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Article history: The identification of cell-free fetal DNA (cffDNA) in maternal circulation has made non-invasive prenatal testing
Received 29 August 2013 (NIPT) possible. Maternal plasma cell free DNA is a mixture of maternal and fetal DNA, of which, fetal DNA
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required to detect and differentiate fetal DNA from the large background of maternal DNA. In recent years,
technical advances in the molecular analysis of fetal DNA (e.g., digital PCR and massively parallel sequencing
(MPS)) has enabled the successful implementation of noninvasive testing into clinical practice, such as fetal
sex assessment, RhD genotyping, and fetal chromosomal aneuploidy detection. With the ability to decipher the
entire fetal genome from maternal plasma DNA, we foresee that an increased number of non-invasive prenatal
tests will be available for detecting many single-gene disorders in the near future. This review briefly summarizes
the technical aspects of the NIPT and application of NIPT in clinical practice.
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1. Introduction and diagnosis. Screening is typically offered to all pregnant women in

the United States and many other women depending upon the region

Prenatal testing aims to identify fetal chromosomal and genetic
disorders prior to delivery. Prenatal testing includes both screening

* Corresponding author at: 660 South Euclid Avenue, Box 8118, Saint Louis, MO 63110,
USA. Tel.: +1 314 362 0194; fax: +1 314 362 1461.
E-mail address: gronowski@wustl.edu (A.M. Gronowski).

0009-8981/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cca.2013.10.007

of the world they are from. Until now, prenatal screening has typically
utilized maternal age, biochemical, and ultrasound markers instead of
direct interrogation of the fetal genetic material, therefore, its per-
formance has been suboptimal [1]. Positive screening results prompt
further diagnostic testing, the majority of which involves invasive
procedures (e.g., chorionic villus sampling and amniocentesis) to obtain


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cca.2013.10.007&domain=pdf
http://dx.doi.org/10.1016/j.cca.2013.10.007
mailto:gronowski@wustl.edu
Unlabelled image
http://dx.doi.org/10.1016/j.cca.2013.10.007
Unlabelled image
http://www.sciencedirect.com/science/journal/00098981

GJ.W. Liao et al. / Clinica Chimica Acta 428 (2014) 44-50 45

fetal DNA for definitive diagnosis. However, these invasive procedures
are associated with a small but real risk of miscarriage (i.e., 0.5-1%) [2].

For many decades, efforts have been made to find non-invasive
approaches to interrogate fetal genetic features. The identification of
cell-free fetal DNA (cffDNA) in maternal circulation in 1997 has created
the possibility of non-invasive prenatal testing (NIPT) using fetal DNA in
maternal plasma via a simple venipuncture [3]. In addition to maternal
plasma, extracellular fetal DNA is also documented in other bio-fluids,
such as peritoneal fluid and urine [4].

Maternal plasma DNA is a mixture of maternal and fetal DNA
(Table 1). CffDNA represents a minor population in maternal plasma,
which can be detected by real-time polymerase chain reaction (PCR)
as early as gestational day 18 [5]. Although the exact origin and release
mechanism of cffDNA in maternal blood is uncertain, a number of studies
suggested that the placenta is the principle source of cffDNA. It is
evidenced by the presence of cffDNA in anembryonic pregnancies [6]
and the consistency between cffDNA and placenta tissue in epigenetic
markers [7] and karyotypic abnormalities [8]. In contrast, the maternal
DNA is speculated to be predominantly of hematopoietic origin according
to a sex-mismatched bone marrow transplantation model [9].

Both maternal and fetal DNA molecules are short DNA fragments, and
the fetal DNA is shorter than the maternal [10,11]. Early quantitative
analysis of cffDNA using real-time PCR suggested that fractional
concentrations of cffDNA accounted for 3-6% in maternal plasma and
serum [12]. However, the recent application of more precise quanti-
fication techniques (e.g., digital PCR and massively parallel sequencing
(MPS)) has demonstrated fractional fetal DNA concentrations as high as
10% on average in early pregnancy [13]. MPS also demonstrated that the
entire fetal and maternal genomes are represented in maternal plasma
at a constant relative proportion across the whole genome [11]. The
absolute concentrations of cffDNA in maternal blood appear to increase
as gestational age progresses [12].

Yu et al. performed a high resolution study (using MPS technique)
and demonstrated that the clearance of circulating fetal DNA occurred
in 2 phases, with different kinetics [14]. The initial rapid phase had a
mean half-life of approximately 1 h, whereas the subsequent slow
phase had a mean half-life of approximately 13 h. The final
disappearance of circulating fetal DNA in normal pregnancies occurred
at about 1 to 2 days postpartum. This rapid removal of cffDNA is
essential for its use in prenatal genetic analysis because it ensures
that fetal DNA from previous pregnancies will not be present as an
interferant.

2. NIPT of paternally inherited features

The development of non-invasive prenatal testing (NIPT) technology
has allowed for the detection of paternally inherited genetic features,
derived from the father, which are not present in the maternal genome.
The rationale is a qualitative analysis identifying the presence or absence
of the paternal-specific DNA in maternal plasma.

The first application for NIPT of paternally inherited features is a fetal
sex assessment. In 1997, Lo et al. reported the use of conventional PCR to
detect Y chromosome sequences (i.e., DYS14) in maternal plasma and

serum which indicated a male fetus [3]. Since then, a number of large-
scale clinical trials have further validated this approach for fetal
sex assessment. A meta-analysis systematically reviewed 57 studies
from 1997 to 2011 involving 3524 male- and 3017 female-bearing
pregnancies [15]. The majority of these studies used real-time PCR to
analyze Y chromosome sequences, such as SRY and DYS14 in maternal
plasma. The overall sensitivity was 95.4% and specificity was 98.6% for
detection of a male fetus. This high detection accuracy has also been
observed in more recent publications [16,17]. The traditional sono-
graphic approach for fetal sex assessment can determine fetal sex
accurately after gestational week 13 [18], whereas the cffDNA-based
approach can be reliably conducted between gestational weeks 7 and
12 [15]. This is of particular value in certain clinical conditions. For
example, in congenital adrenal hyperplasia, the pregnancy of an affected
female fetus would prompt early dexamethasone administration to
prevent virilization [19]. Due to its reliable performance, this method
has been adopted into clinical practice by a number of countries for at-
risk pregnancies [20,21].

Another application of NIPT of paternal inherited features is
assessment of fetal rhesus D (RhD) status in RhD negative mothers.
RhD is a surface antigen of red blood cells, which could activate the
immune response in RhD negative individuals. Therefore, if an RhD
negative mother is carrying an RhD positive fetus, there is a risk that
the RhD antigen released from the fetus would enter the maternal
circulation and cause alloimmunization to RhD positive fetuses in future
pregnancies, leading to potentially severe hemolytic disease of the fetus
and newborn [22]. In order to eliminate the risk of alloimmunization, it is
suggested that all RhD negative mothers receive RhD immunoglobulin
prophylaxis [23]. As a result, a proportion of RhD negative mothers,
who carry RhD negative fetuses, would receive unnecessary prophylaxis
treatment. A more logical strategy is to provide RhD immunoglobulin
prophylaxis only to RhD negative mothers who carry RhD positive
fetuses. This strategy would require the interrogation of fetal RhD status,
ideally in a noninvasive manner. In 1998, Lo et al. [24] and Faas et al. [25]
first reported the use of cffDNA to genotype the fetal RHD by detecting the
presence of RHD sequences in RhD negative mothers when carrying RhD
positive fetuses. A number of large-scale clinical trials have been
conducted to further evaluate its performance, and a systematic
review of these studies from 2006 to 2008 demonstrated high
diagnostic accuracy (sensitivity = 99.5-99.8%, specificity = 94.0-
99.5%) [26]. More recent publications also have confirmed this test's
high accuracy [16,27]. Due to its reliable performance and
noninvasive nature, this test has become clinically available in a
number of countries [28].

Use of cffDNA has also been reported for paternity determination in
forensics [29,30]. In this application, a panel of short tandem repeats, or
SNPs, is analyzed in the maternal plasma DNA for comparison to the
maternal and putative paternal genotypes. Concordance would indicate
that the putative father is the biological father. Apart from qualitative
analysis, paternally inherited sequences (i.e., paternal-specific alleles)
could also be used quantitatively in a series of applications, such as
fractional fetal DNA concentration estimation [31] and determination
of twin zygosity [32].

Table 1
Characteristics of cell free and fetal DNA.
Features Maternal Fetal References
Most likely origin Hematopoietic Placenta [44,9]
Release kinetics Absolute concentrations increase as gestational 1) Detectable as early as day 18 [5]
age progresses 2) Absolute concentrations increase as gestational age progresses [12]
3) Rapidly cleared following delivery (two phase kinetics) [14]
Fractional concentration in ~90% ~10% in early pregnancy [13]
maternal blood
Size Short DNA fragments (<200 bp) Short DNA fragments (<200 bp) [11,10]
Larger than cell free fetal DNA molecules Smaller than maternally derived DNA molecules
Representation Entire maternal genome Entire fetal genome [11]
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3. NIPT of chromosomal aneuploidies
3.1. Challenges

An aneuploid fetus bears an abnormal number of chromosomes. NIPT
of fetal aneuploidies in maternal plasma is technically more challenging
than NIPT of paternally inherited features. Stringent quantitative analysis
is required in order to identify the fetal chromosomal aberration due to
the minor population of fetal DNA in maternal circulation. For example,
if a pregnant woman carries a trisomy 21 (T21) fetus, the extra copy
of chromosome 21 from the fetus would contribute additional 5% of
chromosome 21 DNA sequences in a maternal plasma sample with
fractional fetal DNA concentration of 10%.

Early studies were focused on the elimination of interference from
the background maternal DNA by using fetal-specific markers, such
as epigenetic markers (i.e., fetal-specific hyper- or hypo-methylated
DNA) [33-37] and RNA markers (e.g., PLAC4 gene) [38]. However,
these approaches are subject to a number of limitations. For example,
the RNA-based allelic ratio approach is only applicable for fetuses
that are heterozygous for the target SNPs [38]. Other limitations include
lack of reproducibility, requirement for multiple markers, complex
experimental and data analysis procedures, small numbers of partici-
pants, and/or less optimal diagnostic performance (relatively low sensiti-
vity and specificity).

3.2. Single molecule counting

More recent studies have aimed to differentiate the subtle
chromosomal dosage change with more precise single molecule counting
techniques, such as digital PCR and MPS. In digital PCR, the maternal
plasma DNA templates are diluted to a single molecule. The target
loci are amplified and quantified to allow precise measurement of
DNA molecules derived from candidate chromosomes [39,40]. The
detection performance relies on the fractional fetal DNA con-
centration and the number of molecules used for analysis. For example,
it is estimated that 7680 DNA molecules are needed to achieve a 97%
detection accuracy for NIPT of T21 with a 25% fractional fetal DNA
concentration [40].

MPS is a second generation sequencing technology, which allows
single molecule counting in a high throughput manner. In 2008, two
pilot studies demonstrated the feasibility of MPS as a powerful tool for
NIPT of T21 [41,42]. In both studies, each analysis of MPS generated
millions of sequence reads from maternal plasma DNA [41]. The
sequence reads were then mapped to the human genome to identify
their chromosomal origin. After that, the number of sequence reads of
each chromosome was counted to calculate its genomic representation.
The over-representation of chromosome 21 would indicate the presence
of a T21 fetus. With a relatively small sample size, both these proof-of-
concept studies demonstrated 100% sensitivity and specificity for T21
detection [41,42].

In order to increase the throughput and reduce the cost of MPS,
strategies such as multiplex sequencing [13] and targeted sequencing
[43] have also been employed. The goal of multiplex sequencing is to
simultaneously sequence multiple patient samples in a single run. The
goal of targeted MPS is to enrich the regions from the chromosome(s)
under evaluation (e.g., chromosome 21, 18, and/or 13) before sequencing.
Validation studies of different MPS strategies suggested that the
performance of MPS in NIPT of aneuploidies depends largely on the
total number of sequence reads (i.e., >2.3 million) and fractional con-
centration of fetal DNA (i.e., >4%) [44].

3.3. Clinical validation of MPS-based NIPT of aneuploidies
Several large-scale follow-up clinical studies using non-targeted or

targeted MPS have further validated the clinical performance of MPS-
based NIPT of T21, trisomy 18(T18), trisomy 13 (T13) and other

chromosome aneuploidies. Studies with total participant numbers
greater than 100 are listed in Table 2. T21 is the most common and
clinically relevant type of chromosomal aneuploidy, followed by T18
and T13. Therefore the discussion in this section will focus on NIPT of
these three trisomies.

The overall clinical performance of MPS-based NIPT for detection of
T21 is more robust than that of T18 and T13. The relatively poor
detection of chromosome 18 and 13 aneuploidies was speculated to
be due to their relatively lower average GC content than chromosome
21 [41,45]. For T21, the sensitivity has been published to be 100%, except
for one study that reported 98.6% [46]. The specificity has been reported
to be 97.9% to 100%. When combining all the studies listed in Table 2, the
overall sensitivity and specificity for detection of T21 are 99.64% and
99.96%, respectively, with only three false negative cases and nine
false positive cases (Table 3). Notably, all three false negative cases
were reported in one of the earlier studies in 2011. Most of these studies
were prospective multi-center studies and focused on pregnant women
at a high risk for fetal aneuplodies. The overall prevalence of these
studies for T21, T18, and T13 is 1:25, 1:67, and 1:74, which is much
higher than that in the screening population (1:500 for T21; 1:4000
for T18, and 1:7000 for T13) [6]. It is important to note that disease
prevalence influences predictive values. For example, the positive
predictive values (PPV) and negative predictive values (NPV) for T21
are calculated based on the average sensitivity of 99.64% and specificity
of 99.96% derived from large scale studies listed in Table 2. At this near
perfect sensitivity and specificity, the PPV is only 83.31% in the routinely
screened population (prevalence 1:500) compared to 99.44% in the high
risk population (prevalence 1:15).

A few recent studies have been performed using a routine screening
population [47-49] or combination of high risk and screening populations
[50]. Nicolaides et al. [48] demonstrated 100% sensitivity and 100%
specificity of MPS-based NIPT performed on a screening population
of 1949 cases at 11-13 weeks of gestational age. The prevalence of
T21 in this study (1:244) is more representative of that in a
routinely screened population (1:500). This study demonstrated
that the performance of screening for T21 and T18 by MPS-based
NIPT in a routine population is as robust as previously reported
high-risk groups, paving the way, perhaps, for NIPT to replace traditional
maternal serum screening.

3.4. Implementation into clinical practice

MPS-based NIPT for T21 has recently been launched by more than
four commercial companies and several clinical laboratories in the
United States, China, and Europe. At least four studies have been
published to report the initial clinical laboratory experience in NIPT
for fetal aneuploidy using maternal plasma [47,49-51].

Conventionally, the prenatal testing for fetal aneuploides is
performed as a combination of screening and confirmation testing.
Results from noninvasive screening that indicate increased risk are
followed by invasive diagnostic procedures (e.g., chorionic villus
sampling and amniocentesis) to obtain fetal DNA for definitive
diagnosis. NIPT can be integrated into prenatal screening and diagnosis
practice through three potential clinical approaches: 1) Replace the
current maternal serum screening protocol with NIPT; 2) Add NIPT as
an intermediate step after the screening and before the invasive
diagnostic testing; or 3) Replace the invasive diagnostic testing. Which
of these options is adopted will depend on multiple factors, such as
clinical performance (sensitivity, specificity, PPV and NPV) and practical
considerations (test availability, cost-effectiveness and turnaround time).

Professional societies, such as the American College of Obstetricians
and Gynecologists (ACOG), the Society for Maternal Fetal Medicine
(SMFM), the International Society for Prenatal Diagnosis (ISPD), the
National Society of Genetic Counselors (NSGC), and the Society of
Obstetricians and Gynecologists of Canada (SOGC) have recently
published their statements/opinions on how to implement the MPS-
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Table 2
Large-scale studies of NIPT of trisomies 21, 18, and 13.
Authors Study design Study population®  Technique Case numbers GA P (weeks)  Sensitivity Specificity Reference
Aneuploidy Total *) *)

Chen et al. Prospective and High risk MPS T18:37 289 13 91.9 (34/37) 98 (247/252) [45]
retrospective study T13:25 100 (25/25) 98.9 (261/264)

Multi-center

Chui et al. Prospective and High risk MPS T21: 86 232 13 100 (86/86) 97.9 (143/146) [13]
retrospective study
Multi-center

Enrich et al. Prospective study High risk MPS T21:39 449 16 100 (39/39) 99.7 (409/410) [68]
Multi-center

Palomaki Prospective nested High risk MPS T21: 212 1683 15 98.6 (209/212) 99.8 (1468/1471) [46]

etal. case—control study
Multi-center

Bianchietal.  Prospective observational High risk MPS T21: 89 532 15 100 (89/89) 100 (443/443) [69]
nested case-control study T18: 36 97.2 (35/36) 100 (496/496)

Multi-center T13: 14 78.6 (11/14) 100 (518/518)

Ashoor etal.  Retrospective nested High risk Targeted MPS  T21: 50 397 11-13 100 (50/50) 100 (347/347) [70]
case-control study T18:50 98 (49/50) 100 (347/347)

Dan et al. Prospective study High risk and MPS T21: 142 11,105 20 100(142/142)  99.99 (10,962/10,963) [50]
Multicenter clinical screening T18: 46 100 (46/46) 99.99(11,058/11,059)
experiences

Jiang et al. Prospective study NA MPS T21: 16 903 10-34 100 (16/16) 100 (887/887) [71]
Multicenter T18: 12 100 (12/12) 99.9 (890/891)

T13:2 100 (2/2) 100 (901/901)
Lau et al. Prospective study High risk MPS T21: 11 108 12 100 (11/11) 100 (97/97) [72]
T18:10 100 (10/10) 100 (98/98)
T13:2 100 (2/2) 100 (106/106)
Nicolaides Prospective cohort study Screening MPS T21:8 1949 11-13 100 (8/8) 100 (1941/1941) [48]
etal. T18: 2 100 (2/2) 99.9 (1945/1947)

Norton et al. Prospective cohort study High risk MPS T21: 81 3006 17 100 (81/81) 99.97 (2924/2925) [73]
Multi-center T18:38 97.4 (37/38) 99.93 (2966/2968)

Palomakiet al. ~ Prospective nested High risk MPS T18: 59 1971 15 100 (59/59) 99.7(1907/1912) [74]
case-control study T13:12 91.7 (11/12) 99.2(1943/1959)

Sparks et al. Prospective study High risk Targeted MPS  T21: 36 167 18 100 (36/36) 100 (131/131) [75]

T18:8 100 (8/8) 100 (159/159)
Liang et al. Prospective High risk MPS T21: 40 412 15-39 100 (40/40) 100 (372/372) [76]
Multi-center T18: 14 100 (14/14) 100 (398/398)
T13:4 100 (4/4) 99.75 (407/408)
Nicolaides Prospective High risk Targeted MPS  T21: 25 229 11-13 100 (25/25) 100 (204/204) [77]
etal T18:3 100 (3/3) 100 (226/226)
T13:1 100 (1/1) 100 (228/228)

Abbreviations: GA: gestational age; MPS: massively parallel sequencing; NA: not available; T21: trisomy 21; T18: trisomy 18; T13: trisomy 13; XO: Monosomy X.
@ High risk for aneuploidy is determined on the basis of one or more of the following: advanced maternal age, previous positive prenatal screen, fetal ultrasound abnormality, or prior

pregnancy with fetal aneuploidy.
b Mean/median gestational age is shown except when range values are provided.

based NIPT for fetal aneuploidy into clinical practice [8,12,43,52]. These
professional societies agree that there is evidence that NIPT is a safe and
effective screening test for fetal aneuploidy in high-risk populations. It
can also be used as a follow-up test for those patients who have a
positive maternal serum screening test. It is recommended that patients
with positive NIPT results should be counseled about confirmatory
diagnostic testing.

Currently, NIPT is not recommended as a screening testing due to
less evidence from the published data using a screening population. In

Table 3
Summary of overall performance of studies listed in Table 2.

Case number TP TN FP FN Sensitivity Specificity
Aneuploidy Total (%) *)
T21 T21:835 21,172 832 20328 9 3 9964 99.96
(832/835) (20,328/20,337)
T18 Ti18:315 21,068 309 20,737 16 6 98.10 99.92
(309/315) (20,737/20,753)
T13 T13:60 4444 56 4364 20 4 9333 99.54
(56/60) (4364/4384)

Abbreviations: T21: trisomy 21; T18: trisomy 18; T13: trisomy 13; TP: true positive;
TN: true negative; FP: false positive; FN: false negative.

the near future, once its clinical performance has been proven and the
cost of MPS has been lowered, we predict that NIPT will likely replace
the conventional maternal serum screening testing.

3.5. Regulatory requirements

With the rapid introduction of the MPS-based NIPT into clinical
practice, it is important to consider how this testing will be regulated.
Most recently, the College of American Pathologists (CAP) released the
latest edition of the Laboratory Accreditation Program checklist on July
29, 2013. The new checklist includes a focus on next generation
sequencing for maternal plasma to identify fetal aneuploidy. The CAP-
accredited clinical laboratories which currently offer noninvasive prenatal
testing based on cffDNA must meet the new checklist requirements,
including requisition, quality control, quality assurance, and result
reporting (http://www.captodayonline.com/for-prenatal-ngs-labs-
new-accreditation-requirements-9135/).

4. Genome-wide fetal profiling

Deciphering the fetal genome sequence from maternal plasma DNA
is another milestone in NIPT. In 2010, Lo et al. first demonstrated the
feasibility of genome-wide fetal profiling by deep sequencing of
maternal plasma DNA on the basis of parental genomic scaffolds [11].
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The paternally and maternally inherited portions were deduced
respectively, by using corresponding parental genotyping information.

In this proof-of-principle study, the deduction of the paternally
inherited portion targeted the paternal-specific alleles. As fetal
DNA only accounts for a minor population in maternal plasma,
deep sequencing is required in order to generate sufficient statistical
confidence to rule-in or rule-out the presence of a paternal-specific
allele. By deep sequencing up to 65-fold, 93.9% of paternal-specific
alleles had been identified in the maternal plasma DNA with a
fractional fetal DNA concentration of 11.43%.

Deduction of the maternally inherited portion is more challenging,
as the maternal portion per se is identical to the maternal DNA
background. In principle, the maternal genome should have one
pair of haplotypes, namely haplotypes I and I In this regard, with a
fractional fetal DNA concentration of 10%, there would be 5%
overrepresentation of haplotype I in maternal plasma, if haplotype I
had been passed to the fetus. Therefore, the deduction of the maternally
inherited portion is to identify the overrepresentation of the transmitted
maternal haplotype, which entails precise quantitative analysis. In
order to achieve such a goal, Lo et al. developed a method named
“relative haplotype dosage analysis” (RHDO) [11]. In Lo's proof-of-
principle study, the maternal haplotypes were deduced based on
genotypes of the parent-offspring trio by using SNPs that were
maternally heterozygous and paternally homozygous. The maternal
plasma DNA reads aligned to two maternal haplotypes were
accumulated respectively, and compared to each other. The allelic
accumulation and comparison continued along the maternal haplotypes
until a statistically significant classification had been drawn by sequential
probability ratio test (SPRT). As a result, segments of maternal haplotypes
were sequentially interrogated to reveal the maternally inherited portion.
In Lo's study, over 7000 RHDO classifications had been made across the
whole genome with error rate less than 0.2% using a consecutive-block
algorithm, in which two consecutive RHDO segments with the same
haplotype classification were required in order to conclude a switch in
haplotype inheritance.

Recently, another three publications further validated the feasibility
of fetal genome profiling in maternal plasma DNA by using the concept
introduced in Lo's study [53-55].

5. NIPT of monogenic diseases

Monogenic diseases affect approximately 1 in 100 live births, which
are caused by a defective gene [56]. Monogenic diseases are typically
sub-classified into 3 main categories: autosomal dominant, autosomal
recessive, and X-linked.

The NIPT of certain autosomal dominant diseases, in which father
carries the mutation, resembles the qualitative analysis used in fetal
sex or RhD status assessment. Examples included NIPT of Huntington
disease [57-59] and myotonic dystrophy [60]. A similar strategy could
also be applied to NIPT of another group of autosomal dominant
diseases, which are mainly caused by de novo mutation, such as
achondroplasia [61,62].

The NIPT of autosomal recessive diseases is considered as
challenging, since the maternally inherited portion of fetal genome is
identical to the maternal DNA background. Therefore, quantitative
comparison between the mutant and wild-type allele is required in
order to identify whether the fetus had inherited the mutant. For
example, assuming that the fractional fetal DNA concentration is 10%,
for autosomal recessive diseases in which both parents are heterozygous
carriers with the same mutation, the fetus would become affected if it
inherited both mutations from the parents. In this situation, the ratio
between mutant and wild-type allele would become 1.22:1 (Table 4).
The ratio would become 1:1 if the fetus is a heterozygous carrier, and
become 0.82:1 if the fetus is normal. For X-linked diseases, mostly mother
carries a recessive mutation, and a male fetus would become affected if it
receives the mutation from the mother. Therefore, the NIPT of fetal sex

Table 4
Mutant and wild-type ratio in autosomal recessive and X-linked diseases.

Disease Maternal ~ Fetal Maternal plasma DNA (fe% = 10%)
genotype  genotype M (copies W (copies M:W
per 100 GE) per 100 GE) ratio
Autosomal recessive MW ww 90 110 0.82:1
disease MW 100 100 1:1
MM 110 90 1.22:1
X-linked disease MW W - 90 100 0.9:1
(X)(X) (X)(Y)
M- 100 90 1.11:1
(X)(Y)

Abbreviations: W: wild-type; M: mutant; GE: genome equivalent; (X): X chromosome;
(Y): Y chromosome; fe% = fractional fetal DNA concentration.

could serve as a first-tier screening test as described above. However,
further interrogation of mutation inheritance in male fetuses would
require quantitative analysis. In this situation, the ratio between mutant
and wild-type allele would become 1.11:1 if carrying an affected male
fetus, and become 0.9:1 if carrying a normal male fetus (Table 4).

In order to detect such subtle changes in the allelic ratio, a very
precise molecular quantification method is needed, such as single
molecule counting techniques. In 2008, Lo et al. developed a digital
PCR-based method named “relative mutation dosage” (RMD) analysis
for this kind of application [63]. In digital PCR analysis, the DNA
templates were diluted to a single molecule which enabled the precise
measurement of the wild-type and mutant alleles in maternal plasma.
The detection rate depends on the fractional fetal DNA concentration
and the number of molecules used for analysis. For example, with a
concentration of 0.5 template per well, a 765-well reaction can achieve
a detection accuracy of greater than 95% with a fractional fetal DNA
concentration of 20% [63]. If the fractional fetal DNA concentration
decreases by 2-fold (i.e., 10%), the number of wells would need to
increase by 4-fold (i.e., 2%) in order to maintain the detection accuracy
(ie., >95%). Pilot studies have demonstrated the feasibility of RMD
analysis in NIPT of autosomal recessive (e.g., 3-thalassemia [63] and
sickle cell anemia [64]) and X-linked diseases (e.g., hemophilia [65]).

Another single molecule counting platform is MPS. In 2010, Lo et al.
introduced the concept of genome-wide fetal profiling by MPS of
maternal plasma DNA as described above [11]. In Lo's study, they also
demonstrated the combination of deep sequencing and RHDO analysis
for NIPT of monogenic diseases, using 3-thalassemia as an example.
For the family recruited in that study, both parents were heterozygous
carriers of (-thalassemia. The father carried the CD41/42(—CTTT)
mutation, while the mother carried the nt-28(A — G) mutation. Deep
sequencing of maternal plasma DNA enabled the detection of CD41/
42(— CTTT), indicating that the fetus had inherited the paternal mutation.
This result prompted the further investigation of fetal inheritance of
maternal mutation. RHDO analysis was performed across the disease-
causing region (i.e., HBB gene), and revealed that the maternal haplotype
carrying the wild-type allele was over-represented in maternal plasma.
The fetus did not inherit the maternal mutation. Therefore, the fetus
was a heterozygous carrier with mutation inherited from the father. In
clinical practice, however, deep sequencing in a genome-wide
manner would not be the most cost-effective approach. Recently, Gabriel
et al. introduced a targeted approach for RHDO analysis, in which
hybridization-based enrichment was performed to enrich the region of
interest before sequencing [66]. By using this approach, the NIPT of
monogenic diseases could be performed in a cost-effective and disease-
tailored manner.

Compared with RMD analysis, RHDO analysis requires additional
effort to work out the parental haplotypes. However, targeted RHDO
analysis demonstrates advantages in detecting multiple mutations across
multiple disease-causing regions, whereas RIVID analysis typically targets
one or a limited number of loci. In addition, as RHDO analysis targets the
adjacent alleles linked to the mutations rather than the mutations per se,
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it allows NIPT of certain monogenic diseases when direct interrogation of
mutations is considered challenging. For example, in congenital adrenal
hyperplasia, pseudogenes interfere with the mutation interrogation due
to their homology [67].

6. Conclusion

The existence of cffDNA in maternal blood holds enormous promise
for the development of NIPT. However, it is technically challenging to
detect circulating fetal DNA which is only a minor portion in the large
background of maternal DNA. In recent years, the technical barrier has
been overcome through the development of molecular techniques,
such as digital PCR and MPS. These highly sensitive and precise methods
have enabled the successful introduction of NIPT into clinical practice,
such as fetal sex assessment, RhD genotyping, and fetal chromosomal
aneuploidy detection. In addition, the introduction of genome-wide
profiling of cffDNA by MPS holds great promise for detecting many
single-gene disorders in the near future.

Because of its noninvasive nature, broad applications, and availability
at an earlier gestational age, cffDNA testing provides a tremendous
opportunity to change prenatal genetic testing. However, such changes
will not be realized without answering related ethical, practical, and social
questions. How will clinicians be educated? How might prospective
parents and physicians use the fetal genomic information? Can NIPT be
applied to pregnancies with complications (e.g., diabetes)? These and
many other questions have yet to be addressed.

References

[1] Malone FD, Canick JA, Ball RH, et al. First-trimester or second-trimester screening, or
both, for Down's syndrome. N Engl ] Med 2005;353:2001-11.

[2] Mujezinovic F, Alfirevic Z. Procedure-related complications of amniocentesis and
chorionic villous sampling: a systematic review. Obstet Gynecol 2007;110:687-94.

[3] Lo YMD, Corbetta N, Chamberlain PF, et al. Presence of fetal DNA in maternal plasma
and serum. Lancet 1997;350:485-7.

[4] Wataganara T, Bianchi DW. Fetal cell-free nucleic acids in the maternal circulation:
new clinical applications. Ann N Y Acad Sci 2004;1022:90-9.

[5] Guibert J, Benachi A, Grebille AG, Ernault P, Zorn JR, Costa JM. Kinetics of SRY gene
appearance in maternal serum: detection by real time PCR in early pregnancy
after assisted reproductive technique. Hum Reprod 2003;18:1733-6.

[6] Alberry M, Maddocks D, Jones M, et al. Free fetal DNA in maternal plasma in
anembryonic pregnancies: confirmation that the origin is the trophoblast. Prenat
Diagn 2007;27:415-8.

[7] Chim SSC, Tong YK, Chiu RWK, et al. Detection of the placental epigenetic signature
of the maspin gene in maternal plasma. Proc Natl Acad Sci USA 2005;102:14753-8.

[8] Masuzaki H, Miura K, Yoshiura K, Yoshimura S, Niikawa N, Ishimaru T. Detection of
cell free placental DNA in maternal plasma: direct evidence from three cases of
confined placental mosaicism. ] Med Genet 2004;41:289-92.

[9] Lui YNYN, Chik KW, Chiu RWK, Ho CY, Lam CWK, Lo YMD. Predominant
hematopoietic origin of cell-free DNA in plasma and serum after sex-mismatched
bone marrow transplantation. Clin Chem 2002;48:421-7.

[10] Chan KCA, Zhang ], Hui ABY, et al. Size distributions of maternal and fetal DNA in
maternal plasma. Clin Chem 2004;50:88-92.

[11] Lo YMD, Chan KCA, Sun H, et al. Maternal plasma DNA sequencing reveals the
genome-wide genetic and mutational profile of the fetus. Sci Transl Med 2010;2.

[12] Lo YM, Tein MS, Lau TK, et al. Quantitative analysis of fetal DNA in maternal plasma
and serum: implications for noninvasive prenatal diagnosis. Am ] Hum Genet
1998;62:768-75.

[13] Chiu RW, Akolekar R, Zheng YW, et al. Non-invasive prenatal assessment of trisomy
21 by multiplexed maternal plasma DNA sequencing: large scale validity study. BM]
2011;342:c7401.

[14] Yu SC, Lee SW, Jiang P, et al. High-resolution profiling of fetal DNA clearance from
maternal plasma by massively parallel sequencing. Clin Chem 2013;59:1228-37.

[15] Devaney SA, Palomaki GE, Scott JA, Bianchi DW. Noninvasive fetal sex
determination using cell-free fetal DNA a systematic review and meta-analysis. JAMA
2011;306:627-36.

[16] Macher HC, Noguerol P, Medrano-Campillo P, et al. Standardization non-invasive
fetal RHD and SRY determination into clinical routine using a new multiplex
RT-PCR assay for fetal cell-free DNA in pregnant women plasma: results in clinical
benefits and cost saving. Clin Chim Acta 2012;413:490-4.

[17] Wikman AT, Tiblad E, Karlsson A, Olsson ML, Westgren M, Reilly M. Noninvasive
single-exon fetal RHD determination in a routine screening program in early
pregnancy. Obstet Gynecol 2012;120:227-34.

[18] Odeh M, Grinin V, Kais M, Ophir E, Bornstein J. Sonographic fetal sex determination.
Obstet Gynecol Surv 2009;64:50-7.

[19] Nimkarn S, New MI. Prenatal diagnosis and treatment of congenital adrenal
hyperplasia due to 21-hydroxylase deficiency. Mol Cell Endocrinol 2009;300:192-6.

[20] Hill M, Finning K, Martin P, et al. Non-invasive prenatal determination of fetal sex:
translating research into clinical practice. Clin Genet 2011;80:68-75.

[21] Hill M, Lewis C, Jenkins L, Allen S, Elles RG, Chitty LS. Implementing noninvasive
prenatal fetal sex determination using cell-free fetal DNA in the United Kingdom.
Expert Opin Biol Ther 2012;12:5119-26.

[22] Moise KJ. Management of rhesus alloimmunization in pregnancy. Obstet Gynecol
2008;112:164-76.

[23] NICE. Routine antenatal anti-D prophylaxis for women who are rhesus D negative:
review of NICE technology appraisal guidance 41 . London ; 2011.

[24] Lo YMD, Hjelm NM, Fidler C, et al. Prenatal diagnosis of fetal RhD status by molecular
analysis of maternal plasma. N Engl ] Med 1998;339:1734-8.

[25] Faas BHW, Beuling EA, Christiaens GCML, von dem Borne AEGK, van der Schoot CE.
Detection of fetal RHD-specific sequences in maternal plasma. Lancet
1998;352:1196.

[26] Legler TJ, Muller SP, Haverkamp A, Grill S, Hahn S. Prenatal RhD testing:
a review of studies published from 2006 to 2008. Transfus Med Hemother
2009;36:189-98.

[27] Fernandez-Martinez FJ, Galindo A, Garcia-Burguillo A, et al. Noninvasive fetal sex
determination in maternal plasma: a prospective feasibility study. Genet Med
2012;14:101-6.

[28] Finning K, Martin P, Daniels G. A clinical service in the UK to predict fetal Rh
(Rhesus) D blood group using free fetal DNA in maternal plasma. Ann N Y Acad
Sci 2004;1022:119-23.

[29] Wagner ], Dzijan S, Marjanovic D, Lauc G. Non-invasive prenatal paternity testing
from maternal blood. Int ] Legal Med 2009;123:75-9.

[30] Guo X, Bayliss P, Damewood M, et al. A noninvasive test to determine paternity in
pregnancy. N Engl ] Med 2012;366:1743-5.

[31] Jiang PY, Chan KCA, Liao GJW, et al. FetalQuant: deducing fractional fetal DNA
concentration from massively parallel sequencing of DNA in maternal plasma.
Bioinformatics 2012;28:2883-90.

[32] Qu JZZ, Leung TY, Jiang PY, et al. Noninvasive prenatal determination of twin
zygosity by maternal plasma DNA analysis. Clin Chem 2013;59:427-35.

[33] Poon LL, Leung TN, Lau TK, Chow KC, Lo YM. Differential DNA methylation between
fetus and mother as a strategy for detecting fetal DNA in maternal plasma. Clin
Chem 2002;48:35-41.

[34] Chim CS, Wong AS, Kwong YL. Epigenetic inactivation of the CIP/KIP cell-cycle
control pathway in acute leukemias. Am ] Hematol 2005;80:282-7.

[35] Tong YK, Lo YM. Plasma epigenetic markers for cancer detection and prenatal
diagnosis. Front Biosci 2006;11:2647-56.

[36] Papageorgiou EA, Karagrigoriou A, Tsaliki E, Velissariou V, Carter NP, Patsalis PC.
Fetal-specific DNA methylation ratio permits noninvasive prenatal diagnosis of
trisomy 21. Nat Med 2011;17:510-3.

[37] Lim JH, Kim SY, Park SY, et al. Non-invasive epigenetic detection of fetal trisomy 21
in first trimester maternal plasma. PLoS One 2011;6:e27709.

[38] Lo YM, Tsui NB, Chiu RW, et al. Plasma placental RNA allelic ratio permits noninvasive
prenatal chromosomal aneuploidy detection. Nat Med 2007;13:218-23.

[39] Fan HC, Quake SR. Detection of aneuploidy with digital polymerase chain reaction.
Anal Chem 2007;79:7576-9.

[40] Lo YMD, Lun FMF, Chan KCA, et al. Digital PCR for the molecular detection of fetal
chromosomal aneuploidy. Proc Natl Acad Sci USA 2007;104:13116-21.

[41] ChiuRW, Chan KC, Gao'Y, et al. Noninvasive prenatal diagnosis of fetal chromosomal
aneuploidy by massively parallel genomic sequencing of DNA in maternal plasma.
Proc Natl Acad Sci USA 2008;105:20458-63.

[42] Fan HC, Blumenfeld Y], Chitkara U, Hudgins L, Quake SR. Noninvasive diagnosis of
fetal aneuploidy by shotgun sequencing DNA from maternal blood. Proc Natl Acad
Sci USA 2008;105:16266-71.

[43] Sparks AB, Wang ET, Struble CA, et al. Selective analysis of cell-free DNA in maternal
blood for evaluation of fetal trisomy. Prenatl Diagn 2012;32:3-9.

[44] Lo YM, Chiu RW. Genomic analysis of fetal nucleic acids in maternal blood. Annu Rev
Genomics Hum Genet 2012;13:285-306.

[45] Chen EZ, Chiu RW, Sun H, et al. Noninvasive prenatal diagnosis of fetal trisomy
18 and trisomy 13 by maternal plasma DNA sequencing. PLoS One 2011;6:
e21791.

[46] Palomaki GE, Kloza EM, Lambert-Messerlian GM, et al. DNA sequencing of maternal
plasma to detect Down syndrome: an international clinical validation study. Genet
Med 2011;13:913-20.

[47] Lau TK, Chan MK, Lo PS, et al. Clinical utility of noninvasive fetal trisomy (NIFTY) test—
early experience. ] Matern Fetal Neonatal Med 2012;25:1856-9.

[48] Nicolaides KH, Syngelaki A, Ashoor G, Birdir C, Touzet G. Noninvasive prenatal
testing for fetal trisomies in a routinely screened first-trimester population. Am ]
Obstet Gynecol 2012;207 [374 e371-376].

[49] Fairbrother G, Johnson S, Musci TJ, Song K. Clinical experience of noninvasive
prenatal testing with cell-free DNA for fetal trisomies 21, 18, and 13, in a general
screening population. Prenat Diagn 2013;33:580-3.

[50] Dan S, Wang W, Ren ], et al. Clinical application of massively parallel sequencing-
based prenatal noninvasive fetal trisomy test for trisomies 21 and 18 in 11,105
pregnancies with mixed risk factors. Prenat Diagn 2012;32:1225-32.

[51] Futch T, Spinosa J, Bhatt S, de Feo E, Rava RP, Sehnert A]. Initial clinical laboratory
experience in noninvasive prenatal testing for fetal aneuploidy from maternal
plasma DNA samples. Prenat Diagn 2013;33:569-74.

[52] Chen EZ, Chiu RWK, Sun H, et al. Noninvasive prenatal diagnosis of fetal trisomy 18
and trisomy 13 by maternal plasma DNA sequencing. PLoS One 2011;6.

[53] Fan HC, Gu W, Wang ]B, Blumenfeld Y], El-Sayed YY, Quake SR. Non-invasive
prenatal measurement of the fetal genome. Nature 2012;487:320-+.

[54] Kitzman JO, Snyder MW, Ventura M, et al. Noninvasive whole-genome sequencing
of a human fetus. Sci Transl Med 2012;4.


http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0005
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0005
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0010
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0010
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0015
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0015
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0020
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0020
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0025
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0025
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0025
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0030
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0030
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0030
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0035
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0035
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0040
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0040
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0040
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0045
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0045
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0045
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0050
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0050
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0345
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0345
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0055
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0055
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0055
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0060
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0060
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0060
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0350
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0350
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0070
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0070
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0070
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0075
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0075
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0075
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0075
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0080
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0080
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0080
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0085
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0085
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0090
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0090
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0095
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0095
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0100
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0100
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0100
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0105
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0105
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0355
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0355
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0110
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0110
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0360
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0360
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0360
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0365
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0365
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0365
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0125
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0125
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0125
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0130
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0130
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0130
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0135
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0135
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0140
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0140
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0145
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0145
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0145
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0150
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0150
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0155
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0155
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0155
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0160
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0160
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0165
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0165
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0170
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0170
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0170
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0175
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0175
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0180
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0180
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0185
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0185
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0190
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0190
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0195
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0195
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0195
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0200
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0200
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0200
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0205
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0205
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0210
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0210
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0215
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0215
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0215
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0220
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0220
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0220
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0225
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0225
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0370
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0370
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0370
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0230
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0230
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0230
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0235
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0235
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0235
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0240
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0240
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0240
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0375
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0375
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0380
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0380
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0385
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0385

50 G.J.W. Liao et al. / Clinica Chimica Acta 428 (2014) 44-50

[55] Chen S, Ge H, Wang X, et al. Haplotype-assisted accurate noninvasive fetal whole
genome recovery through maternal plasma sequencing. Genome Med 2013;5:18.

[56] WHO. Genes and human disease. http://www.who.int/genomics/public/
geneticdiseases/.

[57] Gonzalez-Gonzalez MC, Trujillo M], de Alba MR, et al. Huntington disease-
unaffected fetus diagnosed from maternal plasma using QF-PCR. Prenat Diagn
2003;23:232-4.

[58] Gonzalez-Gonzalez MC, Trujillo MJ, De alba MR, Ramos C. Early Huntington
disease prenatal diagnosis by maternal semiquantitative fluorescent-PCR.
Neurology 2003;60:1214-5.

[59] Bustamante-Aragones A, Trujillo-Tiebas M], Gallego-Merlo ], et al. Prenatal diagnosis
of Huntington disease in maternal plasma: direct and indirect study. Eur ] Neurol
2008;15:1338-44.

[60] Amicucci P, Gennarelli M, Novelli G, Dallapiccola B. Prenatal diagnosis of
myotonic dystrophy using fetal DNA obtained from maternal plasma. Clin
Chem 2000;46:301-2.

[61] Saito H, Sekizawa A, Morimoto T, Suzuki M, Yanaihara T. Prenatal DNA diagnosis of a
single-gene disorder from maternal plasma. Lancet 2000;356:1170.

[62] Li Y, Page-Christiaens GCML, Gille JJP, Holzgreve W, Hahn S. Non-invasive prenatal
detection of achondroplasia in size-fractionated cell-free DNA by MALDI-TOF MS
assay. Prenat Diagn 2007;27:11-7.

[63] Lun FMF, Tsui NBY, Chan KCA, et al. Noninvasive prenatal diagnosis of monogenic
diseases by digital size selection and relative mutation dosage on DNA in maternal
plasma. Proc Natl Acad Sci USA 2008;105:19920-5.

[64] Barrett AN, McDonnell TCR, Chan KCA, Chitty LS. Digital PCR analysis of
maternal plasma for noninvasive detection of sickle cell anemia. Clin Chem
2012;58:1026-32.

[65] Tsui NBY, Kadir RA, Chan KCA, et al. Noninvasive prenatal diagnosis of
hemophilia by microfluidics digital PCR analysis of maternal plasma DNA.
Blood 2011;117:3684-91.

[66] Lam KWG, Jiang P, Liao GJW, et al. Noninvasive prenatal diagnosis of monogenic
diseases by targeted massively parallel sequencing of maternal plasma: application
to beta-thalassemia. Clin Chem 2012;58:1467-75.

[67] Chiu RWK, Lau TK, Cheung PT, Gong ZQ, Leung TN, Lo YMD. Noninvasive prenatal
exclusion of congenital adrenal hyperplasia by maternal plasma analysis: a feasibility
study. Clin Chem 2002;48:778-80.

[68] Ehrich M, Deciu C, Zwiefelhofer T, et al. Noninvasive detection of fetal trisomy 21 by
sequencing of DNA in maternal blood: a study in a clinical setting. Am ] Obstet
Gynecol 2011;204 [205 e201-211].

[69] Bianchi DW, Platt LD, Goldberg JD, Abuhamad AZ, Sehnert AJ, Rava RP. Genome-
wide fetal aneuploidy detection by maternal plasma DNA sequencing. Obstet
Gynecol 2012;119:890-901.

[70] Ashoor G, Syngelaki A, Wagner M, Birdir C, Nicolaides KH. Chromosome-selective
sequencing of maternal plasma cell-free DNA for first-trimester detection of trisomy
21 and trisomy 18. Am ] Obstet Gynecol 2012;206 [322 e321-325].

[71] Jiang F, Ren ], Chen F, et al. Noninvasive Fetal Trisomy (NIFTY) test: an advanced
noninvasive prenatal diagnosis methodology for fetal autosomal and sex chromo-
somal aneuploidies. BMC Med Genomics 2012;5:57.

[72] Lau TK, Chen F, Pan X, et al. Noninvasive prenatal diagnosis of common fetal
chromosomal aneuploidies by maternal plasma DNA sequencing. ] Matern Fetal
Neonatal Med 2012;25:1370-4.

[73] Norton ME, Brar H, Weiss ], et al. Non-Invasive Chromosomal Evaluation (NICE)
Study: results of a multicenter prospective cohort study for detection of fetal trisomy
21 and trisomy 18. Am ] Obstet Gynecol 2012;207 [137 e131-138].

[74] Palomaki GE, Deciu C, Kloza EM, et al. DNA sequencing of maternal plasma reliably
identifies trisomy 18 and trisomy 13 as well as Down syndrome: an international
collaborative study. Genet Med 2012;14:296-305.

[75] Sparks AB, Struble CA, Wang ET, Song K, Oliphant A. Noninvasive prenatal detection
and selective analysis of cell-free DNA obtained from maternal blood: evaluation for
trisomy 21 and trisomy 18. Am ] Obstet Gynecol 2012;206 [319 e311-319].

[76] Liang D, Lv W, Wang H, et al. Non-invasive prenatal testing of fetal whole chromosome
aneuploidy by massively parallel sequencing. Prenat Diagn 2013;33:409-15.

[77] Nicolaides KH, Syngelaki A, Gil M, Atanasova V, Markova D. Validation of
targeted sequencing of single-nucleotide polymorphisms for non-invasive
prenatal detection of aneuploidy of chromosomes 13, 18, 21, X, and Y. Prenat
Diagn 2013;33:575-9.


http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0245
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0245
http://www.who.int/genomics/public/geneticdiseases/
http://www.who.int/genomics/public/geneticdiseases/
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0250
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0250
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0250
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0395
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0395
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0395
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0260
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0260
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0260
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0265
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0265
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0265
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0400
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0400
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0275
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0275
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0275
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0280
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0280
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0280
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0405
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0405
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0405
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0290
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0290
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0290
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0295
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0295
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0295
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0300
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0300
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0300
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0410
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0410
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0410
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0315
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0315
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0315
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0415
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0415
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0415
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0320
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0320
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0320
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0325
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0325
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0325
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0420
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0420
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0420
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0330
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0330
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0330
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0425
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0425
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0425
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0335
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0335
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0340
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0340
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0340
http://refhub.elsevier.com/S0009-8981(13)00408-7/rf0340

	Non-invasive prenatal testing using cell-free fetal DNA in
maternal circulation
	1. Introduction
	2. NIPT of paternally inherited features
	3. NIPT of chromosomal aneuploidies
	3.1. Challenges
	3.2. Single molecule counting
	3.3. Clinical validation of MPS-based NIPT of aneuploidies
	3.4. Implementation into clinical practice
	3.5. Regulatory requirements

	4. Genome-wide fetal profiling
	5. NIPT of monogenic diseases
	6. Conclusion
	References


