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ABSTRACT

Background: Sufficient fetal fraction (FF) is crucial for quality control of NIPT
(Non-Invasive Prenatal Test) results. Different factors influencing bioinformatic
estimation of FF should be considered when implementing NIPT. To what extent the
total number of sequencing reads influences FF estimate has been unexplored. In this
study, to test the robustness of SeqFF FF estimation and provide additional recom-
mendations for NIPT analysis quality control, we compared the SeqFF FF estimates
with two other methods and investigated how the number of sequencing reads and FF
level affects the accuracy and precision of FF estimates.

Methods: WGS data of 516 NIPT samples from a prenatal screening program was
obtained. Sample data were randomly downsampled by the read count, and FF was
calculated by SeqFF software. Then, the outcome was compared with FF estimates
from SNP- and chrY-based methods. FF estimated with different read counts and FF
levels were compared with FF at 30 M reads as a reference.

Results: SeqFF FF highly correlates with SNP- and chrY-based FF estimates. Raising
read count from 2 M to 10 M drastically increased the accuracy of FF estimates. After
adding more reads, we saw a further improvement in FF accuracy, reaching a plateau
at 20 M reads. Precision of SeqFF FF estimate is independent of FF level in the sample.
Conclusion: SeqFF is a robust method for FF estimation for both genders and for any
FF level in range 2—-13%. Accuracy of FF estimates highly depends on the read count.
We recommend using no less than 10 M reads to achieve accurate FF estimates for

NIPT analysis in clinical settings.
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1 | maternal blood samples that is of fetal origin. The measure-
ment of cell-free fetal DNA (cffDNA) is a key quality pa-
rameter, as a sufficient amount of fetal DNA in the sample
is essential to acquire valid NIPT results. Although the min-

imum threshold varies depending on the assays, the level of

Non-Invasive Prenatal Testing (NIPT) is widely used world-
wide in prenatal screening settings. Fetal fraction (FF) is
the proportion of total cell-free DNA (cfDNA) present in
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FF strongly correlates with the ability to detect aneuploid-
ies in the fetus. Factors known to affect the FF in maternal
plasma include gestational age, maternal weight, and placen-
tal biology (Hestand et al., 2019; Hou et al., 2019; Kinnings
et al., 2015; van Beek et al., 2017). It is crucial to perform an
efficient quality control of the NIPT test, considering all the
possible factors affecting the outcome, in order to eliminate
false negative results in prenatal screening; a failure to do so
may result in an incorrect diagnosis or chromosomal aberra-
tions, which are left unnoticed (Cao et al., 2016; Heling et al.,
2018; Peng & Jiang, 2017).

Distinguishing between cfDNA of maternal and fetal ori-
gin is yet a challenging task. Through the years, a number of
methods have been developed to determine the FF. Dedicated
tests such as single-nucleotide polymorphism-based (SNP-
based) and methylation-based methods are considered very
accurate; however, they require additional lab work. In male
pregnancies, relative FF can be estimated with high accuracy
by calculating the chromosome Y (chrY) ratio directly from
the shallow whole-genome sequencing (WGS) data. As bio-
informatics tools require no additional wet lab preparations,
they are preferable resource-wise, which has led to the de-
velopment of several software in the field (Kim et al., 2015;
Raman et al., 2019; Straver et al., 2016). The most commonly
used one is a read-count-based multivariate method — SeqFF
— enabling FF determination in pregnancies with fetuses of
any gender. This open-source software utilizes the differ-
ences in regional read depth data, achieved by shallow single-
end WGS, from autosomes only (Kim et al., 2015; Peng &
Jiang, 2017). SeqFF indirectly employs fragmentation dif-
ferences between maternal and fetal cfDNA. Regions which
have more of the shorter cfDNA fragments (i.e., cffDNA)
are preferably selected for FF estimation (Kim et al., 2015)
Several studies have shown a high overall correlation of
SeqFF estimates with chrY-based ratios, SNP-based FFs,
and trisomy-based method outcomes (Hestand et al., 2019;
Johansen et al., 2016; Kim et al., 2015; van Beek et al., 2017;
Wald et al., 2018).

From the introduction of NIPT, the main focus has been
on the ability to detect trisomies and estimate FF. Based on
their assays, laboratories all over the world use different
thresholds for FF levels used in NIPT, keeping 4% FF as the
most common lower threshold for quality control. However,
there has been very little focus on lab-to-lab differences in the
number of sequencing reads used for NIPT. Subsequently, it
has not yet been described whether the variable number of
reads used influence the estimation of FF. The precision of
SeqFF software at different levels of FF is also unexplored.
This study tests the robustness of the widely used SeqFF
method in determining FF in samples with different read
counts and FF levels and provides recommendations on the
minimum number of reads needed to obtain an accurate FF
for NIPT samples.

2 | METHODS

2.1 | Ethical compliance

This retrospective analysis only used de-identified patient
data, which do not require ethics committee approval at our
institution. Consent was considered not required because the
data included here are anonymous and de-identified.

We performed retrospective whole-genome sequencing
(WGS) data analysis of NIPT samples (n = 521), which had
been previously taken as part of routine prenatal screening
in the Department of Clinical Genetics (Odense University
Hospital, Odense, Denmark). On all of the samples, shal-
low coverage WGS had been performed using ThruPLEX®
Plasma-seq library prep kit (Takara Bio Inc.) and NextSeq
550 (Tllumina Inc.) sequencing platform at 1 x 75 base pairs.
In this manuscript, we only included samples with the total
number of reads of at least 30 million (n = 446).

2.2 | SeqFF fetal fraction estimation
Pre-trained SeqFF models were used to estimate FF in this
study. Single-end sequencing data were aligned to the ref-
erence genome GRCh37/ hgl9 employing BOWTIE2
(Langmead & Salzberg, 2012). Multimapped reads were re-
moved (mapg>0) using Samtools. The header was removed
by Grep from sorted BAM files. After primary data analy-
sis, FF of the original samples and every downsampled data
point was estimated by SeqFF software. The mean of the two
SeqFF outcomes, elastic net (Enet), and weighted rank selec-
tion criterion (WRSC) was used as FF estimate (Kim et al.,
2015).

2.3 | Determining fetal fraction ratios for
male fetuses by chromosome-Y-based method

The proportion of reads aligning to chromosome Y out of
the total number of reads aligning to the autosomal chromo-
somes (excluding chromosomes: 13, 18, and 21) was used to
achieve chrY-based FF ratio. The chromosomes 13, 18, and
21 were excluded as these are the most commonly trisomic
chromosomes, and, in the case of a trisomy-positive sample,
including them might adversely influence the estimate of FF.
ChrY-based ratio is not a direct FF estimate, but it can be
used as a reference for the amount of cffDNA in the sample.
This method was only used for samples from pregnancies
with male fetuses (n = 244).

Single-ended BWA (Li & Durbin, 2009) alignment
data (reference genome GRCh37/ hgl9) were used for this
method, which was then sorted, and multi-mapped reads were
removed using Samtools view. Number of reads assigned to
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chromosome Y and to autosomal chromosomes was collected
using Samtools idxstats.

2.4 | SNP-based fetal fraction retrieval

A subset of samples (n = 188) included in this study had
previously been analyzed using a commercial SNP-based
method (Clarigo™, Agilent®), and the outcomes were used
as a reference in this study. The SNP-based method is used
to screen for aneuploidies of chromosomes 21, 18, and 13
in NIPT samples (Remmerie et al., 2016). Analysis also in-
cludes FF and fetal gender. The FF determination technology
is based on SNP profiling, where every fragment after PCR
contains an SNP. It works by deducting maternal SNP pro-
file from mixed cfDNA SNP profile leaving only DNA frag-
ments, which do not have a pair with loci of maternal origin.

2.5 | Statistical data analysis and SeqFF
outcome validation

We compared the SeqFF FF outcome with two other well-
established methods (SNP-based and chrY-based) for valida-
tion of FF estimates in our dataset, proving the robustness of
the SeqFF software in determining FF for both genders. The
accuracy of FF estimates obtained by SeqFF software with
variable number of reads was examined using chrY-based
FF estimates as the reference. For each dataset with different
number of reads (from 2 to 30 million), the Pearson corre-
lation coefficient and p-value (statistically significant when
p < 0.05) were calculated and analyzed using R package gg-
pubr. Residuals were calculated using R function /m.

3 | RESULTS AND DISCUSSION
3.1 | Strong correlation between SeqFF,
chrY- and SNP-based fetal fraction estimates
using 30 million reads

Inter-method comparison between SeqFF outcomes, chrY-
based ratios, and SNP-based FFs were performed to vali-
date the robustness of SeqFF FF estimates using 30 million
reads (SeqFF[30 M]). The original SeqFF validation paper
included samples with read number in range of 3.8—34.7 mil-
lion (Kim et al., 2015). We therefore chose to investigate
samples with read count in this range. We expected to ob-
tain the highest accuracy by using 30 million reads. To make
numbers comparable, all samples where downsampled to 30
million reads for this comparison, as they originally had dif-
ferent total number of reads. Correlation analysis between
SeqFF[30 M] and SNP-based FF (n = 152), SeqFF[30 M]
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and chrY-based (n = 244, male fetuses only), and chrY- and
SNP-based (n = 87, male fetuses only) FF outcomes is shown
in Figure 1.

ChrY-based methods have previously been shown to pro-
vide the most accurate FF estimates in pregnancies with male
fetuses (Hestand et al., 2019; van Beek et al., 2017). Thus,
it was chosen as reference in this study. As seen in the pre-
vious studies (Johansen et al., 2016; Kim et al., 2015; van
Beek et al., 2017), showing Pearson correlation coefficient
of more than 0.9, our results support that SeqFF outcomes
very strongly correlate with FF estimates obtained using
chrY-based method (R = 0.943). As the chrY-based method
only can be used in pregnancies with male fetuses, we also
performed an analysis using an SNP-based method for a sub-
set of samples, which works for both genders. We observed
a strong correlation when comparing FFs by SeqFF and
SNP-based methods (R = 0.889), which was close to 0.921
presented by Kim et al. (2015). Comparison of chrY- and
SNP-based methods for male fetuses also presented a high
correlation (R = 0.917) as seen in the original SeqFF valida-
tion article (R = 0.938) (Kim et al., 2015). In summary, our
results demonstrate that high accuracy of the SeqFF FF esti-
mates for NIPT samples from pregnancies with both genders
can be achieved using 30 million reads. This also adds up to
the proof that SeqFF method stays robust across different labs
and using different sample preparation Kits.

3.2 | The total number of reads per sample
influences the accuracy of FF estimates

There seems to be no universally accepted cutoff for the
number of reads necessary to obtain robust and accurate FFs.
Although very variable, the lower cutoff for the number of
reads used in NIPT often is <5 million (Balslev-Harder et al.,
2017; Hestand et al., 2019; Hou et al., 2019; Kinnings et al.,
2015; Lau et al., 2014; van Beek et al., 2017), and in some
cases even samples with as low as 1.5 million reads are used
(Du et al., 2020).

To investigate the influence of the number of reads on
SeqFF performance, we randomly reduced the read count
in each sample. By downsampling, we computationally ob-
tained data simulating WGS performed with lower coverage.
Sets of samples were obtained for every million reads in the
range 2-30 million.

The highest variation in SeqFF FF estimates using the
downsampled data was observed when the total number of
reads was <10 million (see Figure 2). The correlation coeffi-
cient for FFs increased significantly when the read count was
raised from 2 million (R = 0.755) to 10 million (R = 0.9),
demonstrating greatly improved accuracy (Figure 4a). There
was a further improvement seen when increasing the read
count toward 20 million; however, it was a relatively small
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change. When the read count increased above 20 million, a
plateau was reached. These results show a strong positive as-
sociation between the total number of sequencing reads and
the accuracy of FF estimation.

The analysis of the residuals of the downsampled set
(Figure 3), which were calculated from the SeqFF[30] out-
come, confirmed our previously obtained results. The resid-
ual sum-of-squares (RSS) curve, shown in Figure 4b, decline
with the read count increase. Thus, it proves the less errone-
ous FF estimation by SeqFF method when more sequencing
reads are used.

Our data suggest that to achieve the best accuracy and pre-
cision of FF estimates, 20 million or more reads should be
used. Additionally, as the biggest improvement in accuracy
was seen only by reaching 10 million reads, FF estimated

using fewer reads should not be held as a valid quality control
for an NIPT sample.

3.3 | The accuracy of SeqFF is stable
across the full range of fetal fractions

To investigate the robustness of SeqFF FF estimation at dif-
ferent levels of FF, we grouped samples by FF and merged
the data, making one huge computational sample for each
percentage of FF (in range 2% to 13%). Next, the merged
samples were randomly split into subsamples, resulting in
sets of 50 subsamples for each million from 2 to 30 million
reads. Then, FF was calculated for each subsample in order
to study method's accuracy within different levels of cffDNA
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FIGURE 2 Correlation of SeqFF fetal fraction outcome with chrY-based ratio when the different number of sequencing reads is used. Only

cases with male fetuses are presented here. X axis: chrYbased ratio (reference); Y axis: SeqFF fetal fraction outcome. chrY, chromosome Y; M,

million

and how it is influenced by the number of reads. The standard
error was calculated for each set of subsamples. We found
that the standard error of SeqFF estimates on computational
subsamples decreased only when more reads were used (see
Figure S1).

To further test if there is any difference between esti-
mates at 2—13% FF for each million reads, we performed the
Kruskal-Wallis test (see Table S1). There was no significant
change in precision throughout the different levels of FF

(Figure 5). Our results indicate that the accuracy of FF esti-
mates is not affected by the actual percentage of cffDNA in
the sample, but only by the number of sequencing reads used.

4 | CONCLUSIONS

This study adds to the proof that fetal fraction (FF) estimates
obtained using SeqFF software strongly correlate with FF
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FIGURE 5 Effect of fetal fraction level and the total read count on the robustness of SeqFF method. M, million

from other gold standards, such as SNP-based method. In
pregnancies with male fetuses, SeqFF results show a very
high correlation with the ratios obtained by the chrY-based
method. Thus, it is a reliable method for accurate FF estima-
tion for both genders.

When implementing any method for FF estimation, it is
important to validate that it can detect FF not only for both
genders but also within different levels of cffDNA, as those
factors are normally unknown when the NIPT sample is
taken. Our results demonstrate that SeqFF outcome is highly
affected by the sequencing read count. The highest accuracy
of FF is obtained when the read count is 20 million reads or
more. However, relatively robust estimates of FF in the range
2% to 15% can be obtained already from 10 million reads.
The precision of FF estimates when using this software was
not affected by the level of cffDNA in the sample; thus, it
worked the same through the whole range of FFs used in this
study.

Accurate and precise estimation of FF is crucial for the
development of NIPT and the interpretation of the screen-
ing test outcome. Our findings using SeqFF software raise
the question whether other bioinformatics methods for FF
estimation are influenced in the same way. Therefore, fur-
ther studies including other software are deemed beneficial.
To achieve the highest accuracy of FF, at least 20 million
reads should be reached. As we are aware that running costs
may be an issue in clinical settings, we recommend the read

count of at least 10 million reads. Insufficient number of
reads will affect the estimation of FF, introducing the pos-
sibility of false positive or false negative results in NIPT
report.
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