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Maternal plasma DNA: a major step forward

in prenatal testing

Almost twenty-five years have passed since the introduction
of prenatal screening for Down’s syndrome using multiple
markers. During that time there has been steady improve-
ment in performance and clinical acceptance worldwide.
Such screening has been the way to best determine who,
among the population of pregnant women, are at the
highest risk of having an affected pregnancy and, therefore,
are most appropriately offered invasive procedures (amnio-
centesis and chorionic villus sampling) for karyotype analy-
sis. Using the most informative screening tests now available,
90% of all Down’s syndrome cases can be identified among
a high-risk group consisting of 2% of all screened pregnan-
cies; the group risk is about 1 in 20. While this is relatively
good performance, it means that 10% of Down’s syndrome
pregnancies are missed while 19 of every 20 pregnancies
classified as screen-positive are false-positive and will be
offered invasive diagnosis with the small, but real, possibility
of a procedure-related miscarriage.

With the publication of two ‘proof of concept’ papers in
2008,'% and with a number of larger studies published this
past year,”~? a major improvement in prenatal screening for
Down’s syndrome has emerged and appears ready for clinical
implementation. It relies on a genotypic rather than a pheno-
typic approach and utilizes ‘next-generation” sequencing, the
simultaneous sequencing of many thousands or millions of
DNA fragments. These fragments can be found in maternal
plasma, where a small proportion is of fetal/placental rather
than maternal origin.'® The proportion of DNA fragments
mapping to chromosome 21 can then be assessed to identify
a Down’s syndrome fetus. Similarly, chromosomes 18, 13, X
and others can be assessed for aneuploidy.

The ‘fetal fraction’ of cell-free DNA in the maternal circu-
lation is usually in the range of 5% to 25% of the total cir-
culating DNA. This hallmark finding provided the biological
basis on which to develop a testing strategy. Contrast that
with the intensively studied search for fetal cells in the
maternal circulation, which represent at best a few cells
per million maternal cells.'! It is clear that measurement
of fetal DNA provides much higher initial concentration.
What was needed was a breakthrough in DNA sequencing
technology. Next-generation sequencing has provided lab-
oratories with the ability to sequence (or partially sequence)
millions of DNA fragments at a time. This allows for compu-
ter matching of each sequenced fragment (or as many frag-
ments as reasonable) to a particular chromosome. Thus, the
ability to discern a fetal trisomy on a background of cell-free
DNA from a euploid mother is an exercise in analytical pre-
cision. It is simple in concept, but massive in scale, relying on
the latest methods in molecular genetics.' > A fetus affected
by a trisomy will have a 50% increase in that chromosome’s
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contribution to the total genome sequenced. That increase is
diluted according to the proportion of fetal DNA present in
the maternal plasma sample. For example, if the fetal frac-
tion is 10%, then the 50% increase in the expected chromo-
some percentage is diluted 10-fold, so that the increase
measured in the maternal plasma will be, on average, only
5% (one-tenth of the maximum 50% increase).
Consequently, the expected increase in the percentage of
the trisomic chromosome will be, on average, one-half the
fetal fraction of the sample. Sequencing must be precise
enough to reliably measure these small ditferences.

There are various ways to implement and interpret such
testing using next-generation sequencing. One method is
to sequence fragments representing the entire genome.*?
Another is to target sequencing to fragments that map
only to chromosomes of interest.” A third relies on the com-
parison of highly heterogeneous neighboring single nucleo-
tide polymorphisms (tandem SNPs) measured in maternal
plasma with those same SNPs from the mother (by examin-
ing maternal white blood cell DNA in the same sample).'?
The latter two methods require fewer fragments to be
sequenced, but each method has its advantages and dis-
advantages. When all chromosomes are examined, the
determination of many more full and partial numerical dis-
orders is possible, but potentially at lower throughput and
higher cost. When only specific chromosomes are examined,
a more limited interpretation is possible, but with higher
throughput and potentially lower cost. At this time, all pub-
lished methods appear to be effective; it is too early to say if
any one will be clearly superior.

How well does maternal plasma DNA sequencing identify
fetal Down’s syndrome? A cumulative estimate of test per-
formance, based on the studies that have been published
since the 2008 proof-of-concept papers, indicates that detec-
tion rates (sensitivity) of the tests for the common aneuploi-
dies can be as high as 99%, with overall false-positive rates
(1-specificity) of less than 0.5%. Such high performance,
however, is still not quite as good as that of invasive
testing and karyotype analysis, in which rare mistakes are
thought to be the result of sampling errors or contamination,
rather than test error. With a karyotype, the numerical dis-
order is seen or not seen, while with DNA sequencing a stat-
istical result is reported. For this reason, and because the
false-positive rate is not zero, it is important that, at least
in the near future, a positive DNA sequencing result be fol-
lowed by the offer of an invasive diagnostic test. In addition
to positive results, the DNA test may be uninformative, or
may fail. The most common reason for a failure is
inadequate fetal fraction in the maternal plasma sample
(usually less than 4% or 5%) or a technical problem in
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Sets of overlapping distributions for four Down'’s syndrome tests. Panel A shows the modelled performance of maternal age to identify

Down’s syndrome, using the 2009 maternal age distribution among the 4,248,000 deliveries in the United States. Panel B shows modelled Down'’s
syndrome risks for the quadruple test (combining maternal age and four second trimester serum markers), in 20,000 Down’s syndrome and

20,000 euploid pregnancies based on SURUSS parameters. '

In like manner, panel C shows modeled Down’s syndrome risks for the

infegrated fest (an ultrasound measurement of nuchal translucency and one first trimester serum marker, combined with the quadruple second

trimester markers), based on SURUSS parameters. '

Panel D shows the overlapping distribution of adjusted chromosome 21 percentages from

a clinical validation study involving 212 Down'’s syndrome and 1,484 euploid pregnancies.® In all panels, the dashed lines indicate the
distribution for Down'’s syndrome pregnancies, with the solid line showing the distribution for euploid pregnancies.

preparing or running the DNA library. In our recent colla-
borative study,® the uninformative rate was less than 1%.
These women could be offered invasive diagnostic testing
or, potentially, a repeat sampling might be successful.

An important question at this early point in clinical
implementation is whether the results of maternal plasma
DNA testing can be interpreted dichotomously or must
remain quantitative. In other words, is there a high test
result above which the likelihood of a false-positive is so
small, and a low value below which the likelihood of a
false-negative is also so small that a definitive interpretation
can be provided? The answer lies in the shape and overlap of
the distributions of test results among known trisomic and
euploid pregnancies. A visual comparison of the distri-
butions of results for selected Down’s syndrome tests helps
provide the answer (see Figure 1). Historically, maternal
age (panel A) was the first screening test, and women
aged 35 (or aged 37) and older at delivery were offered diag-
nostic testing. A major gain in test performance was includ-
ing results of multiple serum tests, culminating in the second
trimester ‘quadruple’ test (panel B) and the first trimester
‘combined’ test using ultrasound measurement of nuchal
translucency and two serum markers, with similar improve-
ment in separation between the test results (risks) in euploid
and Down’s syndrome pregnancies.'> The best current test is
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the integrated test and its sequential variant (a combination
of first trimester serum and ultrasound markers with second
trimester serum markers)'>'* (panel C). Again, the separ-
ation is improved. The last panel (D) shows the perform-
ance of massively parallel sequencing, with the distribution
of chromosome 21 percentages (after correcting for plate-
to-plate variability) in the two populations.® There is very
little overlap. It is possible that some day only those results
in this ‘grey zone” will require diagnosis by CVS or amnio-
centesis. And, we can expect that the ‘grey zone’ will get
smaller with improvements in methodology.

Currently, all published DNA studies have been performed
in cohorts of ‘high-risk’ pregnancies; those identified through
prenatal screening, abnormal ultrasound findings, advanced
maternal age, or previous history of aneuploidy. This fact,
along with practical issues with the test’s clinical application,
such as limited availability, turnaround time of seven days
or more, high costs and lack of universal coverage, have led
to the view that only women with ‘high-risk’ pregnancies
are eligible for maternal plasma DNA testing. DNA testing
can identify nearly all of the common trisomies in this high
risk group, while avoiding invasive testing for the vast
majority of women with euploid fetuses. While these practical
issues currently limit test availability, there is no clear scienti-
fic reason for limiting the test to high-risk pregnancies. A
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‘low-risk” pregnant woman may differ from one at high-risk
because she is younger, or because she has unremarkable
serum marker values, or a negative ultrasound scan, not
because the underlying cause of a certain trisomy is different.
The DNA test determines a difference in genotype, not in
phenotype. Therefore, there is no reason to expect the DNA
test not to perform in all pregnant women. Some indirect evi-
dence of this comes from our large collaborative study on
high-risk pregnancies. Regardless of the reason for high
risk, the performance of the DNA test did not change.®
Independent of the reason for referral, women with a
Down'’s syndrome pregnancy have similarly high test results
and women with a euploid pregnancy have similarly low
test results. It will be necessary to plan and examine the intro-
duction of such testing into the general pregnancy popu-
lation. Appropriate validated education materials need to be
developed, and research into the ethical and social aspects
of a new paradigm of screening will no doubt occur.

Where might DNA testing of maternal plasma move in the
future? One can expect that test performance will improve,
and that current implementation issues will be solved (e.g.
turn-around time and sample collection), as methods, plat-
forms and supplies continually improve. Sequencing more
base pairs on each fragment, and sequencing more fragments
might also allow for the identification of a large number of
rare, but clinically important deletion/duplication syndromes.
This methodology has already been used to identify the fetal
carrier status for B-thalassemia,’® suggesting that mutation-
based testing for monogenic diseases is also possible.

In addition, intellectual property lawsuits have been filed
and their outcome, as well as the technical aspects of the
different methodologies, will influence how testing will
proceed in the future. Whatever DNA testing methodologies
emerge, we can look forward to a new, safer chapter in pre-
natal screening and diagnosis.
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