21.7 24.4 26.0 28.4 56.7 4 
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Appendix G - ArrayNIPT Pre-Evaluation Study – Repeats 
and Inter-Operator Variability 
 

G.1. Repeats 

Amplification products from 19 BioBank (14 normal, 5 T21) samples were re-labelled and 

hybridised on the arrayNIPT assay. QC metrics from the original and the repeat assay were 

compared (Table G.2). 

Wilcoxon Paired tests revealed no significant differences between the original and repeat QC 

metrics with the exception of DLR (p = 0.022) (Table G.1, Figure G.1). Spearman’s correlation 

revealed no correlation between the original and repeat QC metrics with the exception of DLR 

that showed a very high positive correlation, rBG that showed a moderate positive correlation 

and gSNR that showed a weak positive correlation (Table G.1, Figure G.2). Intra-class 

correlation (ICC) revealed excellent agreement between original and repeat DLR, but no 

agreement for all other QC metrics (Table G.1, Figure G.3). 

 

Table G.1: Statistical analyses comparing original and repeat QC metrics. 

 Wilcoxon 
test 

Spearman 
Correlation 

Intra-Class Correlation 

QC 
Metric 

p-value p-value rho ICC 95% CI 

DLR 0.022 <0.0001 0.999 0.998 (0.992, 0.999) 

gSNR 0.275 0.031 0.248 0.406 (-0.035, 0.718) 

rSNR 0.798 0.884 0.036 -0.025 (-0.501, 0.438) 

grepr 1 0.523 0.156 -0.119 (-0.576, 0.361) 

rrepr 0.924 0.533 0.153 0.257 (-0.236, 0.635) 

gBG 0.156 0.431 0.191 -0.168 (-0.541, 0.282) 

rBG 0.241 0.022 0.528 0.359 (-0.100, 0.692) 
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Table G.2: QC metrics for original (QCmetric1) and repeat (QCmetric2) runs of the same sample 

  QC metric 

Status Sample DLR1 DLR2 gSNR1 gSNR2 rSNR1 rSNR2 grepr1 grepr2 rrepr1 rrepr2 gBG1 gBG2 rBG1 rBG2 

Normal 11539 0.18 0.16 118.52 61.10 121.67 84.29 0.11 0.06 0.07 0.05 8.14 16.99 19.00 27.29 

Normal 11384 0.20 0.20 84.90 82.34 80.48 88.53 0.06 0.07 0.06 0.05 14.69 12.72 28.96 18.03 

Normal 12458 0.20 0.20 78.10 107.66 79.00 107.74 0.05 0.06 0.05 0.06 11.37 9.18 16.86 18.66 

Normal 13971 0.20 0.20 60.08 79.67 64.70 91.31 0.06 0.07 0.06 0.05 16.00 11.96 31.61 23.80 

Normal 10290 0.21 0.19 58.75 80.60 58.79 85.15 0.07 0.08 0.04 0.08 17.40 12.57 33.95 25.50 

Normal 12562 0.21 0.21 126.00 101.18 101.00 94.69 0.06 0.09 0.05 0.07 10.01 10.91 23.21 21.48 

T21 13629 0.21 0.21 78.40 151.07 68.00 137.88 0.11 0.08 0.09 0.08 11.78 7.57 17.93 14.77 

Normal 9524 0.24 0.24 110.00 94.70 103.00 109.90 0.07 0.06 0.06 0.05 11.66 11.3 17.92 18.80 

Normal 11244 0.24 0.24 116.09 79.42 112.02 96.10 0.07 0.06 0.06 0.04 9.33 14.65 18.80 26.81 

T21 12347 0.24 0.23 109.00 82.83 104.00 85.37 0.10 0.06 0.07 0.05 9.51 11.93 17.69 21.31 

Normal 13325 0.26 0.26 120.00 102.66 115.00 124.21 0.06 0.06 0.04 0.05 10.86 10.95 16.10 17.32 

Normal 11136 0.27 0.25 129.00 101.50 144.00 113.57 0.11 0.06 0.07 0.05 7.79 10.28 14.35 16.88 

Normal 13142 0.27 0.27 82.00 115.00 79.00 118.00 0.06 0.06 0.05 0.05 9.75 10.7 18.66 19.90 

Normal 10041 0.29 0.29 84.00 64.84 97.00 81.35 0.07 0.10 0.07 0.08 11.33 14.06 22.52 26.50 

Normal 9060 0.31 0.31 84.00 72.46 95.00 89.71 0.05 0.08 0.04 0.05 11.23 12.53 22.01 25.46 

T21 13637 0.32 0.31 85.00 62.50 94.00 80.71 0.05 0.10 0.04 0.07 11.06 14.35 23.10 27.45 

T21 12446 0.34 0.34 96.00 76.21 101.00 85.92 0.05 0.07 0.04 0.06 10.97 11.54 21.53 23.01 

T21 12718 0.81 0.78 43.97 28.11 99.55 74.18 0.10 0.07 0.09 0.07 9.97 16.82 20.59 25.47 

Normal 10603 1.05 1.01 45.96 24.73 97.83 61.83 0.09 0.11 0.08 0.08 9.71 16.17 21.84 28.48 
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Figure G.1: Comparison of QC metrics values between original and repeat runs. Results 
presented in both boxplot and scatterplot formats for DLR and in boxplot format only for all 
other QC metrics. Wilcoxon Paired test revealed a lower DLR in repeat assays compared to the 
original set-up. No other differences were observed. 
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Figure G.2: Correlation between original and repeat QC metrics values. Grey dashed lines 
represent the line of agreement. Spearman’s correlation revealed a very high positive 
correlation for DLR, a moderate positive correlation for rBG and a weak positive correlation for 
gSNR. 
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Figure G.3: Bland-Altman plots between original and repeat QC metrics values. Dashed lines 
represent the 95% CI. Intra-Class Correlation (ICC) revealed excellent agreement for DLR after 
repeat testing, but no agreement for all other QC metrics. 
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Discussion: Although repeat from fresh cfDNA was not possible in this study, 19 samples were 

repeated from amplification products. All QC metrics revealed no statistical significance 

between original and repeat result, with the exception of DLR (Table G.1). However, the 

Wilcoxon Paired test disregards samples with the same paired value (i.e. 12 samples in this 

case), leaving only seven and significantly reducing statistical power. All seven samples 

produced a slightly lower DLR after repeat testing, however not to the point that would 

reclassify the assay success status. As expected, given the almost identical original and repeat 

DLR values, they showed excellent agreement (ICC = 0.998, Figure G.3, Table G.1), very strong 

positive correlation, and were very close to the line of agreement (Figure G.2). There was no 

agreement between original and repeat measurements for all other QC metrics (Table G.1). 

Additionally, the correlation between original and repeat values for the rest of the QC metrics 

seemed random, although a weak and a moderate correlation was found for green Signal to 

Noise Ratio (gSNR) and red Background Noise (rBG), respectively (Table G.1, Figure G.2). 

Interestingly, most Background Noise values seem to increase and most Signal to Noise Ratio 

values seem to decrease after repeat testing, implying potentially poorer results. All the above 

suggest that repeating the arrayNIPT assay from amplification products does not yield better 

results and would not be useful in a clinical situation. Repeat from amplification products 

might only be sensible in situations where the labelling or scanning steps fail. In all other 

situations the ideal repeat material would be maternal plasma, although such material was not 

available and it was not possible to investigate the success of assay repeat from fresh cfDNA. 

 

G.2. Inter-operator variability 

The potential effect of operator on assay performance, as assessed by the DLR value, was 

examined. Three operators (EK, NM and VLD) were involved in assay set-up. Slide 13 was 

excluded due to the cfDNA being compromised during extraction. Analysis was based on 11 

slides where a single operator performed all steps of the process (from cfDNA extraction to 

array slide scanning); EK set-up 2 slides (15 samples), NM set-up 4 slides (32 samples) and VLD 

set-up 4 slides (29 samples) (Table G.3).  

A Kruskal-Wallis test revealed a significant difference in DLR among operators (p = 0.0011). 

Post-hoc pairwise analysis using Holm’s correction revealed significantly higher DLRs in assays 

set-up by NM and VLD compared to EK (Figure G.4). 
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Table G.3: DLR descriptive statistics per operator 

Operator n min 1st qu median mean 3rd qu max 

EK 15 0.18 0.20 0.21 0.21 0.22 0.27 

NM 32 0.15 0.21 0.24 0.24 0.27 0.33 

VLD 29 0.20 0.22 0.24 0.25 0.27 0.36 

 

 

 

 

 

 

Figure G.4: Comparison of assay DLR depending on setting-up operator. Results presented in 
both boxplot and scatterplot format. A Kruskal Wallis test revealed a significant difference in 
DLR among operators (p = 0.0011). Post-hoc pairwise analysis using Holm’s correction revealed 
significantly higher DLRs in assays set-up by NM and VLD compared to EK. 

 

 

Discussion: In order to explore the potential effect of the operator on assay performance, 

inter-operator DLR variability was investigated. Assays set-up by EK were found to have lower 

DLR scores than the other two operators. Taking into consideration the facts that all operators 

are highly experienced and the number of samples/slides set-up per operator is not very large, 

with EK having processed the smallest number of samples/slides, it is likely that this result is a 

coincidence and further data might be needed to establish if there is indeed inter-operator 

variability. 
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Appendix H - Spike-in sample read counts and fetal fraction measurement using the HLA and 
ZFX/Y assays 
            M1 / Pro 1                 M2 / Pro2       

    1% 2% 3% 5% 7.5% 10% 15% 20% 30% 1% 2% 3% 4% 5% 6% 8% 10% 

HLABexon3-VAR01 B 43 58 66 60 75 103 183 1580 246 70505 58890 61244 61273 61811 59551 57894 50738 

HLABexon3-VAR02  B 679 793 1811 512 1273 1282 1693 1568 1108 111 59 67 401 231 170 242 194 

HLABexon3-VAR03 B 12073 13129 19996 10947 18102 21081 18956 8727 11558 27 7 18 32 90 4 90 107 

HLABexon3-VAR04 B 344 1489 998 994 1658 2032 3519 2494 5722 1264 1444 1248 1741 3591 2396 2585 2985 

HLABexon3-VAR05 B 15317 15387 25219 12758 22833 27156 25218 12885 22381 0 0 0 42 71 40 87 0 

HLABexon3-VAR06  B 4 43 77 11 34 24 19 145 138 30 51 3 4 2 115 1 58 

HLABexon3-VAR07  B or C 15 759 15 5 10 11 78 1481 151 429 193 439 182 60 194 180 190 

HLABexon3-VAR08  B 16 4 122 0 148 49 104 0 25 0 0 0 0 0 0 2 0 

HLABexon3-VAR09  B 0 0 0 0 0 1 1 3 0 0 0 0 1 90 0 50 0 

HLABexon3-VAR10  B or C 19 22 50 33 28 47 55 63 40 112 37 85 40 107 67 79 67 

HLABexon3-VAR11  B 22 34 43 9 37 35 51 37 37 1 0 2 0 92 1 0 1 

HLABexon3-VAR12 C 9 1126 76 16 87 68 243 1938 554 69830 61781 59034 61278 60374 58192 59134 50762 

HLABexon3-VAR13 C 14238 12973 23952 12118 20989 24212 25523 13188 21867 2056 1944 2048 2179 3260 3235 3388 3925 

HLABexon3-VAR14 C 12466 12609 21694 11543 17441 21386 20965 9214 12546 94 61 156 80 143 125 76 148 

HLABexon3-VAR15  C 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 1 

ZFX X 47346 95960 110332 16454 241283 62592 43345 135910 106480                 

ZFY Y 790 2590 1914 498 12868 3911 3005 10743 21652                 

Assay:                                     

HLA-B   2.5 9.9 4.3 8.0 7.8 8.1 14.8 20.7 28.9 3.5 4.8 4.0 5.5 11.0 7.7 8.5 11.1 

HLA-C   NI NI NI NI NI NI NI NI NI 5.7 6.1 6.7 6.9 10.2 10.5 10.8 14.4 

ZFY   3.3 5.3 3.4 5.9 10.1 11.8 13.0 14.7 33.8 NI NI NI NI NI NI NI NI 

 * maternal reads or maternal + fetal reads                             
 * fetal reads                                     
* fetal fraction measurement                                  
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Appendix I - Digital PCR – M1/Pro1 spike-in results 

Name Threshold Name Count 
Est. 
Targets 

Est.T-
95L 

Est.T-
95U Name Count 

Est. 
Targets 

Est.T-
95L 

Est.T-
95U Intersection Union % counts 

% Est 
counts fetal 
fraction 

1% 0.015 SRY 5 5 0 8 ACTBL2 471 732 665 802 1 475 2.1 1.4 

2% 0.015 SRY 5 5 0 8 ACTBL2 395 556 501 613 2 398 2.5 1.8 

3% 0.015 SRY 9 9 2 14 ACTBL2 406 579 522 638 7 408 4.4 3.1 

5% 0.015 SRY 17 17 8 24 ACTBL2 365 496 445 549 5 377 9.3 6.9 

7.5% 0.015 SRY 19 19 10 27 ACTBL2 390 546 491 602 8 401 9.7 7.0 

10% 0.015 SRY 31 32 20 42 ACTBL2 358 483 433 534 9 380 17.3 13.3 

15% 0.015 SRY 47 49 34 61 ACTBL2 489 781 710 855 32 504 19.2 12.5 

20% 0.015 SRY 31 32 20 42 ACTBL2 304 388 344 432 13 322 20.4 16.5 

30% 0.015 SRY 55 57 41 71 ACTBL2 307 393 348 437 24 338 35.8 29.0 

NTC 0.015 SRY 0 0 0 0 ACTBL2 0 0 0 0 0 0 0.0 0.0 

 
 
 

                           

Example of Amplification Plot 
SRY ACTBL2 

dPCR chip panels 
SRY ACTBL2 

1% M1/Pro1 

3% M1/Pro1 

7.5% M1/Pro1 

15% M1/Pro1 

30% M1/Pro1 

2% M1/Pro1 

5% M1/Pro1 

10% M1/Pro1 

20% M1/Pro1 

No template control 
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Appendix J - Plasma and maternal gDNA sample read counts for fetal fraction measurement 
using the HLA and ZFX/Y assays    
            

SAMPLE: 
4368 4518 5018 5072 D031714P D0317141P 

D040214P-
1 

D041614P-
1 

4458 
4458 
MAT 

4458 4458 Mat 

HLABexon3-VAR01  B 1505 25 110 161 20 31 26439 3066 19016 24224 18615 27815 
HLABexon3-VAR02  B 19 17243 14 1590 1603 1762 40974 504 20571 18354 21120 22377 
HLABexon3-VAR03  B 4 14936 27 14561 16 4 48 628 752 9 419 6 
HLABexon3-VAR04  B 14906 1584 14235 5 52 58 271 30305 224 691 257 705 
HLABexon3-VAR05  B 5 31 1 19 36403 39045 12612 769 4 4 24 2 
HLABexon3-VAR06  B 2 9 28 24 26 25 38 7 1068 21 1575 8 
HLABexon3-VAR07  B or C 85 12900 12403 15614 25 4 751 62547 206 3 26 4 
HLABexon3-VAR08  B 234 207 12235 36 11 0 0 1005 189 0 5 0 
HLABexon3-VAR09  B 0 6 70 10 1 25 1 1118 0 0 0 0 
HLABexon3-VAR10  B or C 63 4 47 17224 28 2 68 1099 16 55 36 48 
HLABexon3-VAR11  B 13219 103 95 64 5 6 90 159 15 25 26 19 
HLABexon3-VAR12  C 33336 14927 143 27 28420 33333 42272 4256 36646 39684 45339 47049 
HLABexon3-VAR13  C 90 214 13476 15485 178 187 40130 2366 2102 1211 2711 1254 
HLABexon3-VAR14  C 137 373 58 377 48 31 270 416 826 56 91 85 
HLABexon3-VAR15  C 0 1 16 14 14 0 0 43 0 0 21 0 

ZFX 74582 210447 36141 245967 124361 126686 43933 293219 113999 275537 50213 372734 
ZFY 4734 9409 370 7882 0 1 174 19473 4898 32 602 28 

Assay:                         

HLA 10.2 9.4 NI 9.8 8.4 8.6 31.5 NI 5.3   7.6   

ZFY 11.9 8.6 2.0 6.2 NI NI NI 12.5 8.2   2.4   

 * maternal reads or maternal + fetal reads            
 * fetal reads                  
* unclear whether fetal reads or background            
* fetal fraction measurement               

 
 
 



 

 
 

3
0

0
 

 
 
 

SAMPLE: 
4460 4460 

4460 
MAT 

5004 
5004 
MAT 

5056 5056 
5056 
MAT 

5079 
5079 
MAT 

6000 6000 
6000 
MAT 

HLABexon3-VAR01  B 204 37 186 7 14 36303 18752 42651 392 219 261 182 176 
HLABexon3-VAR02  B 33600 11026 20684 14105 20272 96 80 31 9549 24051 347 189 17 
HLABexon3-VAR03  B 392 0 6 14297 18229 5 3 7 13582 21342 24 29 13 
HLABexon3-VAR04  B 35456 10135 23746 14 23 354 215 1086 125 93 49201 34970 55263 
HLABexon3-VAR05  B 4 4 3 6 26 1 44 2 2 3 3445 2484 0 
HLABexon3-VAR06  B 2 1 13 29 41 29 24 9 35 79 16 16 8 
HLABexon3-VAR07  B or C 24992 9153 21582 15188 22272 622 646 18 8925 14027 3 81 7 
HLABexon3-VAR08  B 1 444 0 0 0 0 40 0 443 61 0 20 0 
HLABexon3-VAR09  B 14 10 11 2 8 0 0 7 18 62 0 0 0 
HLABexon3-VAR10  B or C 335 105 194 0 1 38 23 87 174 305 87 65 71 
HLABexon3-VAR11  B 212 36 399 78 396 3 3 0 65 323 4 1 1 
HLABexon3-VAR12  C 43364 13534 24812 14261 22875 34673 17275 37408 470 125 50644 35544 56005 
HLABexon3-VAR13  C 503 37 167 152 706 676 397 1466 909 426 265 218 202 
HLABexon3-VAR14  C 234 37 247 66 285 62 45 82 49 99 138 80 74 
HLABexon3-VAR15  C 0 0 0 0 8 0 3 7 11964 29095 0 1 19 

ZFX 219745 37156 208178 99154 253049 64315 130078 332773 15432 327764 387005 215059 311848 
ZFY 4307 1225 10 2844 41 768 2340 58 939 55 24540 11020 12 

Assay:                           

HLA NI ?4.1   NI   3.5 6.9   NI   13.1 13.3   

ZFY 3.9 6.4   5.6   2.4 3.5   11.5   11.9 9.7   

 * maternal reads or maternal + fetal reads                           
 * fetal reads                           

  
* unclear whether fetal reads or background                           
* fetal fraction measurement                           
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Appendix K - ArrayNIPT Pre-Evaluation Study - Effect of 
recruiting FMU to haemolysis 
 

K.1 Effect of recruiting FMU on haemolysis 

The possibility of the recruiting site being a confounding factor for the level of haemolysis was 

investigated. A Kruskal-Wallis test revealed that there was a significant difference in 

haemolysis levels for BioBank samples collected in EDTA tubes depending on the recruiting 

FMU (p < 0.0001) (Table K.1, Figure K.1A), but not for samples collected in Streck tubes (p = 

0.198) (Table K.2, Figure K.1B). Holm pairwise post-hoc comparisons further revealed 

significantly higher haemolysis of samples recruited in EDTA tubes at FMU 12 when compared 

to FMU 14 (p = 0.0007) (Figure K.1A), but no other significant differences. FMUs where a single 

sample was recruited, i.e. FMUs 2, 4, 7, 10 (EDTA) and 11, were excluded from statistical 

analysis. 

Table K.1: OD414 descriptive statistics for samples collected in EDTA tubes depending on FMU 

FMU n min 1st qu median mean 3rd qu max 

1 2 0.110 0.111 0.111 0.111 0.112 0.112 

2 1 0.215 

3 3 0.074 0.080 0.086 0.0947 0.105 0.124 

4 1 0.317 

5 2 0.190 0.190 0.191 0.191 0.191 0.191 

6 7 0.128 0.182 0.204 0.198 0.216 0.257 

7 1 0.233 

8 4 0.080 0.097 0.148 0.145 0.195 0.205 

9 2 0.189 0.240 0.291 0.291 0.341 0.392 

10 1 0.259 

11 1 0.347 

12 12 0.197 0.221 0.259 0.282 0.302 0.531 

13 3 0.305 0.310 0.314 0.367 0.398 0.482 

14 38 0.078 0.114 0.130 0.146 0.145 0.448 

 

Table K.2: OD414 descriptive statistics for samples collected in Streck tubes depending on FMU 

FMU n min 1st qu median mean 3rd qu max 

10 6 0.141 0.169 0.217 0.334 0.510 0.669 

14 3 0.103 0.122 0.14 0.207 0.259 0.378 

15 3 0.079 0.085 0.091 0.118 0.137 0.183 

16 6 0.180 0.217 0.251 0.278 0.314 0.456 

17 4 0.116 0.209 0.297 0.284 0.372 0.427 
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Figure K.1: Haemolysis status per recruiting FMU for samples collected in A) EDTA and B) 
Streck tubes. The horizontal red lines show the acceptable haemolysis cut-off (OD < 0.25). 

 

Discussion: The above result could be further complicated by differences among different 

FMUs, but the number of samples per FMU was small to perform robust statistical analysis. 

Nevertheless, there was a statistically significant difference in haemolysis levels for samples 

collected in EDTA tubes (p < 0.0001) (Table K.1, Figure K.1A), but not in Streck (p = 0.198) 

(Table K.2, Figure K.1B), among different FMUs. This could reflect the fact that Streck tubes 

contain cell-stabilising agents, potentially preventing sample haemolysis.  

Interestingly, two of the FMUs whose samples seemed to be constantly highly haemolysed 

(FMU 12 and 13) are situated further away from NETRGL (London) than other FMUs. On the 

other hand, samples recruited at FMU 14 seemed to consistently have a low haemolysis level. 

This FMU is the one in the closest proximity to NETRGL. Therefore, it could be hypothesised 

that prolonged time in transit or in storage after the first centrifugation could render EDTA 

samples suboptimal. This is well established in literature (85, 86, 90, 91) and in accordance 

with the significantly higher OD414 readings recorded from samples recruited at FMU 12 when 

compared to samples recruited at FMU 14 (p = 0.0007).  

A) 

B) 

Kruskal-Wallis test 
p < 0.0001 

Kruskal-Wallis test 
p = 0.198 
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K.2 Relationship between recruiting FMU and time elapsed to 

sample processing 

The time elapsed from phlebotomy to the first centrifugation was investigated for each FMU 

separately. Kruskal-Wallis tests showed no significant differences among FMUs for BioBank 

samples collected both in EDTA (p = 0.729) (Figure K.2A) and Streck tubes (p = 0.514) (Figure 

K.2B). Data was complete for samples collected in Streck tubes, but was missing for 12 samples 

collected in EDTA tubes. FMUs with no processing information available or with a single 

recruited sample, i.e. FMUs 2, 4, 7, 10 (EDTA), 11 and 12, were excluded from statistical 

analysis.  

 
 

 

Figure K.2: Minutes elapsed from phlebotomy to the first centrifugation per recruiting FMU for 
samples collected in A) EDTA and B) Streck tubes 

 
 
 

A) 

B) 

Kruskal-Wallis test 
p = 0.514 

Kruskal-Wallis test 
p = 0.729 
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Additionally, the time elapsed from the first to the second centrifugation for each FMU was 

investigated. Kruskal-Wallis tests showed no significant differences among FMUs for samples 

collected both in EDTA (p = 0.114) (Figure K.3A) and Streck tubes (p = 0.936) (Figure K.3B). 

Again, data was complete for samples collected in Streck tubes, but data was missing for 12 

samples collected in EDTA tubes. FMUs with no processing information available or with a 

single recruited sample, i.e. FMUs 2, 4, 7, 10 (EDTA), 11 and 12, were excluded from any 

statistical analysis. 

 

Figure K.3: Minutes elapsed from the first to the second centrifugation per recruiting FMU for 
samples collected in A) EDTA and B) Streck tubes 

Discussion: The time elapsed to the first centrifugation (Figure K.2) and from the first to the 

second centrifugation (Figure K.3) for each FMU was also explored. No significant differences 

among FMUs were observed. Again, the number of samples per FMU was small to perform 

robust statistical analysis and this might explain why no differences were observed. Given the 

very high OD414 readings in samples from FMU 12, one would expect that the time elapsed to 

the first centrifugation at FMU 12 was suboptimal. Unfortunately, there was no processing 

information available from this FMU and hence this could not be proven.   

B) 

A) 

Kruskal-Wallis test 
p = 0.114 

Kruskal-Wallis test 
p = 0.936 
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Appendix L – Maternal plasma vs. spike-in samples 
 

The chromosome profile of chromosomally normal maternal plasma samples (“Real normal 

samples”) was generated and compared to the chromosome profile of the T21 positive 

controls (T21Ctr) (“Spike-in samples”). All samples were successfully run on the arrayNIPT 

during the Evaluation Study (Figure L.1).  

Figure L.1: Chromosome profile of samples successfully run on array NIPT during the 
Evaluation Study: A) Chromosomally normal maternal plasma samples, B) T21 positive controls 
(T21Ctr) C) Magnification of (A), and D) Magnification of (B). 

 

Figure L.1 suggests that spike-in samples do not behave in the same way that real plasma 

samples behave. Spike-in samples show much less variation per chromosome and their 

inherent array pattern is more homogeneous.  

A) 

C) 

B) 

D) 
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Appendix M - ArrayNIPT Evaluation Study Repeats 
 

Samples that failed assay QC due to processing errors (Table M.1) were repeated from 

PCR/ligation product and they all passed QC after repeat testing. Following repeat, significantly 

higher SNR ratios and lower BG noise were observed, suggesting improved results (Table M.2, 

Figure M.1). Additionally, moderate correlations for DLR, rSNR, rBG and gSigInt were observed 

(Table M.2, Figure M.2) and no agreement (Table M.2, Figure M.3). These results suggest that 

it is worth repeating from amplification product, when known processing errors in labelling, 

washing, loading or scanning the slide occurred. 

 
Table M.1: Processing errors that led to repeat testing from amplification product 
 

Reason for repeat testing Number of samples  

Wrong temperature of wash buffer 2 8 

Reference sample Cy5 labelling failed 6 

Sample Cy3 labelling failed 2 

Sample lost during array loading or gasket cracking 2 

PCR products pooled by mistake (repeated from ligation product) 2 

Sample touched with contaminated tip during post-PCR clean-up 1 

Total 21 

 

Table M.2: Comparison, correlation and ICC statistics between original and repeat testing 

 Wilcoxon 
test 

Spearman 
Correlation 

Intra-Class Correlation 

QC 
Metric 

p-value p-value rho ICC 95% CI 

DLR 0.5168 0.0165 0.522 0.023  (-0.367, 0.426) 

Waviness 0.8408 0.0804 0.402 0.031  (-0.378, 0.446) 

gSNR 0.0003 0.8990 0.030 -0.037  (-0.196, 0.219) 

rSNR 0.0022 0.0165 0.522 0.198  (-0.127, 0.531) 

grepr 1 0.5708 -0.131 -0.046  (-0.473, 0.391) 

rrepr 0.3737 0.4980 -0.157 -0.230  (-0.633, 0.235) 

gBG 0.0049 0.5203 0.148 0.077  (-0.202, 0.412) 

rBG 0.0384 0.0493 0.436 0.190  (-0.157, 0.534) 

gSigInt 0.3554 0.0380 0.458 0.095  (-0.255, 0.464) 

rSigInt 0.1907 0.0571 0.423 0.176  (-0.239, 0.549) 
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Figure M.1: Comparison of QC metric values between original and repeat runs. Wilcoxon 

Paired test revealed higher SNR and lower BG after repeat testing. No other differences were 

observed. 
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Figure M.2: Correlation between original and repeat QC metric values. Grey dashed lines 

represent the line of agreement. Spearman’s correlation revealed moderate positive 

correlations for DLR, rSNR, rBG and gSigInt. 
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Figure M.3: Bland-Altman plots between original and repeat QC metric values. Dashed lines 

represent the 95% CI. Intra-Class Correlation (ICC) revealed no agreement for any QC metric. 
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Appendix N - ArrayNIPT Evaluation Study – Haemolysis 
 

N.1 Confirmed diagnosis  
 
As expected, there was no significant difference in OD414 measurements among the four 

different sample diagnosis groups. 

 
Table N.1: Descriptive statistics for OD414 per sample confirmed diagnosis 

 n min 1st qu median mean 3rd qu max 

Normal 321 0.0710 0.1180 0.1610 0.2039 0.2400 1.3960 

T13 5 0.1210 0.1390 0.2240 0.2084 0.2260 0.3320 

T18 20 0.0770 0.1375 0.1655 0.1958 0.1970 0.6760 

T21 92 0.0770 0.1188 0.1535 0.1774 0.2082 0.6960 

All 438 0.071 0.120 0.161 0.198 0.234 1.396 

  

 
 
Figure N.1: Haemolysis level per confirmed diagnosis sample group 
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N.2 Recruiting Fetal Medicine Unit 

Significant differences in OD414 were observed depending on the recruiting FMU for samples 
collected in EDTA tubes. 

Table N.2: Descriptive statistics for OD414 per FMU for samples collected in EDTA tubes. 

 n min 1st qu median mean 3rd qu max 

FMU 1 11 0.0770 0.0900 0.0940 0.1082 0.1315 0.1540 

FMU 3 5 0.0860 0.1020 0.1180 0.1636 0.1260 0.3860 

FMU 4 16 0.1360 0.1995 0.2180 0.2299 0.2635 0.3300 

FMU 5 13 0.1350 0.1650 0.1790 0.1951 0.2200 0.3320 

FMU 6 25 0.1030 0.1610 0.1970 0.2002 0.2460 0.3120 

FMU 7 1 0.31 0.31 0.31 0.31 0.31 0.31 

FMU 8 12 0.0790 0.0915 0.1140 0.1434 0.1552 0.3120 

FMU 9 5 0.113 0.137 0.149 0.168 0.190 0.251 

FMU 10 2 0.125 0.151 0.177 0.177 0.203 0.229 

FMU 11 5 0.1830 0.1840 0.1890 0.2096 0.2340 0.2580 

FMU 12 30 0.1330 0.2100 0.2415 0.2748 0.2990 0.6760 

FMU 13 11 0.1970 0.2590 0.3260 0.3054 0.3355 0.4280 

FMU 14 177 0.075 0.107 0.122 0.134 0.152 0.517 

FMU 18 3 0.1440 0.1680 0.1920 0.1913 0.2150 0.2380 

FMU 19 3 0.0940 0.1375 0.1810 0.1663 0.2025 0.2240 

FMU 20 3 0.1730 0.2450 0.3170 0.2760 0.3275 0.3380 

FMU 21 4 0.2340 0.2348 0.2920 0.3785 0.4358 0.6960 

FMU 22 7 0.116 0.138 0.162 0.170 0.197 0.242 

FMU 23 12 0.1350 0.1610 0.1735 0.2024 0.2310 0.3420 

FMU 24 2 0.1530 0.1542 0.1555 0.1555 0.1568 0.1580 

All 347 0.0750 0.1155 0.1480 0.1734 0.2080 0.6960 

 
Figure N.2: Haemolysis level per recruiting FMU for  
                     samples collected in EDTA tubes 
 

Significant adjusted p-values - Bonferroni 

 FMU 1 FMU 8 FMU 14 

FMU 4 0.0072 NS <0.0001 

FMU 5 0.0155 NS 0.0018 

FMU 6 0.0138 NS <0.0001 

FMU 12 0.0004 0.0531 <0.0001 

FMU 13 0.0154 NS <0.0001 

FMU 23 0.0372 NS 0.0058 

* NS: not significant 
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Significant differences in OD414 were observed depending on the recruiting FMU for samples 

collected in Streck tubes. 

 
Table N.3: Descriptive statistics for OD414 per FMU for samples collected in Streck tubes. 

 n min 1st qu median mean 3rd qu max 

FMU 10 25 0.1100   0.1910   0.2690   0.3059   0.3330   1.0020 

FMU 14 14 0.0710   0.1205   0.1490   0.1659   0.2080   0.3680 

FMU 15 5 0.0750   0.0900   0.1170   0.1146   0.1260   0.1650 

FMU 16 32 0.1300 0.2172   0.2625   0.3529   0.4550   1.3960 

FMU 17 11 0.1120   0.1640   0.2710   0.3712   0.4905   1.1330 

FMU 25 1 0.12     0.12     0.12     0.12     0.12     0.12     

FMU 26 1 0.093    0.093    0.093    0.093    0.093    0.093    

All 89 0.0710 0.1550   0.2360   0.2936   0.3330   1.3960 

 

 
Figure N.3: Haemolysis level per recruiting FMU for samples collected in Streck tubes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Significant adjusted p-values - Bonferroni 

 FMU 14 FMU 15 

FMU 10 0.0422 NS 

FMU 15 0.0422 NS 

FMU 16 0.0019 0.0167 

* NS: not significant 
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Significant differences in minutes elapsed to first spin were observed for samples collected in 

EDTA tubes and recruited by different FMUs. Samples with no spin timing information or from 

FMUs with two or less recruited samples were excluded from post-hoc analysis (n=11). 

 
Table N.4: Descriptive statistics for minutes elapsed to first spin per FMU for samples collected 
in EDTA tubes. 

 n min 1st qu median mean 3rd qu max 

FMU 1 11 55.0 85.0 105.0 258.5 142.5 1005.0 

FMU 3 5 (1 NA) 180.0 228.8 980.0 965.0 1716.0 1720.0 

FMU 4 16 (1 NA) 10.00 60.00 75.00 94.67 137.50 175.00 

FMU 5 13 (1 NA) 25.00 33.75 40.00 3307.00 91.00 39110.0 

FMU 6 25 84.0 157.0 230.0 226.1 300.0 370.0 

FMU 7 1 (1 NA) NA NA NA NA NA NA 

FMU 8 12 45.00 48.75 87.50 215.60 137.50 1460.00 

FMU 9 5 85 135 160 9229 1200 44560 

FMU 10 2 2955 2959 2962 2962 2966 2970 

FMU 11 5 200.0 265.0 273.0 278.6 325.0 330.0 

FMU 12 30 0.00 93.75 185.00 177.10 266.20 390.00 

FMU 13 11 95.0 125.0 150.0 400.4 302.5 1530.0 

FMU 14 177 0.00 5.00 10.00 87.53 20.00 4340.00 

FMU 18 3 (2 NA) 47 47 47 47 47 47 

FMU 19 3 185 850 1515 2080 3028 4541 

FMU 20 3 225.0 792.5 1360.0 5234.0 7739.0 14120.0 

FMU 21 4 0.00 86.25 117.50 90.00 121.20 125.00 

FMU 22 7 80.0 157.5 227.0 204.6 257.5 295.0 

FMU 23 12 14.00 15.00 25.00 32.58 38.75 70.00 

FMU 24 2 30.0 42.5 55.0 55.0 67.5 80.0 

All 347 (6 NA) 0.0 10.0 35.0 466.3 150.0 44560.0 

* NA: no spin timing information available 
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Figure N.4: A) Minutes elapsed to first centrifugation per FMU for samples collected in EDTA 
tubes. B) Magnification of (A). 

Significant adjusted p-values - Bonferroni 

 FMU 6 FMU 14 FMU 23 

FMU 1 NS <0.0001 0.0180 

FMU 4 0.0045 <0.0001 NS 

FMU 5 0.0125 0.0012 NS 

FMU 6 NS <0.0001 0.0002 

FMU 8 NS 0.0001 NS 

FMU 9 NS 0.0453 NS 

FMU 11 NS 0.0446 NS 

FMU 12 NS <0.0001 0.0366 

FMU 13 NS <0.0001 0.0065 

FMU 22 NS 0.0050 0.0524 

* NS: not significant 

A) 

B) 
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Significant differences in minutes elapsed to first spin were observed for samples collected in 

Streck tubes and recruited by different FMUs.  

 
Table N.5: Descriptive statistics for minutes elapsed to first spin per FMU for samples collected 
in Streck tubes. 

 n min 1st qu median mean 3rd qu max 

FMU 10 25 (1 NA) 2970 3619 5160 5521 7085 10940 

FMU 14 14 15.0 221.8 1228.0 1335.0 1478.0 4410.0 

FMU 15 5 1405 1505 1510 1784 1595 2905 

FMU 16 32 1720 3015 3960 4734 5911 14490 

FMU 17 11 1455 1652 5610 4625 6662 8495 

FMU 25 1 1580 1580 1580 1580 1580 1580 

FMU 26 1 4255 4255 4255 4255 4255 4255 

All 89 (1 NA) 15 2609 3482 4185 5911 14490 
 
 

 
 
 
 
 
 
 

 
Figure N.5: A) Minutes elapsed to first centrifugation per FMU for samples collected in Streck 
tubes. B) Magnification of (A). 
 
 
 

  

Significant adjusted p-values - Bonferroni 

 FMU 14 FMU 15 

FMU 10 <0.0001 0.012 

FMU 16 <0.0001 0.027 

FMU 17 0.019 NS 

* NS: not significant 
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Appendix O - ArrayNIPT Evaluation Study Sample 
Demographics 
                               

O.1 Before any exclusions  

 
All samples 

n = 438 min 1st qu median mean 3rd qu max NA 

Gestation (days) 77 89 94 101 108 246 0 

Maternal Weight (kg) 45 57 64 67 73 145 10 

Maternal BMI 16 21 23 25 27 55 29 

 

 

O.2 Before excluding haemolysed (OD414 > 0.25) samples and 

after excluding QC fails 

All samples 

n = 406 min 1st qu median mean 3rd qu max NA 

Gestation (days) 77 89 94 101 108 246 0 

Maternal Weight (kg) 45 57 64 67 74 145 7 

Maternal BMI 15.5 21.3 23.4 24.7 26.9 55.0 25 

 

 

Trisomies only (but excl. T13s) 

n = 101 min 1st qu median mean 3rd qu max NA 

Gestation (days) 79 88 94 101 107 213 0 

Maternal Weight (kg) 45 56 63 67 75 134 2 

Maternal BMI 17 21 24 25 27 49 4 

 

 

Normal samples only 

n = 300 min 1st qu median mean 3rd qu max NA 

Gestation (days) 77 90 94 100 108 246 0 

Maternal Weight (kg) 46 58 64 67 74 145 5 

Maternal BMI 16 22 23 25 27 55 21 
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Gestation (days) 

 n min 1st qu median mean 3rd qu max 

Confirmed Diagnosis 

Normal 300 77 90 94 100 108 246 

T13 5 86 89 104 131 145 233 

T18 18 79 85 87 103 100 213 

T21 83 79 89 94 100 107 186 

ArrayNIPT result 

Normal 298 77 90 94 100 108 246 

T13 2 145 167 189 189 211 233 

T18 15 79 85 94 109 108 213 

T21 91 79 89 94 100 108 186 

Correct arrayNIPT diagnosis 

No 18 81 86 89 95 101 142 

Yes 388 77 90 94 101 108 246 
 
 

 
 

 

 

Maternal Weight (kg) 

 

 n min 1st qu median mean 3rd qu max NA 

Confirmed Diagnosis 

Normal 300 46 58 64 67 74 145 5 

T13 5 55 57 64 66 66 86 0 

T18 18 45 56 59 65 75 95 0 

T21 83 45 57 63 67 74 134 2 

ArrayNIPT result 

Normal 298 46 58 64 67 73 132 5 

T13 2 57 64 72 72 79 86 0 

T18 15 45 56 60 64 70 95 0 

T21 91 45 57 63 68 75 145 2 

Correct arrayNIPT diagnosis 

No 18 50 60 65 71 76 145 0 

Yes 388 45 57 64 67 73 134 7 
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Maternal BMI 

 n min 1st qu median mean 3rd qu max NA 

Confirmed Diagnosis 

Normal 300 16 22 23 25 27 55 21 

T13 5 20 22 23 24 26 27 0 

T18 18 17 21 23 24 27 34 0 

T21 83 18 21 24 25 27 49 4 

ArrayNIPT result 

Normal 298 16 22 23 25 27 55 21 

T13 2 20 22 23 23 25 27 0 

T18 15 17 21 23 23 25 34 0 

T21 91 18 21 24 25 27 51 4 

Correct arrayNIPT diagnosis 

No 18 21 23 25 27 27 51 0 

Yes 388 16 21 23 25 27 55 25 
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Gestation (days) n min 1st qu median mean 3rd qu max 

Trisomies (excl. T13) 101 79 88 94 101 107 213 

True-positives 96 79 89 94 102 108 213 

False-negatives 5 82 85 86 86 87 92 

All Normal samples 300 77 90 94 100 108 246 

True-negatives 290 77 90 94 100 108 246 

False-positives 10 81 87 92 100 111 142 

 

 

 

 

 

O.3 After excluding both haemolysed (OD414 > 0.25) samples 

and QC fails 

All samples 

n = 328 min 1st qu median mean 3rd qu max NA 

Gestation (days) 77 89 94 100 108 246 0 

Maternal Weight (kg) 45 57 64 67 73 145 6 

Maternal BMI 15.5 21.4 23.4 24.7 26.7 55.0 22 

 

 

 

 



APPENDICES 

320 
 

 

 

Trisomies (but excluding T13s) 

Gestation (days) n min 1st qu median mean 3rd qu max 

Trisomies (excl. T13) 87 79 89 94 100 105 213 

True-positives 84 79 89 94 101 105 213 

False-negatives 3 82 84 85 85 86 87 
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Appendix P – FMU Coding Key 
 

 
FMU Code FMU 

FMU 1 Cambridge 

FMU 3 Royal Devon and ExeterDA 

FMU 4 Gloucester Hospital 

FMU 5 Sheffield Teaching Hospital 

FMU 6 Leeds 

FMU 7 Pilgrim Hospital, Lincolnshire 

FMU 8 Liverpool Women's Hospital 

FMU 9 Nottingham City Hospital 

FMU 10 Queen Charlotte's and Chelsea Hospital 

FMU 11 Queen's Hospital, Romford 

FMU 12 Royal Victoria Infirmary 

FMU 13 St Mary's Hospital, Manchester 

FMU 14 University College Hospital 

FMU 15 Birmingham Women's Hospital 

FMU 16 St George's Hospital 

FMU 17 St Thomas' 

FMU 18 Heatherwood and Wrexham Park 

FMU 19 Homerton 

FMU 20 Lincolnshire 

FMU 21 Norfolk and Norwich University Hospital 

FMU 22 Queen's Medical Centre, Nottingham 

FMU 23 Royal Derby Hospital 

FMU 24 Warrington Hospital 

FMU 25 Plymouth 

FMU 26 University Hospital Wales 

 

 


