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BACKGROUND

Whether you are a practitioner of women’s health
care or just someone who regularly reads medical
journals, you have probably heard about cell-free fetal
DNA testing or ¢fDNA. You may have heard it called
by other names such as Non-Invasive Prenatal Testing
or Non-Invasive Prenatal Screening (NIPT or NIPS),
but regardless of the name, it is revolutionizing prena-
tal diagnostics.

Although the presence of fetal material in the
maternal circulation has been known since the late
1800s, it wasn’t until recently when Bianchi and others
developed the practical techniques for isolating fetal
cells from the maternal circulation of healthy subjects,
that fetal DNA testing became an actuality."? But even
these impressive early research experiments revealed
some practical limitations. Fetal cells in the maternal
circulation are limited in quantity, which makes them
difficult to find. In addition, fetal cells can “immortal-
ize” and be found in the maternal circulation outside
of pregnancy as well as in subsequent pregnancies.’

Toward the end of the 1990s a new approach
emerged that simply looked in the maternal circulation
for free floating, or “cell-free,” fragments of circulating
DNA from the fetus, rather than searching for intact
fetal cells.* Early work showed that these fetal DNA
fragments were not only abundant, but could be dif-
ferentiated from circulating maternal DNA because
fetal fragment length tends to be significantly shorter
than that of maternal DNA. Also, unlike DNA from
intact fetal cells, cfDNA tends to clear quickly from
the maternal circulation once the fetus and placenta
are delivered.’

Two key products of the NIH Human Genome
Project made cfDNA a practical reality by the beginning

of the current decade.® The first was the development
of automated DNA sequencing technologies; the sec-
ond was the rapid development of multiple genomic
libraries and bioinformatics programs to help with
the massively complex task of aligning genomic data.’
Sequencing the millions of tiny maternal and fetal
fragments is important, but the sequence reads would
simply be gibberish without the ability to line them up
and to make sense out of them.

The first human genome was sequenced from the
Human Genome Project using Sanger Sequencing, a
time consuming and manpower intensive method.® At
the end of the project, large investments into massively
parallel pyrosequencing (first pioneered in Sweden in
the late 1990s) advanced the field of genomics into an
entirely different realm.’ Instead of costing billions
of dollars and taking many years to sequence a single
human genome, it now costs hundreds of dollars and
takes only hours. In all of human history, no other
technology has advanced so fast nor dropped so far in
price.

While the advances in human genome sequenc-
ing were not developed with the specific purpose of
analyzing fetal DNA in the maternal circulation, the
advances arrived at a time that was ripe for a change in
prenatal diagnostics. Amniocentesis has been around
since the 1950s, and though it had been often used to
obtain genetic material from the fetus, it is an invasive
procedure that has always been refused by a substan-
tial proportion of pregnant mothers. Their objections
include the fear of losing the pregnancy; concern
about the discomfort and cost of the procedure; and
religious or philosophical opposition to a procedure
that has often been connected to elective abortion."
For these reasons, a non-invasive screening method
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emerged that became known as the “First Trimester
Screen,” and consisted of ultrasound combined with
serum analyses.!! While this screening is an improve-
ment over the previous prenatal genetic screening
(quadruple and triple screening), it does not have the
diagnostic accuracy of an amniocentesis; it is and will
remain only a “screening” test.

IMPLICATIONS OF PRENATAL TESTING

Because of a growing consensus both within and
without the obstetrical community, the American
College of Obstetrics and Gynecology issued a state-
ment in 2007 that decoupled genetic testing from the
issue of pregnancy termination.!? Indeed, though some
people choose to terminate their pregnancies based on
the results of genetics tests, far more women continue
their pregnancies after testing. Genetic testing is revo-
lutionary in regard to the information it reveals, but
in the end it is a medical test. Like all medical tests, it
is meant only to inform the decision-making process,
which may involve preparations for special needs at
delivery, the decision to deliver at a tertiary care cen-
ter, or the decision to take a medication to mitigate the
genetic disorder and optimize birth outcome.

The fetus can indeed be considered a “patient” when
the fetus reaches a point at which medical or surgical
therapy can be administered, generally after 20 weeks.
A broad variety of medical and surgical procedures have
emerged to treat fetuses for various conditions with the
goal of either curing or mitigating the effects of disease
or deformity. A clear example is Rh sensitization of
Rh-negative mothers, who may carry fetuses that have
critical hemolytic anemia. Without the ability to test the
fetus for anemia we would not know which fetuses need
life-saving transfusions in-utero. Until recently, only
invasive prenatal testing could determine the Rh geno-
type of the fetus in cases where the father is heterozygous
for the Rh D gene. Knowing the fetal Rh genotype is
important so that maternal fetal medicine specialists can
determine if intensive fetal monitoring is warranted.?
This is just one example of how non-invasive determina-
tion of the fetal genotype can benefit the health of the
fetus, while easing the burden of frequent perinatology
visits and decreasing parental anxiety.

By 2011, enough laboratory and clinical evidence
was presented to the FDA to allow for the first approval
of cellfree fetal DNA testing to screen specifically for
Trisomy 21." Other data soon followed to support test-
ing for non‘Trisomy 21 aneuploidy (abnormal numbers
of chromosomes) and testing of twin gestations.”
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LIMITATIONS OF CELL-FREE FETAL DNATESTING

The advent of reliable cell-free fetal DNA sampling
has had a major impact on the decision by patients
whether or not to seek information about the genet-
ics of their fetus. Even though more women than
ever before are seeking genetic testing, the propor-
tion choosing invasive procedures is declining.! This
change alarms some leaders in the maternal fetal
medicine community because they point to the key
limitations of cell-free fetal DNA testing at this time."”

First, cfDNA testing is primarily a sampling of
the DNA released from cells of the placenta and not
from the fetus.'® This means that if there is confined
placental mosaicism (when placental tissue is geneti-
cally discordant from the fetus) then the test may be
falsely reassuring or falsely alarming. Overall, confined
placental mosaicism (CPM) is estimated to occur in
1-2% of all pregnancies, though the actual incidence
of CPM varies according to the specific chromosomes
involved. Second, cell-free fetal DNA testing was origi-
nally created to target the most common chromosome
abnormalities of live-born neonates, so its sensitivity
and specificity are highest for these most common con-
ditions: Trisomy 21, 18, 13, and the sex chromosomal
abnormalities.

To a lesser degree the companies that perform these
tests have expanded the capability of cfDNA testing to
include Rh genotyping, paternity testing, and screen-
ing for select microdeletions, including DiGeorge
Syndrome,  Cri-du-chat, Prader-Willi/Angelman,
Jacobsen, Langer-Giedion, Wolf-Hirschhorn, and
1p36 deletion syndromes. While there is even a cell-
free fetal DNA test that samples the whole genome (for
gains and losses of chromosome material greater than
or equal to 7 Mb), the sensitivities and specificities are
not uniformly distributed across the genome. In other
words, a positive result for Trisomy 21 is more likely to
be correct than a positive result for Trisomy 13. The
last limitation that should raise a note of caution is in
the “no call” or “low fetal fraction result” that is found
in about 0.8-8% of samples depending on the labora-
tory, although the number is declining due to advances
in the tests.”” One major reason for a “no call” result
is high maternal BMI; another reason for a low fetal
fraction may be low fetal cell turnover, which can occur
particularly in fetuses with aneuploidy. Other reasons
for no call rate include the use of heparin products
and maternal lupus. The last concern is simply that the
tests are so new that there is less experience with them
than with older testing and screening techniques.
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I0 THINGS EVERY HEALTH CARE PROVIDER SHOULD KNOW

1. Cellfree fetal DNA is a sampling of placen-
tal DNA fragments found in the maternal circulation.
Roughly 5-10 percent of the DNA fragments in the
maternal circulation are from the pregnancy. These
fragments tend to be of lower molecular weight and
length than maternal fragments, and they clear rapidly
following delivery of the fetus and placenta.

2. The cell-free DNA fragments from the preg-
nancy found in the maternal circulation are primarily
of placental origin. A placenta with “confined placen-
tal mosaicism” may result in a significant test error.

3. Notall “fetal fragments” are of “fetal” in origin.
If there is a maternal tumor, the tumor can produce
DNA fragments resembling DNA of fetal origin.

4. The fraction of “fetal” DNA in the mater-
nal circulation is contingent on a number of factors
including maternal BMI, gestational age, vanishing
twins, and the presence or absence of aneuploidy. It
can sometimes be influenced by the medications and
health conditions of the mother (including heparin
products and maternal lupus). An indeterminate or
“no-call” result should not be construed as a laboratory
error and may be a cause for concern; low fetal fraction
can indicate that a serious problem is decreasing the
rate of cell division - e.g. in the case of an autosomal
aneuploidy.

5. Genetic testing, be it in the form of invasive
testing such as amniocentesis with karyotype or in the
form of cellfree fetal DNA, should not be construed
as a test to determine the need or lack of need for ter-
mination of pregnancy. These tests provide important
information regarding the state of a pregnancy and the
possible future outcomes of that pregnancy.

6. As sequencing technology has improved, the
cost of sequencing has declined; the cost of sequencing
is now decreasing at a rate far faster than the decline
in prices of microprocessors or computer storage.’!
There is no single technology in human history that
has fallen faster in price.

7. The amount of information that is allowed to
be revealed from the cell-free fetal DNA tests is a tiny
fraction of the information derived from the actual
laboratory tests. This is particularly true in cfDNA
testing involving Next Generation Sequencing (NGS)
technologies. As these technologies evolve, so too will
the diversity of the testing available, as well as the accu-
racy of tests that are already in use.

8. Cellfree fetal DNA testing is a “screening”
test rather than a “diagnostic® test and is considered
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so by the American College of Obstetricians and
Gynecologists (ACOG) and the Society for Maternal
Fetal Medicine (SMFM).? They jointly advocate that
all positive screens be followed by “diagnostic testing,”
usually in the form of an amniocentesis.

9. Thedistinction between “screening” and “diag-
nostic” designation depends on the positive predictive
value of the test. In many clinical settings, cell-free fetal
DNA testing can near the standard accepted definition
of a diagnostic test if the “statistical priors” (other fac-
tors such as age-related risks and sonographic findings)
change the predictive value to where confident clinical
decisions can be made.”

10. CellAfree fetal DNA testing has opened the
door to cell-free genomic testing for all. Cell-free epi-
genetic DNA and cell-free RNA testing will soon follow,
and will provide a rich opportunity to understand the
state of wellness and disease in all individuals, not just
mothers or fetuses. Cell-free fetal DNA testing is not
simply a boon to obstetrics, but can be credited with
pioneering a pathway for precision molecular diagnos-
tics for all humanity.

CONCLUSIONS

Cell-free fetal DNA testing is not a fad. It is a rev-
olutionary new way of non-invasively gathering huge
amounts of information about the makeup of a devel-
oping human. The coupling of advanced sequencing
techniques with big data analytics means that what
we know today about the genome of the developing
fetus will change in coming years. Furthermore, as
new facets of these technologies emerge, such as the
sampling of fetal RNAs, we will undoubtedly address
other problems that were either unknown, or were
believed to be intractable.”* What is certain is that
the momentum behind non-invasive genomic testing
is changing the practice of obstetrics, is changing our
view of the fetus as a patient, and is advancing the
development of better genomic technologies for the
benefit of all medical disciplines.
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Table |I.

Sequencing METHOD

SNP METHOD | Digital Analysis of Selected Regions
(DANSR) METHOD

lHlumina Sequenom Natera Ariosa
(Verifi) (MaterniT 21 and (Panorama) (Harmony)
SAFeR algorithm MPS MaterniT GENOME)
Quantitative MPS
Perkin Elmer Quest GenPath
(Verifi) (QNATAL—Illumina HiSeq v4)  (Panorama)
Progenity Recombine
(Verifi) (Chromomap—send out
to lllumina)
Counsyl Integrated/LabCorp

(Informed Pregnancy
Screen—send out to
lllumina for Verify

(InformaSeq)
Quantitative MPS

Key: BOLD—The Company Performing Service; (In Parenthesis)—The Brand Name of the Analytic Technique; SAFeR—*Selective Algorithm
for Fetal Results.” Proprietary technology uses Normalized Chromosome Value analysis, or NCV; MPS—Massively Parallel Sequencing;
SNP—Single Nucleotide Polymorphism; DANSR—Digital Analysis of Selected Regions. A proprietary targeted variation of SNP testing.
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