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Circulating Fetal Cell-Free DNA Fractions Differ in
Autosomal Aneuploidies and Monosomy X
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BACKGROUND: Noninvasive prenatal testing based on
massively parallel sequencing (MPS) of cell-free DNA
in maternal plasma has become rapidly integrated into
clinical practice for detecting fetal chromosomal
aneuploidy. We directly determined the fetal fraction
(FF) from results obtained with MPS tag counting
and examined the relationships of FF to such biolog-
ical parameters as fetal karyotype and maternal
demographics.

METHODS: FF was determined from samples previously
collected for the MELISSA (Maternal Blood Is Source
to Accurately Diagnose Fetal Aneuploidy) study. Sam-
ples were resequenced, analyzed blindly, and aligned to
the human genome (assembly hg19). FF was calculated
in pregnancies with male or aneuploid fetuses by
means of an equation that incorporated the ratio of the
tags in these samples to those of a euploid training set.

ResULTS: The mean (SD) FF from euploid male preg-
nancies was 0.126 (0.052) (n = 160). Weak but statis-
tically significant correlations were found between FF
and the maternal body mass index (r* = 0.18; P =
2.3 X 10~®) and between FF and gestational age (r* =
0.02; P = 0.047). No relationship with maternal ethnic-
ity or age was observed. Mean FF values for trisomies
21 (n = 90), 18 (n = 38), and 13 (n = 16) and for
monosomy X (n = 20) were 0.135 (0.051), 0.089
(0.039), 0.090 (0.062), and 0.106 (0.045), respectively.

concLusions: MPS tag-count data can be used to deter-
mine FF directly and accurately. Compared with male
euploid fetuses, the FF is higher in maternal plasma
when the fetus has trisomy 21 and is lower when the
fetus has trisomy 18, 13, or monosomy X. The different
biologies of these aneuploidies have practical implica-
tions for the determination of cutoff values, which in
turn will affect the diagnostic sensitivity and specificity
of the test.

© 2013 American Association for Clinical Chemistry

Within a year of becoming clinically and commercially
available in the US, noninvasive prenatal testing has
become rapidly integrated into clinical practice for de-
tecting fetal chromosomal aneuploidy (1 ). Such testing
is based on massively parallel sequencing (MPS)> of
cell-free DNA in maternal plasma. The diagnostic sen-
sitivity and specificity of MPS to detect fetal aneuploidy
depends on a number of factors, including the number
of sequence tags counted for each chromosome, opti-
mal normalization of the tag counts for sequencing
variances (2 ), and the percentage of fetal DNA [or fetal
fraction (FF)] present in the plasma sample being ana-
lyzed. Before the clinical experience with MPS for large
numbers of maternal samples had accumulated, FF val-
ues were thought to be between 0.05 and 0.06 (3).
Thus, an initial concern was that the MPS approach
might not be sufficiently analytically sensitive for a rea-
sonable number of sequence tags (and hence an afford-
able sequencing cost) to apply this approach to all preg-
nancies. The clinical-validation data from several
studies, however, have demonstrated high diagnostic
sensitivities and specificities for aneuploidy detection.
Several recent published studies are consistent in show-
ing that FF values have a bell-shaped distribution with
a peak between 0.10 and 0.20 (4-6).

Typically, measurements of FFs in maternal
plasma have relied on differences between the mother
and fetus for polymorphisms to distinguish the origins
of the cell-free DNA (7-9). These approaches have re-
quired a separate enrichment step to select for the poly-
morphisms of interest and potentially a quantification
step separate from MPS (e.g., mass spectrometry for
methylation polymorphisms). Multistep methods can
be cumbersome in the clinical laboratory and can lead
to errors in FF measurements, particularly at low FF
percentages. A false-negative result may be caused by
an overestimate of FF, or samples may be rejected for
analysis when the FF is underestimated (10 ). Even un-
der optimal MPS conditions with thousands of poly-
morphisms targeted (11 ), a statistical mixture model is
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required to improve the precision of FF measurement.
Yet, even when the statistical mixture model with thou-
sands of polymorphisms is used, the median degree of
deviation is 6%—7% (range, 0.6%-22%) (11 ). There-
fore, we sought alternative methods to ascertain this
measurement and to understand FF in these samples.

Fan et al. initially suggested that FF in male preg-
nancies could be measured directly from the MPS tag-
count data for the Y chromosome and from the aneu-
ploid chromosome in aneuploid pregnancies (12).
Subchromosomal analysis using benign or pathogenic
copy number variations may allow extension of this
approach for use with any sample from any pregnancy
(13). We describe our application of this method to a
much larger sample set of newly resequenced samples
from our previous clinical study of pregnant women at
high risk for fetal aneuploidy (14 ). We used tag data for
the X chromosome for male and aneuploid pregnan-
cies (in euploid male fetuses or monosomy X fetuses)
and used the specific chromosome present in 3 copies
(chromosomes 13, 18, or 21) when fetal aneuploidy
(13, 18, or 21) was present. Our primary objective was
to examine the relationship between FF and such bio-
logical parameters as fetal karyotype, gestational age,
maternal age, ethnicity, and body mass index (BMI).
We evaluate the practical implications of the observed
FF distributions with respect to the diagnostic sensi-
tivity and specificity of detecting fetal aneuploidy
noninvasively and propose an optimal approach for
maximizing the diagnostic sensitivity and avoiding
false-negative results.

Materials and Methods

SAMPLE PREPARATION AND SEQUENCING

To validate our method analytically, we first created
artificial mixtures of sheared genomic DNA from a
mother (Coriell no. NG09387) paired with DNA from
a trisomy 21 male child (Coriell no. NG09394; Coriell
Institute for Medical Research). Genomic DNA sam-
ples were sheared to a size of approximately 200 bp
with the Covaris S2 sonicator (Covaris) in accordance
with the manufacturer’s recommended protocols.
DNA fragments <100 bp were removed with AMPure
XP beads (Beckman Coulter Genomics). Sequencing
libraries were generated with TruSeq DNA Sample
Preparation v2.0 kits (Illumina) from sheared DNA of
the following: maternal DNA only and mixtures of ma-
ternal and child DNA consisting of 2.5% to 17.5% child
DNA by weight in 2.5% increments. We sequenced
samples with single-ended 36 bp reads on an Illumina
HiSeq 2000 instrument with TruSeq v3 sequencing
chemistry and with 6 samples of the same percentage
mixture in a single sequencing lane, each with a unique
index bar code.
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The MELISSA (Maternal Blood Is Source to Accu-
rately Diagnose Fetal Aneuploidy) trial was a registered
clinical trial (http://clinicaltrials.gov; NCT01122524)
designed to prospectively determine the accuracy of
MPS for detecting whole-chromosome fetal aneu-
ploidy in high-risk pregnancies. The study was con-
ducted at 60 US medical centers under approval by the
local institutional review boards. Samples were col-
lected over a gestational age range of 10 to 23 weeks.
Written informed consent was obtained from each par-
ticipant. The enrollment criteria and results of this
study have been published (14). Libraries in the
MELISSA study were sequenced with TruSeq v2.5 se-
quencing chemistry on an Illumina HiSeq 2000 instru-
ment, with single-end reads of 36 bp and with 6 sam-
ples per lane. For the present study, we resequenced all
of the original-sample sequencing libraries from the
MELISSA analysis set (n = 532) with TruSeq v3 se-
quencing chemistry on an Illumina HiSeq 2000 instru-
ment, with single-end reads of 36 bp and with 6 sam-
ples per lane. Research laboratory personnel blinded to
the fetal karyotype carried out the sequencing in the
Verinata Health research laboratory. We collected
samples from unaffected pregnancies from local clinics
to develop a training set for the MPS TruSeq v3 chem-
istry used in the current study of the MELISSA clinical
samples.

We used the calculations described below to mea-
sure FFs from the MPS sequence-tag data for different
subgroups within the 532 sequenced samples in the
MELISSA study population. These samples included
samples from euploid males and all samples from preg-
nancies with monosomy X and pregnancies with tri-
somies 21, 18, and 13 (total for this study, 324). We also
examined whether FF was significantly affected by var-
ious biological parameters, such as gestational age, ma-
ternal age, maternal ethnicity, and maternal BMI.

MAPPING, NORMALIZATION, AND ANALYSIS

Sequence reads were aligned to the human genome (as-
sembly hgl9, obtained from the UCSC database; http://
hgdownload.cse.ucsc.edu/goldenPath/hg19/bigZips/).
Alignments were carried out with the Bowtie short-read
aligner (version 0.12.5), which allows up to 2 base mis-
matches during alignment. Only reads that unambigu-
ously mapped to a single genomic location were in-
cluded. Genomic sites where reads mapped uniquely
were counted as tags.

Tag counts for each chromosome within and be-
tween sequencing runs were normalized by means of
chromosome ratios, as previously described (14, 15).
Any chromosome other than chromosomes 13, 18, 21,
X, or'Y could be used in the denominator in calculating
chromosome ratios. The optimal chromosome ratios
determined from an independent training set of # un-
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affected (U) samples were those that minimized the
standard deviation, o;, within and between sequenc-
ing runs for each chromosome, i, in the training set.
The mean chromosome ratio from the n unaffected
(U) samples (Ry;) for chromosome i is determined as
follows:

1 n
RUingRUj- (1)

j=1

For any sample that varies by =1 chromosome (i.e.,
trisomy or monosomy) from 2 chromosomes (dip-
loid), the ratios are expected to vary with FF according
toEq.2 (2, 12):

FF
Ry=1(1=x B Ry, (2)

where R,; is the ratio for an affected (noneuploid)
chromosome i. Thus, FF can be calculated directly
from the ratios with Eq. 3:

RAi

FF=2><’ —1’. (3)

Ui
Fan et al. (12) presented a similar equation and used
the small number of available Y chromosome tags in a
limited number of samples to calculate FF. In the FF
calculations presented and discussed below, we used
tags from the X chromosome and R ,x values to calcu-
late FF for samples from male fetuses, because the
number of available tags is much larger, leading to
more precise values. R,; values were used to calculate
FFs for aneuploid samples, where i = 21, 18, 13, or X.

For the purposes of detecting or classifying aneu-
ploidy or the sex of the fetus, we evaluated a statistical
measure, the normalized chromosome value (NCV,,),
for each chromosome, i, in each sample, k, according to
Eq.4 (15):

Ry — Ry,
NCVy, = %; (4)

Ui

where the SD, oy, is obtained from a training set of
unaffected samples for each chromosome. NCV calcu-
lates the number of SDs from the unaffected mean
value for each value of R;;. In our previous work (15),
we demonstrated that NCVs follow a normal distribu-
tion, and thus NCV,; is equivalent to a statistical
z-score. At a given sequencing depth, a fixed NCV cut-
off for aneuploidy classification specifies a FF cutoff
according to Eq. 5:

NCVki X Oy
RUi

FF=2><‘ (5)

Deeper sequencing (i.e., more tags per sample) can
be used to lower the FF cutoff thresholds for each
chromosome.

STATISTICAL ANALYSIS
All statistical analyses were carried out in Microsoft
Excel® for Mac 2011. Population correlations were
evaluated with Pearson correlation coefficients, with a
P value derived from the Student ¢ distribution of
<0.05 considered as statistically significant.

Results

ARTIFICIAL MIXTURES

We tested the applicability of Eq. 3 on the artificial
mixtures from 2.5% to 17.5% of trisomy 21 DNA by
weight, in 2.5% increments. A training set was first
used to optimize the normalizing chromosome de-
nominators. The mean Ry; and o7, values were calcu-
lated from the data points obtained from the 6 mothers
only (i.e.,0% FF). The values for R,y and R,; were then
individually determined for each mixture. These values
were used in Eq. 3 to compute FFs from the 2 different
nondiploid chromosomes, X and 21. Fig. 1 in the Data
Supplement (accompanying the online version of
this article at http://www.clinchem.org/content/vol60/
issuel) shows the plots of FF values calculated from Eq.
3 for the mixtures by using either R x or R,,;, which
were virtually identical. The excellent agreement be-
tween these measurements and the input FF values
demonstrate the validity of Eq. 3 for determining the
FF from the counted MPS tags.

MELISSA STUDY SAMPLES

Table 1 presents the means and SDs of the FFs for the
euploid male and monosomy X fetuses calculated from
the X chromosome R values for the MELISSA study
samples. For the aneuploid samples, the FFs were cal-
culated from the R values for chromosomes 21, 18, and
13. Fig. 1 shows the relative-frequency histograms for
the samples from women carrying euploid male fetuses
and those carrying fetuses with trisomies 21 or 18. The
histograms for trisomy 13 (n = 16) and monosomy X
(n = 20) are not included because of the small numbers
of available samples. As Table 1 shows, the mean FF for
trisomy 21 was 9.3% higher than in euploid males. The
mean FFs in cases of trisomy 18, trisomy 13, and mono-
somy X were 29.7%, 28.3%, and 15.9% lower, respec-
tively, than in the euploid male samples.

In a separate analysis that used only the R,y values,
the mean FFs calculated from the male aneuploid sam-
ples were 0.138 (0.053) for trisomy 21 (n = 45) and
0.085 (0.036) for trisomy 18 (n = 16). These results
were virtually identical to the mean FFs calculated with
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Table 1. FFs obtained from maternal plasma samples in pregnant women carrying fetuses with different

karyotypes.®
Fetal Karyotype No. (All) FF from R,; No. (males) FF from R,y
Euploid Males 160 NAP 160 0.126 (0.052)
Trisomy 21 90 0.135(0.051) 45 0.138(0.053)
Trisomy 18 38 0.089 (0.039) 16 0.085 (0.036)
Trisomy 13 16 0.090 (0.062) 8 0.046 (0.032)
Monosomy X 20 NA 20 0.106 (0.045)°

2 FF data are presented as the mean (SD).
b NA, not applicable; R,; ratio for an affected (A) (noneuploid) chromosome i; R,y, ratio for affected (noneuploid) chromosome X.
¢ The fetuses with monosomy X were not male. They had only a single X chromosome, however, so we used the relative deficiency of the X sequence compared

with the reference to calculated FF.

R4, and R, (Table 1). For the male fetuses with tri-
somy 13 (n = 8), the mean FF calculated was 0.046
(0.032), which is lower than the mean FF calculated
with all of the trisomy 13 samples. Fig. 2 shows the
correlation between the FFs calculated by R,x and R,
for all trisomy 21 samples and the FFs calculated by R i«
and R, for all of the trisomy 18 samples. Note that the
line in this figure is the unity line (i.e., y = x), not a
regression line. The slopes measured for the trisomy 21
and trisomy 18 samples are 1.01 (r* = 0.89) and 0.77
(r* = 0.83), respectively. These independent measure-

ments of the FF and their associated strong correlation
demonstrate the robustness of this approach for mea-
suring FF.

For euploid male fetuses, the mean FFs for gesta-
tions of <100 days (n = 63) appeared to be slightly
lower than for gestations of >100 days (n = 97) (Fig.
3). For euploid males, the respective means were 0.113
(0.046) and 0.134 (0.054), whereas the corresponding
mean FFs for the trisomy 21 samples were 0.131 (0.052)
(n =53) and 0.142 (0.054) (n = 37). The FF values for
samples from euploid males were weakly but signifi-

Euploid males
— — — Trisomy 21
—————— Trisomy 18
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Fig. 1. Histogram of the relative frequency of samples at a given FF for maternal plasma samples from women
carrying euploid male, trisomy 21, and trisomy 18 fetuses.

Trisomy 13 and monosomy X are not shown because of the small numbers of these samples.
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Fig. 3. FFs in the plasma of pregnant women carrying
euploid male fetuses vs gestational age in days.

cantly correlated with gestational age (r* = 0.02; P =
0.047). The trisomy 21 samples also showed a weak
correlation of FF with gestational age, but it was not
statistically significant (r* = 0.04; P = 0.0768).

Fig. 4 shows the relationship between maternal
BMI and FF for euploid male fetuses. FF was weakly
correlated with BMI but with a high statistical signifi-
cance (r>=0.18; P = 2.3 X 10~ ®). The results obtained
with the trisomy 21 samples were also highly significant
(r* = 0.08; P = 0.0001). The statistical significance of
the trisomy 21 data set appears to have been driven
primarily by the samples that were obtained at <100
days of gestation (r* = 0.14; P = 0.007), compared with
those samples obtained at >100 days of gestation (r* =
0.05; P = 0.184). For the euploid male samples, how-
ever, both gestational-age subgroups were significantly
dependent on the BMI (at <100 days, r? = 0.26, and
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Fig. 4. FFs in the plasma of pregnant women carrying
euploid male fetuses vs maternal BMI.
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Table 2. CVs and FFs obtained from v3 TruSeq
sequencing chemistry.®

Chromosome CV, % FF
13 0.45 0.027
18 0.23 0.014
21 0.44 0.027
X 0.61 0.037

@ For the MELISSA samples, the SD was obtained from a training set of 142
samples from unaffected individuals (71 females). Mean (SD), 26.2 (5.9)
million tags per sample.

P = 1.64 X 1077 at >100 days, r* = 0.18, and P =
1.33 X 10~°). No other biological parameters, includ-
ing maternal age and ethnicity, showed a significant
dependence on FF.

Classification for aneuploidy uses NCVs or
z-scores to set a statistically relevant threshold. This
threshold depends on the SD obtained for individual
chromosomes, as illustrated by Eq. 4 with an associ-
ated FF threshold given by Eq. 5. The CV (ie,
CVyi = oyilRy;) relates oy; to the ratio of tags in an
unaffected sample being measured and thus provides a
relative measure that can be compared among chro-
mosomes with different numbers of tags. Table 2 lists
the CVs obtained for chromosomes 13, 18, 21, and X,
as well as the FFs at an NCV of 3 for each of the indi-
vidual chromosomes. An NCV of 3 is a typical cutoff
value for classifying a sample as aneuploid. Note that
because of the different CVs for each chromosome, dif-
ferent chromosomes have different FF thresholds for
determining aneuploidy. Thus, the different FF thresh-
olds have a potential role in the performance charac-
teristics of noninvasive prenatal testing, which is dis-
cussed below.

Discussion

In this study, we have demonstrated that FF differs as a
function of fetal karyotype. Compared with samples
from pregnant women carrying euploid male fetuses,
the FF is higher when the fetus has trisomy 21 and is
lower when the fetus has trisomy 18, 13, or monosomy
X. Our results are in agreement with the results for
gestational ages of 11-13 weeks reported for an earlier
study, which used an independent method (6). This
study also showed higher FFs in cases of trisomy 21 and
lower FFs in cases of trisomy 18. This finding may be
yet another reason why the diagnostic sensitivity and
specificity for detecting trisomy 21 is nearly 100% in
most published studies. These observations are impor-
tant, because FF plays a major role in determining the
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diagnostic sensitivity and specificity for detecting an-
euploidy. As Eq. 5 illustrates, for aneuploidy classifica-
tion based on a fixed NCV or z-score threshold, a lower
SD, allows a sample with a lower FF to cross the classi-
fication threshold and be identified as aneuploid (Ta-
ble 2).

Although the relative FF is lower in trisomy 18
cases, it is offset by the lower CV for chromosome 18.
This feature has the practical consequence of allowing
smaller amounts of excess chromosome 18 sequence to
be detected, which increases the diagnostic sensitivity
for detecting mosaicism for trisomy 18, including con-
fined placental mosaicism. Data from both our own
clinical laboratory (16) and others (17) support the
fact that more “false positives” are detected for chro-
mosome 18 than for the other major aneuploidies. Fur-
thermore, the literature is increasingly showing that
some of these “false positive” test results are due to
confined placental mosaicism, as proved by karyotyp-
ing of placental biopsies (18) or sequencing placental
tissue DNA (19).

Given the distributions shown in Fig. 1, <1% of
the samples in this study had FFs of <0.03. Thus, for
chromosomes with low CVs, the false-negative rate is
expected be extremely small. The low false-negative
rates observed in both the published clinical studies
and the clinical experience in our commercial labora-
tory (16) are consistent with this expectation. For FF
measurements made with polymorphism methods,
larger errors for low FFs may play a role in mischarac-
terizing samples as having a putatively sufficient FF for
clinical determination.

With regard to the demographic variables we have
analyzed, our results show that FF is weakly but signif-
icantly correlated with maternal BMI. Several other
studies have also suggested that the FF is lower in
women with a higher BMI (5, 10 ); however, the weak-
ness of the correlation (r> = 0.18) does not suggest that
it is appropriate to reject samples on the basis of BMI
criteria alone. The data shown in Fig. 4 reveal that
many of the samples from women with lower BMIs
have low FFs. In contrast to the results of Ashoor et al.
(6 ), who reported that women of Afro-Caribbean ori-
gin have significantly lower FFs, we observed no depen-
dence of FF on maternal ethnic background. This find-
ing may be due either to differences between the 2
sample sets or to possible biases related to ethnicity in
the loci chosen for the Ashoor et al. study.

In summary, we have shown that the FF can be
calculated directly from MPS tag-count data with the X
chromosome ratios in samples from pregnancies car-

rying male fetuses and/or with aneuploid chromosome
ratios in samples from women carrying fetuses with a
chromosome aneuploidy. The method was validated
with artificial mixtures. Similar quantitative results
were obtained with actual patient samples from a pre-
viously performed clinical study, even when the data
from 2 different chromosomes were used indepen-
dently to calculate FF. In contrast to methods that en-
rich for specific polymorphic loci, this approach does
not require separate processing steps to determine FF.
As implemented in this study, however, the method
cannot be used as an FF quality control step for preg-
nancies carrying female euploid fetuses. The counting
approach may be extendable to samples when the fetus
is female by using slightly deeper sequencing to identify
genome regions where the mother and fetus have clin-
ically benign copy number differences (13 ). The major
and novel conclusion of this study is that the different
biology of each aneuploidy has practical implications
for determining cutoff values for aneuploidy classifica-
tion, which in turn affects the diagnostic sensitivity and
specificity of the screening test.
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