Review

Fetal Diagnosis
"Therapy

Fetal Diagn Ther 2014;35:151-155

Published online: June 12,2014

DOI: 10.1159/000362940

Clinical Perspective of Cell-Free DNA
Testing for Fetal Aneuploidies

Eduard Gratacés® Kypros Nicolaides®

2Barcelona Center for Maternal-Fetal and Neonatal Medicine (BCNatal), Hospital Clinic and Hospital Sant Joan de
Deu, IDIBAPS, University of Barcelona, and Centre for Biomedical Research on Rare Diseases (CIBER-ER), Barcelona,
Spain; ®Harris Birthright Research Centre for Fetal Medicine, King's College Hospital, London, UK

Key Words
Cell-free DNA testing - Fetal aneuploidies - Trisomies 21, 18
and 13

Abstract

Cell-free DNA testing in maternal blood provides the most
effective method of screening for trisomy 21, with a reported
detection rate of 99% and a false positive rate of less than
0.1%. After many years of research, this method is now com-
mercially available and is carried out in an increasing num-
ber of patients, and there is an expanding number of condi-
tions that can be screened for. However, the application of
these methods in clinical practice requires a careful analysis.
Current first-trimester screening strategies are based on a
complex combination of tests, aiming at detecting fetal de-
fects and predicting the risk of main pregnancy complica-
tions. It is therefore necessary to define the optimal way of
combining cell-free DNA testing with current first-trimester
screening methods. In this concise review we describe the
basis of cell-free DNA testing and discuss the potential ap-
proaches forits implementation in combination with current

tests in the first trimester. ©2014S. Karger AG, Basel

Introduction

Fetal chromosomal abnormalities, particularly nu-
merical anomalies (aneuploidies) such as Down syn-
drome and other trisomies, are common and their detec-
tion has been one of the main goals of fetal medicine.
Prenatal diagnosis of fetal aneuploidies requires invasive
procedures but these are risk-associated and expensive;
consequently, strategies have focused on the develop-
ment of effective methods of screening to define the group
in need for such invasive testing.

In the last 25 years, screening for aneuploidies has
evolved from simple approaches based on maternal age,
to current first-trimester composite algorithms that com-
bine maternal age with epiphenomena associated with fe-
tal aneuploidy, such as nuchal translucency and the levels
of pregnancy-related proteins in maternal blood, mainly
pregnancy-associated plasma protein A and human cho-
rionic gonadotrophin. These screening strategies have
been shown to achieve detection rates for Down syn-
drome of 90% with false positive rates of 5% [1].

The analysis of cell-free DNA (cfDNA) in maternal
plasma has created a new reality in the search for effective
methods of screening of fetal genetic defects. The concept
became possible after the discovery in 1997 that a high
proportion of cfDNA fragments (around 150 kb each) in
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maternal plasma are of fetal origin [2]. The first clinical
application of this discovery is in the non-invasive diag-
nosis of the fetal Rh blood type [3, 4]. While the goal of
assessing fetal aneuploidies in maternal blood was far
more challenging, intensive research over recent years
has led to the development of several solutions which are
now commercially available. A growing number of stud-
ies have provided evidence that cfDNA testing outper-
forms by far any other screening strategy described to
date [5] and this is also true for low-risk pregnancies [6,
7]. A recent meta-analysis of clinical validation or imple-
mentation studies of maternal blood cfDNA analysis in
screening for aneuploidies has reported that the weighted
pooled detection and false positive rates were, respective-
ly, 99.0 and 0.08% for trisomy 21, 96.8 and 0.15% for tri-
somy 18, and 92.1 and 0.20% for trisomy 13 [5].

It could be argued that since cfDNA testing is highly
effective in screening for trisomies and the test involves
the simple taking of a maternal blood sample, the stage
is set for the widespread introduction of this method in
routine clinical practice. However, such widespread use
is limited by the relatively high cost of the test and the
lack of consensus about the optimal way for its introduc-
tion. For example, cfDNA analysis could miss a few of
chromosomal abnormalities other than the major triso-
mies that are currently detected by conventional screen-
ing and invasive testing [8]. Likewise, cfDNA testing
does not substitute or preclude the need for first-trimes-
ter screening for fetal defects and other major complica-
tions of pregnancy [9-11]. Thus, the optimal way of in-
corporating these news methods in combination with
existing tests is still undefined and scientific societies
have released position statements cautioning about
widespread use of cfDNA testing in low-risk popula-
tions [12-14]. However, the uptake of cfDNA testing is
skyrocketing and healthcare providers face increasing
demands from patients for providing advice and offer-
ing the test.

In this paper we describe the main commercially avail-
able methods of analysing cfDNA in maternal blood for
fetal aneuploidies and provide suggestions for the intro-
duction of this method in fetal medicine practice.

Overview of Available Methods for cfDNA Testing in
Maternal Blood

Chromosomes are formed by DNA and proteins, pri-
marily histones, which keep the DNA compacted in the
form of chromatin. DNA molecules consist in two strands

152 Fetal Diagn Ther 2014;35:151-155
DOI: 10.1159/000362940

coiled around each other. The two DNA strands are made
up of a sequence of four possible nucleotides, differenti-
ated by the type of nitrogenous base (adenosine, guanine,
thymidine and cytosine). Each strand is coupled with the
other by base pairs (A-T or C-G). The sequence of base
pairs is unique for each chromosome and its molecular
units, the genes.

An important challenge in the analysis of fetal cfDNA
in maternal plasma is that it is mixed with a much larger
amount of maternal cfDNA. Theoretically, the whole fe-
tal genome could be analysed, but this remains a major
challenge [15]. For this reason, the first generation of
commercial tests has focused on the detection of triso-
mies 21, 18 and 13, and sex chromosome aneuploidies.
The analysis of single gene disorders, such as cystic fibro-
sis, is still not possible, but a very recent development has
been the ability to detect selected microdeletion/micro-
duplication syndromes.

Three methods for the analysis of cfDNA in maternal
blood have so far been used in clinical studies: massively
parallel shotgun sequencing (MPSS) [16-19], chromo-
some-selective sequence analysis (CSS) [20-22], and sin-
gle nucleotide polymorphism (SNP) only based analysis
[23-25].

MPSS and CSS

In MPSS and CSS, many millions of cfDNA frag-
ments in maternal plasma (both maternal and fetal) are
sequenced. Since the sequence of the whole human ge-
nome is known, the origin of each fragment can be es-
tablished and theamount of DNA fragments originating
from any given chromosome can be quantified. In tri-
somic pregnancies the number of molecules derived
from the extra chromosome, as a proportion of all se-
quenced molecules, is higher than in diploid pregnan-
cies. The ability to detect this difference necessitates
that firstly, the number of counts for every chromo-
some is high, and secondly, the minimum amount of
cfDNA in maternal blood that is fetal in origin (fetal
fraction) should be 3-4%.

In MPSS, molecules from all chromosomes are ex-
amined with the potential to identify all aneuploidies.
However, since chromosome 21 represents only ap-
proximately 1.5% of the human genome, it is necessary
to sequence many millions of molecules from the com-
plete genome to ensure sufficient chromosome 21
counts for differentiation between trisomy 21 and eu-
ploid pregnancies. This method provides high-perfor-
mance screening for trisomies 21, 18 and 13 and sex
chromosome aneuploidies with a low (<2%) failure
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rate to provide results. Additionally, some companies
using MPSS have recently launched an extended test
to include some microdeletion/microduplication syn-
dromes, such as the relatively common 22q (DiGeorge
syndrome).

In CSS, selective assays are directed against specific
regions on chromosomes 21, 18, 13, X and Y before
sequence analysis. CSS also evaluates polymorphisms
on other chromosomes to estimate the fetal fraction.
The advantage of this approach is reduced cost because
the number of regions that need to be sequenced is
substantially lower than with whole genome sequenc-
ing in the detection of the specific aneuploidies of inter-
est and the simultaneous measurement of fetal fraction
in the same assay. The disadvantage is that the failure
rate to provide results may be higher (2-4%) than with
MPSS.

SNP-Based Testing

SNPs are variations in DNA that help distinguishing
among individuals. SNP represents a difference in a single
nucleotide (a base) within a given DNA sequence which
is otherwise identical among subjects. For instance, a SNP
would look like this: subject 1: ... AGATAGC...; subject 2:
..AGATAGC.... Known SNPs amount to thousands and
can be strongly associated with individual traits, includ-
ing for instance height or differences in the response to
therapies [26].

SNP-based testing for fetal DNA assessment uses the
principle that the fetus has different SNPs than the
mother [23, 27]. Both maternal plasma cfDNA, which
contains a mixture of maternal and fetal DNA, and bufty
coat DNA, which is maternal in origin, are examined.
Using multiplex PCR, a variation of conventional PCR,
about 20,000 polymorphic loci on chromosomes 21, 18,
13,X, and Y are simultaneously quantified. The method
detects if there are differences in the maternal and fetal
SNPs belonging to a given chromosome and uses com-
plex mathematical calculations to estimate if the distri-
bution of the fetal with respect to the maternal SNPs is
consistent with monosomy, disomy or trisomy. The test
also requires that the minimum fetal fraction is 3-4%
and the reported performance for trisomies 21, 18 and
13 is similar to that of MPSS and CSS, but the reported
rate of non-informative tests is 3-5%. The SNP-based
method can identify abnormalities, such as triploidy
[25], that escape detection using other methods. The
company using the SNP-based method has recently
launched an extended test to include some microdele-
tion/microduplication syndromes.

Techniques, Results and Integration with
Existing Screening Strategies

Practical Aspects on the Use of ¢fDNA Testing in
Maternal Blood

Eligible Pregnancies

Extensive studies have demonstrated the high perfor-
mance of cfDNA testing as a screening test in singleton
pregnancies for trisomies 21 and 18, and less so for tri-
somy 13 and sex chromosome aneuploidies [5]. A few
studies on a small number of patients have shown that the
performance cfDNA testing is high also in twin pregnan-
cies [28-30].

Gestational Age at Testing

The test can be carried out from 10 weeks’ gestation
onwards. At lower gestations the fetal fraction is too low
for reliable results.

Transportation and Analysis of Samples

At present most samples are analysed in a few private
laboratories in the USA and China, but it is anticipated
that within the next couple of years several laboratories
will be set up in many other countries.

Cost of the Test

The cost of cfDNA testing varies between EUR 500 and
2,500 and is considerably higher than that of the current-
ly available screening methods. Widespread uptake of the
test will inevitably lead to a reduction of cost.

Time Interval to Results

The average interval between sampling and providing
results is about 10 calendar days. In more than 95% of
cases a result is available within 14 days, but in 2% of cas-
es a result may not be available in less than 3-4 weeks,
especially in those requiring repeat sampling.

Presentation of Results

cfDNA analysis of maternal blood is a screening test
and not a diagnostic test. Consequently, the results are
given in terms of risk, with the majority of companies re-
porting results for each chromosome as low risk (usually
<1 in 10,000) or high risk (>99%).

No Result

In 1-5% of singleton pregnancies no result is given
after first sampling, either because of problems with
sample collection and transportation to the laboratory,
low fetal fraction or assay failure [5]. Failure to obtain a
result is more common in overweight and obese patients
[31, 32]. On repeat sampling, a result is obtained in
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about 100, 50 and 75% of cases in which on first sam-
pling there was a sample collection and transportation
problem, low fetal fraction or assay failure, respectively
[33].

Implications of a High-Risk Result

The likelihood that a fetus is affected if cfDNA testing
gives a high-risk result is about 1,240, 650 and 460 for
trisomies 21, 18 and 13, respectively [5]. Consequently,
the chances that a fetus from a given pregnancy is truly
affected depend on the prior risk for that pregnancy. For
example, if prior screening by the combined test had
shown that the risk for trisomy 21 was 1 in 12,400 and
cfDNA testing gives a high-risk result, the chance that
the fetus is affected is 1 in 10; in contrast, if the risk from
the combined test was 1 in 2,480 the chance that the fetus
is affected is 1 in 2. It is advisable that in all cases of a
high-risk result from cfDNA testing the patients are of-
fered invasive testing for definitive diagnosis.

Implications of a Low-Risk Result

The negative likelihood when cfDNA testing gives a
low-risk result is about 1,000, 31 and 13 for trisomies 21,
18 and 13, respectively [5]. Consequently, the chances
that a fetus from a given pregnancy is truly unaffected
depend on the prior risk for that pregnancy. For example,
if prior screening by the combined test had shown that
the risk for trisomy 21 was 1 in 500 and cfDNA testing
gives a low-risk result, the chance that the fetus is affected
is 1in 500,000; in contrast, if the risk for trisomy 13 from
the combined test was 1 in 2 and cfDNA testing gives a
low-risk result, the chance that the fetus is affected is 1 in
26.

Clinical Implementation of cfDNA Testing in
Maternal Blood

Private Patients

At present, cfDNA testing is primarily funded by the
patients themselves but in some cases they are reim-
bursed by insurance companies. In most developed and
developing countries there is widespread screening for
trisomy 21 and patients who can afford to pay choose
this over other tests because of its better performance.
The best approach to implement primary screening for
trisomies by cfDNA testing is to take the maternal blood
at 10 weeks’ gestation [33]. The results of the test would
then be available at the time of the scheduled first-tri-
mester ultrasound examination, which is ideally per-
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formed at 12 weeks. Such an approach retains the advan-
tages of firstly, diagnosis of the major trisomies within
the first trimester, and secondly, early diagnosis of ma-
jor fetal defects and assessment of risk for pregnancy
complications.

A second group of private patients request cfDNA
testing as an alternative to invasive testing if first-line
screening by an alternative method identifies them as be-
ing at high risk for a specific trisomy. There is also an in-
creasingly expanding third group of patients who request
cfDNA testing for further reassurance because first-line
screening by an alternative method identifies them as be-
ing at intermediate risk for a specific trisomy.

Government- or Insurance-Funded Healthcare

Systems

There are essentially two options in the clinical imple-
mentation of cfDNA testing and the choice will ultimate-
ly depend on the cost of the test by comparison to that of
other methods of screening. The first option is to offer
cfDNA testing routinely to the whole population. The es-
timated performance of such an approach is the detection
of about 99% of fetuses with trisomy 21 and 95% with tri-
somies 13 and 18 at an overall invasive testing rate of 1%
[34]. In this strategy it would be best to carry out cfDNA
testing at 10 weeks’ gestation, as explained above for pri-
vate patients.

The second option is to offer cfDNA testing contin-
gent on the results of first-line screening by another
method, preferably the first-trimester combined test. In
the latter option, cfDNA testing could be offered to the
high-risk group as an alternative to invasive testing or to
the intermediate-risk group as a method of selecting the
small subgroup that could benefit from invasive testing.
The exact risk cut-offs that define the high- and interme-
diate-risk groups will depend on the cost of cfDNA test-
ing and therefore the proportion of the population that
can be offered this test.

In one contingent model it was proposed that com-
bined screening is used to divide the population into very
high-risk (>1:10), intermediate-risk (1:11-1:2,500) and
low-risk (<1:2,500) [5]. In the very high-risk group inva-
sive testing is carried out in all cases and in the interme-
diate-risk group cfDNA testing is carried out followed by
invasive testing for those with a screen-positive result.
Such policy would necessitate cfDNA testing in about
25% of the population and would detect about 98% of fe-
tuses with trisomies 21, 18 and 13, at an overall invasive
testing rate of 0.8% [5].
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Erratum
|

In the article by Gratacds E and Nicolaides K, entitled ‘Clinical perspective of cell-free
DNA testing for fetal aneuploidies’ [Fetal Diagn Ther 2014;35:151-155, DOI:
10.1159/000362940], in the section Implications of a Low-Risk Result, the 1,000 in the first
sentence should be replaced with 100 (‘The negative likelihood when cfDNA testing gives
a low-risk result is about 100, 31 and 13 for trisomies 21, 18 and 13, respectively [5].) and
the 500,000 in the last sentence should be replaced with 5,000 (‘For example, if prior
screening by the combined test had shown that the risk for trisomy 21 was 1 in 500 and
cfDNA testing gives a low-risk result, the chance that the fetus is affected is 1 in 5,000; ...").
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