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Noninvasive prenatal testing using fetal DNA in maternal plasma is
an actively researched area. The current generation of tests using
massively parallel sequencing is based on counting plasma DNA
sequences originating from different genomic regions. In this
study, we explored a different approach that is based on the use
of DNA fragment size as a diagnostic parameter. This approach is
dependent on the fact that circulating fetal DNA molecules are
generally shorter than the corresponding maternal DNA mole-
cules. First, we performed plasma DNA size analysis using paired-
end massively parallel sequencing and microchip-based capillary
electrophoresis. We demonstrated that the fetal DNA fraction in
maternal plasma could be deduced from the overall size distribu-
tion of maternal plasma DNA. The fetal DNA fraction is a critical
parameter affecting the accuracy of noninvasive prenatal testing
using maternal plasma DNA. Second, we showed that fetal chro-
mosomal aneuploidy could be detected by observing an aberrant
proportion of short fragments from an aneuploid chromosome in
the paired-end sequencing data. Using this approach, we detected
fetal trisomy 21 and trisomy 18 with 100% sensitivity (T21: 36/36;
T18: 27/27) and 100% specificity (non-T21: 88/88; non-T18: 97/97).
For trisomy 13, the sensitivity and specificity were 95.2% (20/21)
and 99% (102/103), respectively. For monosomy X, the sensitivity
and specificity were both 100% (10/10 and 8/8). Thus, this study
establishes the principle of size-based molecular diagnostics using
plasma DNA. This approach has potential applications beyond non-
invasive prenatal testing to areas such as oncology and transplanta-
tion monitoring.

size profiling | fetal aneuploidy | next-generation sequencing |
Down syndrome | Turner syndrome

In the plasma of pregnant women, cell-free fetal DNA is present
in a large background of maternally derived DNA (1). Cell-free
DNA molecules are mainly short fragments of less than 200 bp
(2, 3). Early work based on real-time quantitative PCR has shown
that fetal DNA is generally shorter than maternally derived DNA
(2). Subsequently, researchers have taken advantage of such a size
difference to enrich for fetal DNA in maternal plasma samples
for noninvasive prenatal testing (4-6).

More recently, the development of paired-end massively par-
allel sequencing has allowed the size distributions of fetally and
maternally derived DNA to be studied at a single-base resolution
(7, 8). Both the size distributions of fetally and maternally de-
rived DNA exhibit a series of peaks, including a major peak at
166 bp, a smaller peak at 143 bp, and a 10-bp periodicity below
143 bp (8). The most distinctive difference between fetal and
maternal DNA in maternal plasma is that fetal DNA shows
a reduced proportion of molecules of 166 bp and an increased
proportion of molecules of less than 150 bp (8). In this study, we
outlined the theoretical basis and explored the implementation
of using molecular size analysis of plasma DNA as a diagnostic
approach. We demonstrated the feasibility of this approach using
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two important applications in the field of noninvasive prenatal
testing, namely, for measuring fetal DNA fraction in maternal
plasma and detecting fetal aneuploidy.

The fetal DNA fraction in maternal plasma is an important
parameter that affects the accuracy of cell-free DNA-based
prenatal tests (9, 10). In particular, false-negative results could
occur in samples with low fetal DNA fractions (9). In addition,
a number of laboratories have incorporated the fetal DNA
fraction into their diagnostic algorithms (6, 11). However, the
added complexity of such a measurement means that such a
practice has not been universally adopted. We reasoned that as
fetal DNA is shorter than maternal DNA (2), plasma samples
with higher fetal DNA fractions would have higher proportions
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of short DNA molecules. Thus, we proposed that it might be
possible to estimate the fetal DNA fraction by measuring the
overall size distribution of maternal plasma DNA.

The noninvasive prenatal detection of fetal chromosomal
aneuploidies is the most rapidly adopted clinical use of non-
invasive prenatal testing (12, 13). In pregnancies with aneuploid
fetuses, the extra or missing copy of fetal chromosome would
alter the proportional representation of the affected chromo-
some in the maternal plasma (14). Hence, massively parallel
sequencing has been used for counting the number of sequences
in maternal plasma that have originated from the affected
chromosome (14-19). We reasoned that as fetal DNA is shorter
than maternal DNA in maternal plasma (2), the presence of an
extra fetal chromosome in fetal trisomy would shorten the size
distribution of DNA in maternal plasma derived from that
chromosome. For example, in a pregnant woman carrying a tri-
somy 21 fetus, the additional chromosome 21 would release an
extra dosage of shorter fetal-derived DNA into the maternal
plasma, resulting in an increase in the proportion of short DNA
from chromosome 21. The reverse would take place in case of
fetal monosomy, such as monosomy X for a fetus suffering from
Turner syndrome. Therefore, we proposed that it might be
possible to assess the fetal chromosome dosage by detecting the
increased or reduced proportion of short fragments from the
aneuploid chromosome in maternal plasma.

Results

Paired-End Sequencing of Maternal Plasma DNA. Two sample sets
were used in this study. The first sample set included 144 ma-
ternal plasma samples that had been analyzed in two previous
studies (17, 20). These included 60 cases each with a euploid
fetus, 36 cases each with a trisomy 21 fetus, 27 cases each with
a trisomy 18 fetus, and 21 cases each with a trisomy 13 fetus. The
second sample set included 26 maternal plasma samples from 16
cases each with a euploid female fetus and 10 cases each with
a monosomy X fetus. The median gestational ages at the time of
maternal blood sampling for the first and second sample sets
were 13.0 wk (interquartile range 12.6-14.0), and 13.5 wk
(interquartile range 13.2-13.9), respectively. All blood samples
were collected before performing any invasive procedures.

All maternal plasma DNA samples were analyzed by paired-
end massively parallel sequencing. For the first sample set, we
obtained a median of 4.7 million (ranging from 1.8 million to
13.5 million) alignable and nonduplicated reads per sample for
subsequent analysis. For the second sample set, a median of 35
million (ranging from 24.8 million to 44.4 million) reads per
sample was used for subsequent analysis.

Size Distribution of DNA in Maternal Plasma Samples with Different
Fetal DNA Fractions. Because fetal DNA is generally shorter than
maternal DNA (2), we hypothesized that maternal plasma samples
with a higher fetal DNA fraction would have a higher proportion
of short plasma DNA fragments. To confirm this hypothesis, we
first determined the size distributions of plasma DNA molecules
for two pregnant women each carrying a male fetus (from the first
sample set). The size of each sequenced plasma DNA molecule
was deduced from the start and end coordinates of the paired-end
reads. The plasma sample with a higher fetal DNA fraction had
a higher proportion of short fragments of less than 150 bp and
a lower proportion of fragments of 166 bp compared with the
sample with a lower fetal DNA fraction (Fig. 1).

Fetal DNA Fraction Estimation Through Size Analysis of Maternal
Plasma DNA by Sequencing. We further postulated that if the
relative proportions of short and long DNA fragments in the
maternal plasma were correlated with the fetal DNA fraction, we
would be able to determine the fetal DNA fraction in maternal
plasma by maternal plasma DNA size analysis. Thus, we ana-
lyzed plasma samples from 73 pregnant women, each carrying
a male fetus (from the first sample set). We performed paired-
end sequencing and determined the overall plasma DNA size
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Fig. 1. Size distributions of DNA molecules in two maternal plasma samples
with different fetal DNA fractions. Solid line represents the sample (case

99633) with a lower fetal DNA fraction, whereas dashed line represents the
sample (case 94884) with a higher fetal DNA fraction.

distribution for each maternal plasma DNA sample (Dataset
S1). A size ratio indicating the relative proportions of short and
long DNA fragments was calculated for each sample using the
following equation.

Si fio = P(100 - 150)
1ZeTalo = p163-169)

where P(100—150) denotes the proportion of sequenced frag-

ments with sizes ranging from 100 bp to 150 bp; and P(163—169)

denotes the proportion of sequenced fragments with sizes rang-

ing from 163 bp to 169 bp.

The 73 samples were randomly divided into two groups, namely
a training group and a validation group, containing 36 and 37
samples, respectively. We first examined the relationship be-
tween the size ratio and the fetal DNA fraction with the training
group. The fetal DNA fraction was determined from the pro-
portion of chromosome Y sequences in the maternal plasma
samples. We observed a positive correlation between the size
ratio and the fetal DNA fraction (r = 0.827, P < 0.0001, linear
regression) (Fig. 24).

Then, we deduced the fetal DNA fractions of the 37 maternal
plasma samples of the validation group from the size ratios using
the regression equation obtained from the training group. The
size-deduced fetal DNA fractions were highly concordant with
those determined from the proportion of chromosome Y se-
quences (Fig. 2B). The median absolute difference between the
two values was 2.3% (interquartile range: 0.5-3.5%).

Fetal DNA Fraction Estimation Using Size Information Obtained from
Electrophoresis of Maternal Plasma DNA Sequencing Libraries. We
further explored if the size information obtained from micro-
chip-based capillary electrophoresis (using a Bioanalyzer) of the
maternal plasma DNA sequencing library could be used to de-
duce the fetal DNA fraction in maternal plasma.

As a quality control step before sequencing, we checked the
size distribution of each adaptor-ligated DNA library with the
Bioanalyzer. A representative electropherogram of a maternal
plasma DNA sequencing library obtained from the Bioanalyzer
is shown in Fig. 34. Areas A and B on the electropherogram
correspond to library fragment sizes of 200265 bp and 285-290 bp,
respectively. During DNA sequencing library preparation, adap-
tors with a total size of 122 bp were ligated to both ends of each
plasma DNA molecule. Therefore, areas A and B actually repre-
sent DNA fragments with sizes of 78-143 bp and 163-168 bp, re-
spectively. Electropherograms of the 73 plasma DNA sequencing
libraries from pregnant women with a male fetus (from the first
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Fig. 2. (A) Correlation between size ratios and fetal DNA fractions for the
36 samples in the training group. The fetal DNA fraction is determined from
the proportion of chromosome Y sequences in the maternal plasma samples.
The solid line is the linear regression line through the data, and the corre-
sponding regression equation is given on the graph. (B) Plot of the fetal DNA
fraction deduced from the size ratio using the above regression equation
against that determined from the proportion of chromosome Y sequences
for the 37 samples in the validation group.

sample set) were analyzed. A size ratio was calculated for each
maternal plasma DNA sample by dividing area A by area B.

We first examined the relationship between the size ratio
obtained from the electropherogram and the fetal DNA fraction
with the training group. We found a positive correlation between
the size ratio obtained from electropherogram and the fetal
DNA fraction (r = 0.610, P < 0.0001, linear regression) (Fig. 3B).

Then, we deduced the fetal DNA fractions of the 37 maternal
plasma samples of the validation group from the size ratios using
the regression equation obtained from the training group. The
size-deduced fetal DNA fractions were highly concordant with
those determined from the proportion of chromosome Y sequences
(Fig. 3C). The median difference between the two values was
2.3% (interquartile range: 1.4-4.0%).

Fetal Trisomies 21, 18, and 13 Detection by Size Analysis of Maternal
Plasma DNA by Sequencing. In a previous study, we have demon-
strated that the entire fetal genome is represented in the ma-
ternal plasma, and fetal DNA is present in a constant relative
proportion to maternal DNA across the genome (8). When there
is an extra or a missing copy of a fetal chromosome, the relative
proportions of fetal and maternal DNA for the affected chro-
mosome would be altered. We postulated that this would also
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alter the size distribution of plasma DNA for the affected
chromosome. Based on this reasoning, chromosome-specific size
profiling of maternal plasma DNA can potentially be used for
fetal aneuploidy detection.
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Fig. 3. (A) A representative Bioanalyzer electropherogram of a maternal
plasma DNA sequencing library. Areas A and B correspond to library frag-
ment sizes of 200-265 bp and 285-290 bp, respectively. The library fragment
size is the size of the plasma DNA molecule plus the size of the sequencing
adaptor (122 bp). (B) Correlation between size ratios (area A/area B) derived
from electropherograms and fetal DNA fractions for the 36 samples in the
training group. The fetal DNA fraction is determined from the proportion of
chromosome Y sequences in the maternal plasma samples. The solid line is
the linear regression line through the data, and the corresponding regression
equation is given on the graph. (C) Plot of the fetal DNA fraction deduced from
the electropherogram-derived size ratio using the above regression equation
against the fetal DNA fraction determined from the proportion of chromo-
some Y sequences for the 37 samples in the validation group.
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We first tested this size profiling method for the detection of
the three most common autosomal aneuploidies, namely trisomy
21, trisomy 18, and trisomy 13, with the first sample set. We
constructed the size distribution of maternal plasma DNA in-
dividually for each chromosome using only those DNA frag-
ments originating from that chromosome (Dataset S1). We then
calculated the difference in the proportion of short DNA frag-
ments between the target chromosome and the reference chro-
mosomes (all autosomes except chromosomes 21, 18, and 13),
denoted by AF,,n, using the following equation.

AFepyn =P (<150) 4,5 = P(<150) ey,

where P(< 150).,,n denotes the proportion of sequenced frag-
ments originating from the target chromosome with sizes < 150
bp and P(< 150).y,.rer denotes the proportion of sequenced frag-
ments originating from the reference chromosomes with sizes <
150 bp.

Next, we randomly assigned twenty cases with a euploid fetus
in the first sample set as reference controls. We determined the
mean values and SDs of AF,;,»;, AF 15, and AF ;3 of these
reference controls and calculated a size-based z-score for each of
the three target chromosomes for each test sample using the
following equation.

AF, chrN _sample —meanAF, chrN _ref
)
SD AF, chrN _ref

Size-based z-score.,n =

where AF gy sampie 18 the AF . for the test sample, meanAF . e
is the mean AF,,y of the reference samples, and SDAF ¢,y yer is
the SD of the AF,,y of the reference samples.

Using a size-based z-score cutoff value of >3, all 36 trisomy
21 cases and 88 nontrisomy 21 cases were correctly identified
(Fig. 44 and Table S1). All 27 trisomy 18 cases and 97 non-
trisomy 18 cases were correctly identified (Fig. 4B and Table S1).
Twenty out of 21 trisomy 13 cases (sensitivity: 95.2%) and 102
out of 103 nontrisomy 13 cases (specificity: 99%) were correctly
identified (Fig. 4C and Table S1).

The same set of samples was also analyzed for fetal trisomies
21, 18, and 13 using the tag counting method. All cases were
correctly identified (Table S1).

Fetal Monosomy X Detection. Thus far, results from a number of
studies have suggested that the performance of fetal sex chro-
mosomal aneuploidy detection by maternal plasma DNA anal-
ysis is less robust than for detecting an autosomal aneuploidy
such as Down syndrome (15, 21). Here, we explored if the size
profiling method could be used for detecting monosomy X
(Turner syndrome) with the second sample set (Dataset S2).

We randomly assigned eight pregnant cases carrying euploid
female fetuses from the second sample set as reference controls.
The remaining eight pregnancies carrying a euploid female fetus
and 10 pregnancies each carrying a monosomy X fetus were the
test cases. First, we confirmed that there was no significant
amount of chromosome Y sequences in the 18 test cases, in-
dicating that these fetuses did not carry a chromosome Y. Then,
we assessed the fetal chromosome X dosage using both the tag
counting and the size profiling methods. We used a z-score of
<—3 as the cutoff for indicating monosomy X. Using the size
profiling method, both the sensitivity and specificity for detecting
monosomy X were 100% (Fig. 54 and Table S1). Using the tag
counting method, the sensitivity and specificity were 90% and
100%, respectively (Fig. 5B and Table S1).

Discussion

In this study, we have outlined the principle and demonstrated
the realization of a size-based approach for molecular diagnostics
using plasma DNA. First, we showed that one could estimate the
fetal DNA fraction in maternal plasma based on the overall size
distribution of maternal plasma DNA. The measurement of
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plasma DNA size distribution can be performed by both paired-
end massively parallel sequencing and capillary electrophoresis
of sequencing libraries. Furthermore, we demonstrated the use
of maternal plasma DNA size analysis for the noninvasive pre-
natal detection of multiple types of fetal aneuploidies, including
trisomies 21, 18, and 13, as well as monosomy X.
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Fetal DNA fraction in maternal plasma is a crucial factor
affecting the accuracy of maternal plasma DNA-based pre-
natal tests (9, 10). Currently, there are three main categories of
fetal-specific markers for measuring the fetal DNA fraction,
namely Y chromosomal markers (22), polymorphic markers (8,
23), and DNA methylation markers (24-26). The first category
of markers would only be applicable to pregnancies involving
male fetuses. The second category would require multiple poly-
morphic markers to achieve a broad population coverage. Although
DNA methylation markers are potentially applicable to all preg-
nancies, it involves either bisulfite conversion (25) or methylation-
sensitive restriction enzyme digestion (24, 26). A relatively simple
measurement method for fetal DNA fraction applicable to all
pregnancies, regardless of fetal sex and genetic makeup, would
streamline the day-to-day operation of noninvasive prenatal tests.
The size-based method described in this study represents an
approach that could potentially fulfill this role. In particular,
the size analysis using capillary electrophoresis of sequencing
libraries is a very attractive approach for quick and reasonably
accurate estimation of the fetal DNA fraction with virtually no
additional cost, because this is one of the standard quality con-
trol steps for massively parallel sequencing (27).

Previously, it has been shown that besides the major peak at
166 bp, plasma DNA also exhibits a smaller peak at 143 bp (8).
This 143-bp peak is more prominent in fetal DNA compared
with the maternal counterpart. Therefore, during our initial in-
vestigation with the training set, we had tested a number of
combinations of size ranges for the fetal fraction calculation,
including (i) 100-150 bp and 163-169 bp, (ii) <150 bp and 163-
169 bp, (iii) 140-146 bp and 163-169 bp, (iv) 140-154 bp and
163-169 bp, and (v) <150 bp and >150 bp. We had also explored
a number of size cutoffs for fetal aneuploidy detection, including
140 bp, 145 bp, 150 bp, 155 bp, and 160 bp. Among them, 100
150 bp and 163-169 bp gave the best performance for fetal DNA
fraction calculation, and a cutoff of 150 bp gave the best
performance for fetal aneuploidy detection. Hence, these size
ranges and size cutoff were used in this study.

Many current NIPT protocols adopt a lower cutoff of 3-4%
fetal DNA fraction for fetal aneuploidy detection (18). In future
studies, comparison of the performance of this size-based ap-
proach and the conventional approaches would need to include
more plasma samples in the low concentration range.

The ability of the size-based approach to detect fetal chro-
mosomal aneuploidies is an interesting development. Because
the same sequencing data can be used for both the size profiling
and the tag counting analyses, one may combine the results from
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two types of analyses for arriving at a final test result. One
possibility is to combine results from these two types of analyses
using an “OR” algorithm. Thus, a plasma sample is classified as
positive if either the size-based or the count-based approach
gives a positive result. An alternative is to combine results from
these two types of analyses using an “AND” algorithm, where
a plasma sample is classified as positive only if both the size-
based and the count-based approaches give positive results.
From our current dataset, we saw an indication that one could
potentially improve the sensitivity of fetal aneuploidy detection
with the OR algorithm (e.g., where the sensitivity for detecting
trisomy 13 has increased from 95.2 to 100%), or reduce false
positives with the AND algorithm (e.g., a small reduction in false
positive rate for trisomy 13 detection) (Table S1). The actual
diagnostic impact of such algorithms would require future vali-
dation using large sample cohorts. At present, we would predict
that the AND algorithm and its associated enhancement in
specificity would be of value if one wishes to expand the clinical
spectrum of noninvasive prenatal testing, e.g., for chromosomal
microdeletions or even obtaining a genomewide molecular kar-
yotype (28-31). It is also possible that an even higher level of
diagnostic specificity could be achieved by combining size, count,
and DNA methylation information (32).

Finally, size-based molecular diagnostics could be extended to
the analysis of cell-free DNA in other clinical contexts, such as
cancer (33-35) and transplantation (36). Indeed, previous stud-
ies have shown a size difference between tumor-derived and
noncancer cell-derived DNA (37, 38), as well as between donor-
derived and recipient-derived DNA (39). In particular, it has
been shown in a transplantation model that nonhematopoieti-
cally derived DNA is shorter than hematopoietically derived
DNA in plasma (39). It is currently unclear how much one could
extrapolate such results to an individual who has not previously
undergone transplantation, e.g., a healthy pregnant woman. The
striking association between the size distribution in plasma and
the fetal DNA fraction suggests that in healthy pregnant women,
the proportion of DNA from the nonfetal and nonhematopoietic
sources is likely to be relatively minor or stable. Nonetheless, it
would be important for future studies to explore the correlation
between the plasma DNA size profile and the fetal DNA fraction
in pregnant women suffering from various pregnancy-associated
disorders, e.g., preeclampsia. Indeed, plasma DNA size profiling
might even have diagnostic or monitoring implications for
pregnant women with such disorders. In conclusion, size pro-
filing of plasma DNA provides valuable biological information
and has exciting diagnostic applications.
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Materials and Methods

Details of the sample collection and processing are in S/ Text.

Sequencing Library Preparation. Indexed DNA libraries were constructed with
the Paired-End Sequencing Sample Preparation Kit (Illumina) and the Mul-
tiplexing Sample Preparation Oligonucleotide Kit (Illumina) (20). The adap-
tor-ligated DNA was enriched by an 18-cycle PCR. Before sequencing, we
checked the size distributions of the adaptor-ligated libraries using the DNA
1000 Kit (Agilent) with a 2100 Bioanalyzer (Agilent).

DNA Sequencing. We sequenced all libraries in the first sample set using a
2-plex sequencing protocol on a Genome Analyzer lIx (lllumina). Among the 33
samples in the second sample set, three of them were sequenced with one lane
on a HiSeq 2000 sequencer (lllumina), and the remaining 30 samples were se-
quenced using a 4-plex protocol. We performed 36 cycles and 50 cycles of paired-
end sequencing for the first and second sample sets, respectively. An additional 7
cycles of sequencing were performed to decode the index sequence on each
sequenced DNA molecule. For consistency to other samples in terms of read
depth, we only used one-fourth of the reads from the one-lane data of the three
samples for downstream analyses.

Sequence Alignment. Sequences from each lane were assigned to the cor-
responding samples based on the six-base index sequences, with one mis-
match being allowed in the index read sequences. All sequenced reads were
aligned to the non-repeat-masked human reference genome (NCBI Build
36.1/hg18) (http://genome.ucsc.edu) using the Short Oligonucleotide Align-
ment Program 2 (SOAP2) (http://soap.genomics.org.cn/). For the first sample
set, we did not allow any nucleotide mismatch in the sequencing reads,
whereas for the second sample set, we allowed up to two nucleotide
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mismatches for each member of the paired-end reads due to a longer
read length used. Only paired-end reads with both ends aligned to the
same chromosome with the correct orientation, spanning an insert size of
<600 bp, were used for downstream analyses. All but one duplicated reads
with identical start and end coordinates were filtered.

Calculation of Fetal DNA Fractions from the Proportion of Chromosome Y Sequences.
In pregnancies carrying a male fetus, the fetal DNA fraction (f) in a maternal
plasma sample can be determined from the proportion of reads aligned to
chromosome Y (%chrY) as previously described (20). Details are in S/ Text.

Detection of Chromosome Y. We set a cutoff value of %chrY, below and
above which represented the absence and presence of chromosome Y in the
sample, respectively. We determined the mean and the SD of the %chrY of
the eight euploid female fetus cases from the second sample set, and cal-
culated the cutoff value which was defined as the mean plus three SDs of
the %chrY of the eight euploid female fetus cases.

Tag Counting Analysis. We determined the mean values and SDs of the genomic
representation of the tested chromosome (GR.xn) of the reference controls,
and calculated a count-based z-score for each chromosome of each test sample
using the following equation (14):
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