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Abstract

Purpose: To determine how a single nucleotide polymorphism (SNP)- and informatics-based non-invasive prenatal
aneuploidy test performs in detecting trisomy 13.

Methods: Seventeen trisomy 13 and 51 age-matched euploid samples, randomly selected from a larger cohort, were
analyzed. Cell-free DNA was isolated from maternal plasma, amplified in a single multiplex polymerase chain reaction assay
that interrogated 19,488 SNPs covering chromosomes 13, 18, 21, X, and Y, and sequenced. Analysis and copy number
identification involved a Bayesian-based maximum likelihood statistical method that generated chromosome- and sample-
specific calculated accuracies.

Results: Of the samples that passed a stringent DNA quality threshold (94.1%), the algorithm correctly identified 15/15
trisomy 13 and 49/49 euploid samples, for 320/320 correct copy number calls.

Conclusions: This informatics- and SNP-based method accurately detects trisomy 13-affected fetuses non-invasively and
with high calculated accuracy.
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Introduction

Trisomy 13 (Patau syndrome) results from one extra copy of

chromosome 13, and is the third most common live-birth

autosomal aneuploidy after trisomy 21 (Down syndrome) and

trisomy 18 (Edward syndrome). The trisomy 13 live-birth

incidence is between 1 in 10,000 and 1 in 20,000 [1], representing

33% of infants diagnosed prenatally via chorionic villus sampling

(CVS) or amniocentesis [2]. The total prevalence for trisomy 13

live births, stillbirths, and elective terminations combined is

approximately 1 in 6000 [3–6]. The trend towards delaying

childbirth until more advanced maternal age has resulted in an

increased incidence of all trisomic disorders, including trisomy 13

[7].

Complete, partial, and mosaic trisomy 13 have been docu-

mented [8–11]. Complete trisomy 13, involving a whole extra

copy of the chromosome, results in severe, multi-systemic

congenital anomalies, including central nervous defects, midline

anomalies, eye and ear abnormalities, cardiac defects, orofacial

defects, gastrointestinal and genitourinary abnormalities, limb

defects, and developmental retardation [10,11]. Most trisomic

fetuses die in utero, and approximately 80% of trisomy 13-affected

live births die within one month of birth [12]. Death in trisomy 13-

affected fetuses is caused by multi-organ system failure, cardio-

pulmonary arrest, congenital heart disease, and pneumonia [6,13].

However, there are a handful of cases where survival of up to 19

years has been observed [14–16]. Those who survive have serious

intellectual and physical disabilities. Along with the maternal

health risks associated with carrying any pregnancy, one small

study specifically identified pre-eclampsia in mothers carrying

trisomy 13 fetuses, but not in mothers carrying fetuses with other

aneuploidies [17]. Early prenatal detection of trisomy 13 would

allow parents time to come to terms with the diagnosis, receive

counseling and prepare for the possible outcomes, and facilitate

earlier decision-making.

Traditional prenatal diagnostic options include first and second

trimester screening and/or diagnostic invasive procedures, like

chorionic villus sampling (CVS) or amniocentesis. Non-invasive

screening methods involving ultrasonography and biochemical

analysis of maternal serum can be performed in the first trimester,

but only detect at most 95% of trisomy 13 cases [18]. Additionally,

these screening methods include a high rate of false positives and
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require follow-up invasive procedures for diagnosis. The timing of

the screening protocols often delays diagnosis until the second

trimester, prolonging maternal/parental emotional distress and

delaying clinical decision-making. The high false-positive rate

associated with traditional noninvasive screening methods, cou-

pled with an approximate 1 in 500 risk of procedure-related

pregnancy loss [19], results in a high number of unnecessary

invasive procedures and thus lost pregnancies, many of which are

euploid. Taken together, this emphasizes the need for a

noninvasive method for detecting trisomy 13 early in pregnancy

with detection rates and accuracy levels that mirror those of

current invasive diagnostic methods.

The discovery of fetal cell-free DNA (cfDNA) in maternal blood

suggested that such a test might be developed. However, fetal

cfDNA is heavily diluted by maternal cfDNA, and the cfDNA is

highly fragmented, complicating amplification and detection.

Recent noninvasive methods circumvented these issues by

amplifying isolated cfDNA using massively parallel shotgun

sequencing (MPSS) and analyzing sequencing results using a

quantitative counting approach [20–25]. These counting-based

methods detect trisomic chromosomes by identifying chromo-

somes for which there is a higher relative abundance when

compared to euploid reference chromosomes. Most MPSS-based

counting methods non-specifically amplify cfDNA [20–22]. A

more recent counting method termed digital analysis of selected

regions (DANSR), uses targeted amplification and sequencing of

cfDNA isolated from maternal plasma, thus reducing the number

of required sequencing reads [23–26]. However, this method also

relies on comparison with reference chromosomes to make copy-

number calls. Both MPSS-based and DANSR methods accurately

detect chromosomes 18 and 21, but are less reliable at

chromosomes that suffer from amplification variation, including

chromosome 13. Indeed, trisomy 13 detection rates in published

studies describing commercially available methods range from

78.6% to 91.7% [20,22,26]. Correcting for amplification bias due

to variation in the guanosine-cytosine levels has recently been

shown to improve trisomy 13 detection rates [27], but this method

is not commercially available. Thus, there is currently no clinically

available noninvasive method that consistently and accurately

detects trisomy 13.

Here, we present a cohort of 68 samples where trisomy 13 was

accurately detected using targeted amplification and sequencing of

single-nucleotide polymorphisms (SNPs) coupled with Next-

generation Aneuploidy Test Using SNPs (NATUS) analysis.

Materials and Methods

Ethics Statement
Pregnant couples with an affected fetus or considered to be at

high-risk for fetal aneuploidy (positive serum screen, ultrasound

abnormalities, or maternal age of greater than 35 years) were

enrolled at participating prenatal care centers under a protocol

approved for each individual center (Western Institutional Review

Board, Ethical and Independent Review Services, Einstein

Institutional Review Board, Polish Mother’s Memorial Hospital

Institutional Review Board, Bio Medical Research Institute of

America, Institutional Review Board of the Mt. Sinai School of

Medicine), in accordance with applicable laws and regulations and

the principles expressed in the Declaration of Helsinki and the

Belmont Report, between March and December of 2012. Women

were at least 18 years of age, had singleton pregnancies, and signed

an informed consent. Samples were sent to a single reference

laboratory (San Carlos, CA) for analysis. At this time, the NATUS

algorithm has only been validated in singleton pregnancies

[28,29].

Subjects and Sample Collection
This was a case-control study. The single sample with known

fetal mosaicism was excluded from determination of sensitivity and

specificity. Samples included in this analysis were selected from a

cohort of .1,000 pregnancies that included 17 non-mosaic

trisomy 13 samples (3 of which were previously reported)

[28,29]. All confirmed trisomy 13 cases were included in this

study. Each sample from a woman carrying an aneuploid fetus was

matched, to within five days of gestation, with three independent,

randomly selected samples from pregnant women carrying euploid

fetuses. Copy number on all samples was verified through standard

invasive diagnostic testing (amniocentesis or chorionic villus

sampling [CVS]) or genetic testing of the cord blood, buccal,

saliva, or products of conception.

Sample Preparation and Measurement
Samples were prepared and amplified using 11,000-plex or

19,488-plex targeted polymerase chain reaction (PCR) in solution,

and analyzed as described previously [28–30]. Probes of between

18 and 30 base pairs (bps) in length were designed to minimize

primer-primer interactions and to generate amplicons of 50 to

65 bp in length [31–34]. Isolated cfDNA as well as maternal and

paternal genomic DNA samples were pre-amplified for 15 cycles

using 11,000 or 19,488 target-specific assays. Next, an aliquot was

transferred to a second nested 15-cycle PCR before a third round

of 12-cycle PCR where samples were prepared for sequencing by

adding barcoded tags [28]. DNA integrity was measured via

LabChip (Perkin Elmer, Waltham, MA). Targets included SNPs

from chromosomes 13, 18, 21, X, and Y. Amplicons were

sequenced using an Illumina GAIIx or HiSeq sequencer. SNPs

targeted from the Y chromosome are in the homologous non-

recombining regions of the X and Y chromosomes where the loci

are common to the two chromosomes.

NATUS Methodology and Data Analysis
Sequence alignment to the genome was performed using a

proprietary algorithm adapted from the Novoalign (Novocraft,

Selangor, Malaysia) commercial software package. A chromosome

copy number classification algorithm called Next-generation

Aneuploidy Test Using SNPs (NATUS) was implemented in

MATLAB (MathWorks, Natick, MA, USA) [32–34]. The NATUS

algorithm leverages an advanced version of the proprietary

Parental Support statistical algorithm, which was previously

described (and was used to analyze two trisomy 13 samples

included here) [28–30,32–34]. Briefly, the NATUS algorithm

considers parental genotypic information, crossover frequency

data [35], and linkage disequilibrium to predict possible fetal

euploid and aneuploid genotypes. The algorithm then predicts

what the sequencing data would be expected to look like for each

of these hypothetical genotypes at various fetal cfDNA fractions;

by comparing to the actual sequencing data, the algorithm

identifies the combination of fetal genotype and fetal fraction that

represents the maximum likelihood, and calls this as fetal copy

number and fetal fraction. NATUS calculates a sample-specific

accuracy for each interrogated chromosome. The calculated

accuracy represents the likelihood that the copy number call is

correct, and is expressed as a proportion of the maximum value of

1, which equates to a calculated accuracy of 100% [28]. To ensure

that data is of sufficient clarity to result in a high-confidence result,

NATUS considers numerous quality control metrics, which

samples must pass for results to be reported [28–30]. Samples
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with ,4.0% fetal fraction, ,1,500 genome equivalents (where 1

genome equivalent is equal to the amount of DNA contained

within a single cell), contamination .0.2% (where contamination

was identified by the algorithm as additional genotypes present in

a sample that do not match the parental or predicted fetal

genotypes), or a signal-to-noise ratio or model fit that falls below

previously-determined thresholds [28,29,32–34], were reported as

a no-call. Although all samples that were part of this cohort were

euploid or trisomy 13, the algorithm made copy number calls at

five chromosomes (13, 18, 21, X and Y). Performance of the

NATUS algorithm at chromosome 13 was compared to perfor-

mance at chromosomes 18 and 21 for the 411 samples with

karyotype confirmation via amniocentesis, CVS, or analysis of

born child saliva.

Results

The median gestational age (GA) was 16.0 weeks for euploid

and aneuploid samples (overall range: 12.1–22.7 weeks). The

mean measured fetal fraction for all samples was 12.1% (median:

11.1%, range: 2.2–30.4%). Four (5.9%) samples did not pass

stringent quality control metrics; three (2 trisomy 13, 1 unaffected)

were identified with fetal fractions of below the 1st percentile

(2.7%) when compared to euploid samples (see Discussion); the 4th

sample (unaffected) had a fetal fraction of above the 1st percentile

but below the threshold for making a copy number call. Figure 1

depicts the distribution of samples that passed quality control as a

function of fetal fraction.

To determine whether chromosome 13 showed systematic

differences from chromosomes 21 and 18 that could result in

differing accuracies, the model fit quality for chromosomes 13, 18,

and 21 was compared for 411 samples (as described in the

Materials and Methods). For each sample, the NATUS algorithm

calculated model fit on a per-SNP basis for each chromosome.

The fit for all SNPs was then combined to calculate an aggregate

fit for the various hypotheses under consideration (monosomy,

disomy, trisomy). This aggregate model fit showed no observable

difference between the three chromosomes, indicating that

NATUS performs the same at chromosome 13 as it does at

chromosomes 18 and 21. This consistency in performance is

reflected in the accuracy of the copy number calls for the cohort

reported here. As in previous studies, the single mosaic trisomy 13

case was excluded from calculations of sensitivity and specificity

[22,36–38]. For trisomy 13, sensitivity was 100% (15/15, CI:

78.2–100%) and specificity was 100% (49/49, CI: 92.8–100%). All

samples were concurrently analyzed for trisomy 18, trisomy 21,

and monosomy X, and specificity was 100% (64/64, CI: 94.4–

100%). This resulted in a total of 320/320 correct copy number

calls. The overall average calculated accuracy across interrogated

chromosomes was .99%. Table 1 reports gestational ages, fetal

fractions, NATUS-called karyotypes, average confidences, and

confirmed karyotypes for sample passing quality control.

The sequencing data can be visualized graphically, as in

Figures 2–4. It is important to note that this is not how the

algorithm makes copy number calls, but is meant as a

straightforward method for visualizing results generated by the

algorithm. Figure 2 depicts the data obtained from one 46,XX

sample with a fetal fraction of 28.1%. The presence of three green

clusters in the center of the plot (centered around 0.64, 0.5, and

0.36 as a function of fetal fraction), as well as two red peripheral

clusters (one external and centered around 1, and one internal and

centered around 0.86) and two blue peripheral clusters (one

external and centered around 0, and one internal and centered

around 0.14), are a hallmark pattern indicating the presence of

two chromosomes. Thus, this fetus has two copies of chromosomes

13, 18, 21, and X. Together with the absence of reads from the Y

chromosome (where spots are tightly associated with the upper

limit of the plot, as described previously30), this indicates a female

euploid fetal genotype.

Figure 1. Histogram of samples stratified by fetal fraction.
doi:10.1371/journal.pone.0096677.g001
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Table 1. List of 64 samples that passed quality control, with gestational age, fetal fraction, NATUS-generated copy number result,
calculated accuracy, and confirmed karyotype.

GA (weeks) Fetal Fraction (%)
NATUS-called
Karyotype

Average
Confidencea Confirmed Karyotypeb

12.1 11.4 46,XX 1.00 46,XX

12.1 10.3 46,XX 1.00 46,XX

12.7 14.9 46,XX 1.00 46,XX

12.7 6.7 46,XX 1.00 46,XX

12.7 8.7 46,XX 1.00 46,XX

15.6 15.2 46,XX 1.00 46,XX

15.6 12.7 46,XX 1.00 46,XX

18.0 8.3 46,XX 1.00 46,XX

16.0 12.5 46,XX 1.00 46,XX

16.0 10.4 46,XX 1.00 46,XX

16.0 15.5 46,XX 1.00 46,XX

15.9 15.2 46,XX 1.00 46,XX

18.1 13.8 46,XX 1.00 46,XX

18.9 9.7 46,XX 1.00 46,XX

13.1 11.7 46,XX 1.00 46,XX

13.1 5.9 46,XX 1.00 46,XX

12.4 6.4 46,XX 1.00 46,XX

16.4 7.1 46,XX 1.00 46,XX

16.4 28.1 46,XX 1.00 46,XX

21.1 7.6 46,XX 1.00 46,XX

23.1 21.9 46,XX 1.00 46,XX

12.1 10.8 46,XY 1.00 46,XY

12.7 13.2 46,XY 1.00 46,XY

12.7 9.9 46,XY 1.00 46,XY

13.6 12.2 46,XY 1.00 46,XY

13.6 16.6 46,XY 1.00 46,XY

13.6 14.0 46,XY 1.00 46,XY

13.6 8.7 46,XY 1.00 46,XY

15.6 9.9 46,XY 1.00 46,XY

18.0 13.9 46,XY 1.00 46,XY

18.0 6.4 46,XY 1.00 46,XY

18.1 10.5 46,XY 1.00 46,XY

15.9 14.1 46,XY 1.00 46,XY

15.9 13.4 46,XY 1.00 46,XY

18.9 30.4 46,XY 1.00 46,XY

18.9 14.9 46,XY 1.00 46,XY

21.4 14.0 46,XY 1.00 46,XY

21.4 17.8 46,XY 1.00 46,XY

21.9 23.5 46,XY 1.00 46,XY

21.1 12.0 46,XY 1.00 46,XY

21.1 16.7 46,XY 1.00 46,XY

21.1 7.8 46,XY 1.00 46,XY

22.6 10.8 46,XY 1.00 46,XY

22.4 17.0 46,XY 1.00 46,XY

22.7 9.7 46,XY 1.00 46,XY

13.1 15.3 46,XY 1.00 46,XY

12.4 9.9 46,XY 1.00 46,XY

12.4 9.0 46,XY 1.00 46,XY
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The graphical representation in Figure 3 depicts a sample

identified as having a 47,XX,+13 fetal genotype with a fetal

fraction of 19.2%. The hallmark ‘‘two chromosome’’ clustering

pattern is observed for chromosomes 18, 21, and X. In this case,

the central green clusters have condensed towards the center of the

plot (centered around 0.6, 0.5, and 0.4), and the peripheral red

and blue clusters have regressed towards the upper and lower

limits of the plot (centered around 0.9 and 0.1, respectively); this is

due to the slightly lower fetal fraction when compared to Figure 2.

For chromosome 13, the center green clusters for which the

maternal genotype is heterozygous are distributed in four clusters

(centered around 0.63, 0.54, 0.46, and 0.37); this pattern indicates

fetal genotypes of AAA, AAB, ABB, and BBB, respectively.

Additionally, the internal peripheral red and blue clusters have

shifted towards the center of the plot (centered around 0.82 and

0.18, respectively). This hallmark pattern indicates a paternal

mitotic error resulting in the paternal contribution of two alleles

and thus the presence of three chromosomes in the fetus. Together

with the absence of Y-chromosome reads, this indicates a female

trisomy 13 fetal genotype.

The graphical representation in Figure 4 depicts a sample

identified as having a 47,XX,+13 fetal genotype with a fetal

fraction of 4.3%. At fetal fractions of below approximately 20%,

the hallmark patterns that indicate disomy, trisomy or monosomy

are not readily discernible by eye. However, the algorithm is able

to make high-confidence copy number calls at as low as 3.8% fetal

fraction. Due to the decreased fetal fraction in Figure 4, the

peripheral red and blue clusters have regressed towards the plot’s

upper and lower limits, respectively, and the central green clusters

have condensed towards the plot’s center. This highlights the

advantage of incorporating genotyping information; the calculated

fit for each SNP permits a high-confidence aggregate model fit to

ensure detection of fetal aneuploidy with high accuracy across a

range of fetal fractions.

Discussion

Here, we describe the application of a SNP- and informatics-

based method for the detection of trisomy 13. The NATUS

algorithm specifically amplifies and sequences SNPs from cfDNA

isolated from maternal blood, targeting either 11,000 or 19,488

individual loci and using Bayesian-based Maximum Likelihood

informatics analysis to detect trisomy [28–30]. The Parental

Support method was originally developed to measure chromosome

copy number at all 24 chromosomes in a single cell.37 The ability

of the Parental Support method to call copy number at low DNA

levels facilitated its adaptation as a method to noninvasively detect

fetal aneuploidy, using the advanced NATUS version of the

algorithm [28–30]. Because of the small number of trisomy 13

cases in previous reports [28,29], trisomy 13 sensitivity has not

previously been evaluated. Here, the performance of this SNP-

based NIPT was determined using a larger cohort of trisomy 13

cases, thus allowing trisomy 13 sensitivity to be estimated.

Significantly, trisomy 13 sensitivity was not found to be

significantly lower than that reported for trisomy 18 or trisomy

21 [28,29].

Reports indicate that between 0% and 60% of parents continue

a pregnancy known to be affected with trisomy 13. [2] However,

neonatal treatment is controversial due to high infant mortality

rates, even though approximately 50% of trisomy 13 infants live

beyond one week and up to 10% live beyond one year [39,40]. An

earlier diagnosis would offer mothers/parents the full range of

pregnancy options.

Table 1. Cont.

GA (weeks) Fetal Fraction (%)
NATUS-called
Karyotype

Average
Confidencea Confirmed Karyotypeb

16.4 18.9 46,XY 1.00 46,XY

18.0 24.7 47,XX,+13 1.00 47,XX,+13

15.9 12.0 47,XX,+13 1.00 47,XX,+13

21.6 19.2 47,XX,+13 1.00 47,XX,+13

13.1 4.3 47,XX,+13 0.92 47,XX,+13

13.6 5.5 47,XY,+13 1.00 47,XY,+13

15.6 8.5 47,XY,+13 1.00 47,XY,+13

16.0 7.1 47,XY,+13 1.00 47,XY,+13

18.9 7.7 47,XY,+13 1.00 47,XY,+13

22.6 10.8 47,XY,+13 1.00 47,XY,+13

21.6 11.6 47,XY,+13 1.00 47,XY,+13

18.1 14.2 47,XY,+13 1.00 47,XY,+13

22.0 30.0 47,XY,+13 1.00 47,XY,+13

12.1 9.1 47,XY,+13 1.00 47,XY,+13

12.7 7.5 47,XY,+13 1.00 Trisomy 13, no sex chromosome anomaliesb

12.4 6.7 47,XY,+13 1.00 Trisomy 13, no sex chromosome anomaliesb

For each trisomy 13 case, three confirmed euploid control cases with matching gestational ages (within five days) were blindly selected from a large collection of control
cases.
aAverage calculated accuracy [28–30] across chromosomes 13, 18, 21, and X.
bKaryotype was confirmed by standard invasive diagnostic testing or genetic testing of the cord blood, buccal, saliva, or products of conception. For two samples,
confirmed fetal sex chromosome copy number was reported (from a larger, externally blinded cohort) as presence or absence of sex chromosome anomalies (instead of
as ‘‘XX’’ or ‘‘XY’’); NATUS-called karyotypes were identified as correct upon unblinding.
doi:10.1371/journal.pone.0096677.t001
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There are currently no reliable noninvasive methods for

detecting trisomy 13 that are commercially available. Counting

methods all require reference chromosomes, which is problematic

in that significant amplification variation or undetected reference

chromosome aneuploidy may result in missed calls. Indeed,

amplification variation, thought to be due to low GC content, is

well-established as problematic for detecting aneuploidy at

chromosome 13 [41–44], and as a result the published trisomy

13 detection rates of 78.6% to 91.7% are well below the diagnostic

accuracy of invasive methods [22,23]. This renders questionable

the clinical utility of these methods as an eventual replacement for

or adjunct to invasive methods in trisomy 13 detection. Improved

accuracy at detecting both trisomy 13 and trisomy 18 was recently

reported using a non-repeat-masked reference genome, bioinfor-

matically correcting for GC content bias [27]. Although this

modified method accurately detected 100% of trisomy 13 fetuses

and 91.9% of trisomy 18 fetuses, the method still utilizes a non-

targeted MPSS-based counting approach and fails to address fetal

fraction. Thus, the method is still subject to issues with

unnecessary reads, undetected reference chromosome aneuploidy,

and is likely to be less accurate at low fetal fractions. By specifically

interrogating polymorphic loci, the method presented here

obviates issues with chromosome-to-chromosome amplification

variation that result in decreased reliability at these chromosomes

in counting methods. Specifically, amplification of polymorphic

loci is inherently more consistent than amplification of other

chromosomal regions, because the two alleles at a polymorphic

locus by definition only differ by a single nucleotide. Thus,

although all methods identify trisomy 18 and trisomy 21 with high

accuracy, the NATUS method is the only commercially available

method that detects all five chromosomes (13, 18, 21, X, and Y)

with equally high accuracy. Although Liao et al. utilized targeted

amplification and detection of SNPs, and SNP-based methods are

expected to accurately call ploidy at all 24 chromosomes, the

method is not commercially available, still relies on reference

chromosomes, and only interrogated chromosome 21 [45].

As fetal cfDNA is believed to be placental in origin, the ability of

NIPT to accurately report the fetal chromosome copy number is

complicated by mosaicism. Confined placental mosaicism (CPM),

typically associated with a euploid fetus, may result in cfDNA that

is not representative of the actual fetal genetic state. Thus,

mosaicism is considered to be an inherent limitation of all NIPTs,

and historically, published NIPT studies have excluded mosaic

cases when determining assay performance [20–26,36,37]. The

cohort presented also excluded one case of fetal trisomy 13

mosaicism; for this case, the algorithm failed to return a result

because of low fetal fraction, so the capacity for this SNP-based

NIPT to detect mosaic cases cannot be evaluated.

The method presented here utilizes NATUS analysis, an

advanced informatics approach to analyzing sequencing data.

Figure 2. Graphical representation of sequencing data from one euploid sample with a 28.1% fetal fraction. SNPs are assumed to be
binary (the algorithm ignores other minor alleles) and are indicated as A and B for simplicity. For each plot, the number of A allele reads is plotted as a
fraction of the total allele reads (y-axis) against the linear position of each of several thousand interrogated SNPs on the chromosomes-of-interest (x-
axis). The x-axis represents the linear position of each SNP along the indicated chromosome. Interrogated chromosomes are indicated above the plot.
Each spot represents a single SNP, where the precise position along the y-axis represents the additive contribution of maternal and fetal cfDNA to the
fraction of A allele reads and is thus a function of the sum of fetal and maternal allele reads for that locus as well as of fetal fraction. The contribution
of reads from fetal alleles results in distribution of the spots into distinct clusters that can be used to infer chromosomal copy number. Fetal and
maternal genotypes at individual SNPs are indicated to the right of the plots. To more easily visualize the maternal and fetal contributions, spots are
color-coded according to maternal genotype: SNPs for which the mother is homozygous for the A allele (AA) are indicated in red, those for which the
mother is homozygous for the B allele (BB) are indicated in blue, and those for which the mother is heterozygous (AB) are indicated in green. All
clusters that are not tightly associated with the limits of the plots are useful for inferring ploidy, as described in the Results section.
doi:10.1371/journal.pone.0096677.g002
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Figure 3. Graphical representation of sequencing data from one paternally-inherited trisomy 13 sample with a 19.2% fetal fraction.
The plot is described as in Figure 2 and in the Results section.
doi:10.1371/journal.pone.0096677.g003

Figure 4. Graphical representation of sequencing data from one maternally-inherited trisomy 13 sample with a 4.2% fetal fraction.
The plot is described as in Figure 2 and in the Results section.
doi:10.1371/journal.pone.0096677.g004
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Whereas previous methods rely on read counts or intensity

analysis, this method analyzes the prevalence and identity of

individual SNPs, and includes parental genotypes coupled with

crossover frequency information from the HapMap database [35].

Specifically, the method formulates billions of possible fetal

euploid and aneuploid genotypes based on parental genotype

information and crossover frequency data. It then predicts the

expected allele distributions for each of the hypothetical genotypes

at various fetal cfDNA fractions. By comparing the actual

sequencing data to the predicted plasma DNA profiles and fetal

cfDNA fractions using Bayesian statistics, the NATUS algorithm

identifies both the fetal ploidy state and fetal fraction with the

maximum likelihood. Significantly, this method performs a

sophisticated DNA quality evaluation that takes into account fetal

fraction, parental genotypes, noise parameters, sequence reads

parameters, and a number of internal controls.

The method also calculates a sample-specific accuracy, which

can be converted to a personalized risk score. Importantly, these

sample-specific calculated accuracies are expected to offer more

reliable results at low fetal fractions, where MPSS-based and

DANSR methods may falter. Given that fetal fractions tend to be

lower at early gestational ages and in trisomy 13 pregnancies

[46,47], this suggests that this method will either provide accurate

ploidy calls at low fetal fraction, or will identify those samples with

questionable DNA quality. This is distinct from the currently

available methods, which all utilize cohort-based accuracies like z-

score, and which are unable to detect individual samples with low

accuracy in a larger cohort with a high overall accuracy. Because

the NATUS method flags questionable samples, it is thus expected

to reduce the number of missed calls.

One recent study reported that samples identified with a

gestational age- and maternal weight-corrected fetal fraction of

below the 0.5th percentile when compared to euploid pregnanices

were more likely to be affected with triploidy [48]. This increased

risk was likely explained by the fact that digynic triploidies are

associated with decreased fetal fractions due to small placental

mass. As trisomy 13 pregnancies have been reported with below-

average fetal fractions [47,49], similar effects might be expected in

this cohort. However, in this cohort maternal weight was not

available. Despite this, 3 of the 4 no-calls were found to have

uncorrected fetal fractions of below the 1st percentile (2.7%) when

compared to euploid pregnancies; 2 of these were trisomy 13-

affected samples. It is thus possible that the abnormally low fetal

fractions observed in trisomy 13 pregnancies in this cohort may

also suggest an increased risk for aneuploidy.

In conclusion, this SNP-based, noninvasive method that

employs NATUS analysis accurately detects fetal trisomy 13 from

cfDNA isolated from maternal plasma. Given that this method

employs highly efficient targeted sequencing, this method is

expected to offer a clinically attractive method for accurate early

detection of fetal trisomy 13.
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