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dard deviation (SD), which are used for calculating z-score of each sample,
were obtained with normalized values between all autosomal chromosomes of
control samples. In this way, multiple z-scores can be calculated for 21 auto-
Copyright © 2017 by authors and somal chromosomes except oneself. Results: Multi-Z method showed 100%
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conventional NIPT method showed 95.1% specificity. Similarly, for 216 sam-

http://creativecommons.org/licenses/by/4.0/  95.6% specificity and the conventional NIPT method showed a result of 75.1%

specificity. Conclusion: Multi-Z method showed higher accuracy and robust

results than the conventional method even at low coverage reads.
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1. Introduction

The most common chromosomal aneuploidy for a new born infant is Trisomy

21. The overall occurrence of trisomy 21 is around 0.001%, but the risk increases
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up to 0.02% for women above 45 years old [1] [2] [3]. Traditional methods of
prenatal screening for fetal aneuploidy have a high miscarriage risk since it in-
volves invasive sampling. Recent technology advancement in Next Generation
Sequencing (NGS) and Bioinformatics led to a novel Non-Invasive Prenatal Test
(NIPT) method to analyze fetus aneuploidy using cell-free DNA (cfDNA) in the
plasma of pregnant women. This NIPT has been shown to be both highly sensi-
tive and highly specific across numerous studies [4]. The whole chromosome
analysis uses massive parallel sequencing data and applies statistical normaliza-
tion of each chromosome read count. Sequence reads are mapped to the human
reference genome and quantified according to their genomic locus. After nor-
malizing the read count, one z-score per chromosome was calculated to deter-
mine fetal aneuploidy [5]. Most of published NIPT studies rely on the z-score
which represents the quantitative variations of the chromosome of interest and
they show the results as positive or negative by checking if the z-score exceeds
the predefined threshold [6].

Even though these methods become highly accurate, they still have a 0.1%
possibility of reporting false positives and need enough read count to score the
high sensitivity [7] [8] [9].

While many NIPT methods have been developed and introduced, studies are
under way to increase accuracy. Sunshin Kim ez a/ [10], for example, introduced
a new algorithm based on selecting reference samples adaptively using CV ac-
cording to the shared ranges of GC content and DNA reads fraction. They showed
reliable results within GC (0.424 + 0.001) for 7.4 + 2.1 million raw reads, but the
insufficient, yet large sample size for selecting reference samples is a concerning
issue.

In order to save sequencing cost and time, some research is being conducted
with less reads, for example, Lau, T.K. ef al [11], reported the clinical perfor-
mance of NIPT based on low-coverage whole-genome sequencing as 0.1x on av-
erage with approximately 300 bp which produces the minimal amount of unique
sequencing reads less than 3.5 million.

In this study, we devised a new algorithm which uses multiple z-scores to de-
termine the fetal aneuploidy. Multi-Z algorithm shows 100% sensitivity and spe-
cificity for 3 M-reads samples, and 100% sensitivity and 95.6% specificity for 1

M-reads samples.

2. Method
2.1. cfDNA Sequencing

About 10 mL of blood was collected from 216 pregnancies into a ¢fDNA Van-
genes Cell Free DNA Tubes (Vangenes, US) and centrifuged at 1900 g for 15
min at RT. The plasma was transferred into 1.5 mL tubes and then centrifuged at
16,000 g for 15 min at RT. The separated plasma was transferred to 5 mL Cryo-
genic Tube and stored at —40°C. cfDNA was isolated from 2 mL plasma by using
the QIAsymphony DSPvirus/Pathogen midi kit (Qiagen, Germany) according to

the manufacturer’s instructions. Ion Proton sequencing libraries were prepared
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by using cfDNA samples (<100 ng) according to the manufacturer’s instructions
(Life Technology, US). Ion PI™ Chip kit v3 was used to yield an average 7 million

and 1 million sequencing reads for nucleotide.

2.2. Data Analysis

The DNA fragments were mapped to the human reference genome sequence
(hgl9) by using BWA 0.7.10 [12] and duplicated DNA reads were removed by
using Picard 1.81 [13]. Finally, uniquely aligned counts for each chromosome
were calculated by Samtools 0.1.18 [14].

We generated artificial samples consist of 1 M and 3 M sequence reads by
randomly selecting 1 million and 3 million reads from the samples sequenced up
to 7 M reads, respectively. In this study, we calculated the multiple z-score for
each chromosome of interest in two steps. First dividing the read count of the
chromosome of interest to the all remaining autosomal chromosome one by one
to get normalized read count as shown in Figure 1, and then, z-score calculation
using Equation (1), by utilizing the average and SD obtained from sample data-
set which are composed of 200 normal samples. For example, if chrl3 is our
chromosome of interest, read count of chromosome 13 is divided by chrl, chr2,
chr3, etc. except the chrl3. So, it will yield 21 normalized read count for the
chromosome 13. Now using the average and SD for each normalized read count
in sample dataset, we developed the multiple z-scores for the chromosome 13,
Le. Zscores, Zscore,s,, Zscore;,, etc. Similarly, multiple z-scores were devel-
oped for each of the autosomal chromosome.

We also calculated the CV through the calculated SD in sample dataset and it
is used to apply the order of z-score thresholds gradually lowest to highest, e.g.
chr7 is the lowest and chr12, chr14, chr9, chrll, followed in ascending order.

Multiple z-scores are calculated for normal samples using the reference mean
and SD as follows:

chrl chr2 chr3 chr2l  chr22 ~ chrX chry |
chrl chr2 chr3 chr2l  chr22  chrX chry |
chrl chr2 chr3 chr2l  chr22  chrX chry |
chrl chr2 chr3 chr2l  chr22  chrX chry |

chrl chr2 chr3 chr2l  chr22  chrX chry |

chrl chr2 chr3 chr2l  chr22  chrX chrY

bl chrl chrl chrl chrl chrl chrl chrl
chr

/chrl | /chr2  /chr3 /chr2l  /chr22  /chrX  /chrY

b2 chr2 chr2 chr2 chr2 chr2 chr2 chr2
chr

/chrl | /chr2  /chr3 /chr2l  /chr22  /chrX  /chrY

T bl chr2l = chr2l = chr21 chr2l = chr2l  chr2l = chr21
— chr.

L /chrl | /chr2  /chr3 /chr2l  /chr22  /chrX | JchrY

Figure 1. Normalization between chromosomes. Normalized value between two chro-
mosomes is calculated by dividing the value of interested chromosome by that of each
chromosome.
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. chri chri
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Ch rj reference

The equation is a multiple z-scores calculation. In this equation, i is for chro-

(1)

Zscore;; =

mosome of interest and j is for other chromosomes to normalize.

Now, Multi-Z algorithm classifies negative versus positive case for test sam-
ples by applying the smallest z-score of a certain chromosome. Since we used 70
samples as thresholds in this paper, there are 70 z-scores for a chromosome of
interest and the smallest z-score among them is chosen as an applicable thre-
shold. Repeatedly, Multi-Z algorithm applies the next threshold of another
chromosome according to the ascending order of CV.

3. Results

The algorithm was tested on a cohort of 216 pregnant women including seven
T21 and we found the Multi-Z algorithm produced reliable results with higher
sensitivity and specificity. Up to 70 control samples which had undergone the
amniocentesis were used for determining thresholds. We generated 70 randomly
selected samples from seven trisomy samples to make robust thresholds by in-
creasing number of control samples.

As for 3 M-reads samples, the amount of unique sequencing reads is around 2
million and the average length of sequenced read is around 160 bp that can be
calculated approximately 0.1x low coverage depth. The uniquely mapped read
for 1 M samples is 0.7 M and the coverage depth is 0.035x as same calculation as
3 M-reads.

In this paper, we used the term 3 M-reads, 1 M-reads as the amount of se-
quenced reads

In Figure 2, the results of Multi-Z for 187 normal samples randomly generat-
ed at 3 M read length (black dots) with 70 control samples (white dots) show
100% specificity at only seven thresholds as listed in Table 1. The red-dashed
line means the least z-score of interested chromosome and this line classifies the
normal samples as trisomy or normal while repeating the chromosomes in in-
terest. The number of normal samples is decreased as we repeat applying the al-
gorithm and all the normal samples, finally, are categorized as normal after ap-
plying chromosome 6 which is 7th threshold.

In Figure 3, we added 29 samples which were experimentally sequenced at 1
million reads, represented by red dots. Seven of these samples among 216 sam-
ples were judged to be trisomy by using eight thresholds without any false posi-
tives, while nine false positive samples were found in 209 normal samples re-
sulting in 95.6% specificity as listed Table 1.

In Figure 4, we found the conventional NIPT detection algorithm shows low-
er specificity compared to the multi-dimensional detecting algorithm. In this
figure, we can find the only one threshold as red-dashed line which is the smal-

lest z-score of 70 control samples. There are 9 falsely detected samples as trisomy
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Table 1. Accuracy comparison between the conventional NIPT and Multi-Z.

Method #Sample #TP #FP #TN #FN Sensitivity Specificity
conventional NIPT
3 M-reads 187 N/A 9 178 N/A N/A 95.1
1 M-reads 216 7 52 157 0 100% 75.1
Multi-Z
3 M-reads 187 N/A 0 187 N/A N/A 100%
1 M-reads 216 7 9 200 0 100% 95.6%
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Figure 2. 3 M-reads by Multi-Z. Every normal sample (close black dots) is classified as normal by using seven thresholds of con-
trol sample (open black dots). Red dashed line in each figure represents the smallest z-score for applied threshold of control sam-

ples. Samples remained above red dashed line are considered as trisomy.

for 3 M-reads samples which yield 95.1% Specificity as listed in Table 1. As for 1
M-reads samples, we found 52 false positive samples and it shows the worse spe-
cificity as 75.1% in Table 1. This result shows the conventional NIPT method is

not applicable for low reads samples.

4. Discussion

We compared the sensitivity and the specificity between the conventional NIPT
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Figure 3. 1 M-reads by Multi-Z.

Seven of 1M sequencing samples (red dots) are judged as trisomy, and 9 normal samples (close

black dots) are defined as trisomy (False Positive) by using 19 z-scores. Red dashed line in each figure represents the smallest
z-score for applied threshold of control samples.

and Multi-Z algorithm for 1 M-reads and 3 M-reads. The results showed that
Multi-Z algorithm can be used for low coverage ¢fDNA NIPT samples with
higher specificity. When applying single Z-score threshold, it is often difficult to
distinguish between the anueploid and the euploid, especially when the z-score is
close to borderline, besides it may cause false positives call for some samples. We
observed that the use of Multi Z-score approach for such ambiguous samples,
using the correlation between specific chromosomes, showed a higher z-score
and the same tendency was observed for all our test samples. Therefore, we con-
cluded that more thresholds can be used through correlation with other chro-
mosomes, and confirmed that it reduced the possibility of false positives. Also,
we found the proper order of applying thresholds according to the CV.

Since the Multi-Z can be applied to low reads samples, it has potential com-
petitive advantages such as reduction of experiment cost and the rapid analysis
in the emerging NIPT market. A major concern in this study was to determine
the precise number of thresholds to call the aneuploidy, Zie. how many z-score
thresholds would be effective to detect Trisomy 21 and how to decide borderline
range with selected thresholds. If the number of applied thresholds are in-

creased, it may cause false negative and vice versa. Although, this method can
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Figure 4. Accuracy of previous NIPT method at low read sequencing data. Nine and 52
normal samples were detected falsely as aneuploidy in (a) 3 M-reads data and (b) 1
M-reads data, respectively. Open black circles in (a) and (b) represent the trisomy sam-
ple’s z-scores, and the red dashed line represents the chosen threshold among all z-scores.
Closed black circle represents normal samples’ z-score. red circles in (b) represent the
samples sequenced at 1 million, and open red circles represent seven trisomy samples.
Red dashed line represents the threshold which is the smallest z-score among control
samples and we assume the samples above the red line as trisomy.

detect all the chromosome 21 aneuploidies accurately in our current dataset, a

large number of samples would be required to validate our approach further.

5. Conclusion

In conclusion, we confirmed that the Multi-Z method provides an optimal way
to reduce false positives of T21 for low coverage samples compared to the con-
ventional NIPT algorithm. It is expected that detecting T13, T18 and sex chro-
mosome aneuploidy can be applied in the same way after the research on T21 is

completed.
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