The Application of Clinical Genetics downloaded from https://www.dovepress.com/

For personal use only.

The Application of Clinical Genetics

3

Dove

REVIEW

|dentification of trisomy 18, trisomy 13,
and Down syndrome from maternal plasma

Jean Gekas'?

Sylvie Langlois®

Vardit Ravitsky*

Francois Audibert®
David-Gradus van den Berg®
Hazar Haidar*

Francois Rousseau?’

'Prenatal Diagnosis Unit, Department
of Medical Genetics and Pediatrics,
Faculty of Medicine, Laval University,
Québec City, Quebec, Canada;
’Department of Medical Biology,
Centre Hospitalier Universitaire

de Québec, Québec City, Quebec,
Canada; *Department of Medical
Genetics, University of British
Columbia, Vancouver, Canada;
“‘Bioethics Program, Department

of Social and Preventive Medicine,
School of Public Health, University
of Montreal, Montreal, Canada;
*Department of Obstetrics and
Gynecology, Sainte Justine Hospital,
Montreal, Canada; *Department

of Social and Preventive Medicine,
’Department of Molecular Biology,
Medical Biochemistry and Pathology,
Faculty of Medicine, Laval University,
Québec City, Quebec, Canada

Correpondence: Jean Gekas

Centre Hospitalier de I'Université Laval,
Centre Hospitalier de I'Université de
Québec, 2705 Boulevard Laurier,
Bureau RC-9300, Sainte-Foy,

Québec City, GIV 4G2,

Quebec, Canada

Tel +1 418 525 4444 ext 481 14

Fax +1 418 654 2748

Email jean.gekas@mail.chuq.qc.ca

This article was published in the following Dove Press journal:
The Application of Clinical Genetics

7 July 2014

Number of times this article has been viewed

Abstract: Current prenatal diagnosis for fetal aneuploidies (including trisomy 21 [T21])
generally relies on an initial biochemical serum-based noninvasive prenatal testing (NIPT)
after which women who are deemed to be at high risk are offered an invasive confirmatory test
(amniocentesis or chorionic villi sampling for a fetal karyotype), which is associated with a risk
of fetal miscarriage. Recently, genomics-based NIPT (gNIPT) was proposed for the analysis of
fetal genomic DNA circulating in maternal blood. The diffusion of this technology in routine
prenatal care could be a major breakthrough in prenatal diagnosis, since initial research stud-
ies suggest that this novel approach could be very effective and could reduce substantially the
number of invasive procedures. However, the limitations of gNIPT may be underappreciated.
In this review, we examine currently published literature on gNIPT to highlight advantages
and limitations. At this time, the performance of gNIPT is relatively well-documented only
in high-risk pregnancies for T21 and trisomy 18. This additional screening test may be an
option for women classified as high-risk of aneuploidy who wish to avoid invasive diagnostic
tests, but it is crucial that providers carefully counsel patients about the test’s advantages and
limitations. The gNIPT is currently not recommended as a first-tier prenatal screening test
for T21. Since gNIPT is not considered as a diagnostic test, a positive gNIPT result should
always be confirmed by an invasive test, such as amniocentesis or chorionic villus sampling.
Validation studies are needed to optimally introduce this technology into the existing routine
workflow of prenatal care.

Keywords: prenatal diagnosis, Down syndrome, noninvasive prenatal testing, cell-free fetal
DNA, informed consent, reproductive autonomy

Current prenatal diagnosis for fetal aneuploidies
Down syndrome ([DS], trisomy 21) is the most common cause of intellectual disability
worldwide and affects approximately 1:500 pregnancies.! Genetic prenatal diagnosis
for fetal aneuploidies, such as trisomy 21 (Down syndrome), 13, and 18, has been an
integral part of prenatal medicine for more than 40 years. To this day, definitive prenatal
diagnosis of DS can only be achieved by the sampling of fetal material obtained through
invasive testing (amniocentesis or chorionic villus sampling), which is associated with
a 1 in 200 chance of fetal miscarriage.>® Therefore, to limit the number of invasive
procedures, current screening programs for DS generally combine initial noninvasive
risk screening strategies that use maternal serum with or without ultrasound markers
in a mathematical model to estimate an overall personal risk score for each woman for
carrying a fetus with DS. Women who are deemed to be at high risk are then offered
invasive prenatal diagnosis.
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Current noninvasive risk screening identifies up to 90%
of pregnancies with trisomies, with a screen-positive rate
of 4%-5% in the general population.* However, with the
current prenatal genetic screening schemes, many women
will undergo invasive prenatal diagnosis while not carrying
an affected fetus. Hence, either a more specific screening
method (ie, with a lower rate of false-positive results) or
a reliable and convenient method for prenatal diagnosis
(ie, with a much smaller [or absent] risk of fetal loss) has
long been sought.’

Genomics-based noninvasive
prenatal testing (gNIPT)

The presence of cell-free DNA released by the fetus into the
circulation of its mother was reported in 1997.° By analyzing
this source of fetal genetic material, obtainable through a blood
sample from a pregnant woman, gNIPT has been developed’
and proposed as potentially changing the approach to pre-
natal diagnosis for DS and other conditions. Cell-free fetal
DNA (cffDNA) discovered in maternal plasma® originates
from placental cell turnover.® It consists of short fragments
of DNA of approximately 150 bp in length rather than whole
chromosomes,’ which represents about 5%—10% of the total
cell-free DNA in the maternal plasma and most of which
originates from the mother.'* The cffDNA can be detected as
early in pregnancy as 4 weeks’ gestation.'! It disappears rapidly
from maternal blood due to a half-life of 16 minutes, and it
is undetectable 2 hours after delivery.'” These characteristics
make cffDNA an interesting source of fetal genetic material for
gNIPT using a maternal blood sample and with the potential
to eliminate the necessity of an invasive procedure in many
cases.”

Potential uses of ccfDNA include: fetal sex determina-
tion (useful for fetuses at risk of a sex-linked disease, about
five in 10,000 live births);'* diagnosis of paternally inherited
mutations for certain single gene disorders in known at risk
families;'*!'¢ fetal blood genotyping (fetal RhD typing in
RhD negative women who are at increased risk of haemolytic
disease of the newborn);!” and, more recently, the detection
of fetal aneuploidies, such as DS.> Numerous studies have
shown the possibility of detecting DS, and other aneuploidies
using cffDNA in maternal blood of high risk pregnancies.'* 2
This new approach appears to be very effective according
to studies published so far. It has been reported to detect
between 98%—100% of fetuses who have DS with a very
low false-positive rate.?!

Many techniques have been used to study cffDNA
sequences in maternal circulation,” most commonly

quantitative polymerase chain reaction, mass spectrometry,*
digital polymerase chain reaction,”® and massively parallel
DNA sequencing.?* Intrinsic differences between fetal and
maternal cell-free DNA have been exploited to increase the
relative amount of fetal DNA,’ including selecting the short-
est DNA fragments® and identifying universal fetal markers,
such as the DNA methylation patterns.*

The principle of the approach for gNIPT for DS is
based on the identification of the chromosomal origin
(and counting) of several millions of small fragments of
cffDNA using various molecular methods to quantitatively
enumerate sequences (or reads) of the chromosome of interest
(for example, chromosome 21) and compare to the number
expected in an unaffected pregnancy.?*?! If the fetus has DS,
a small relative increase in chromosome 21 DNA fragments
among all cffDNA molecules in maternal plasma should be
detected in comparison to unaffected pregnancies. The same
applies for other significant trisomies, such as for chromo-
somes 13 and 18.7242

Recently, three published prospective studies, each
involving more than 500 high-risk pregnancies, investigated
the performance of gNIPT for DS?”?* with full karyotyping
results available. They showed the possible clinical applica-
bility of these methods. Over all, gNIPT offers a detection
rate more than 99% and a false-positive rate under 0.5% in
high-risk pregnancies.?” % Also, the test’s positive predictive
value, which reflects the probability that a positive test result
indicates a true fetal aneuploidy in high-risk groups of women
for DS, is impressively high (97.94%).*

However, the rate of non-reportable results, depending
on the inclusion criteria for pregnant women and technical
protocol used, ranged from 1%—5%.2"%

Professional groups®*32 have published clinical recom-
mendations regarding the use of gNIPT for fetal aneuploidy
detection. Together, the National Coalition for Health
Professional Education in Genetics and the National Society
of Genetic Counselors in the US, the International Society
for Prenatal Diagnosis, the Society of Obstetricians and
Gynecologists of Canada, and the California Technology
Assessment Forum, stated that gNIPT could be an option
for fetal aneuploidy detection in high-risk pregnancies after
nondirective counseling by qualified personnel.*-

Limitations of gNIPT technologies

Some limitations appear for the use of gNIPT technolo-
gies in prenatal diagnosis for fetal chromosomal abnor-
malities testing. Even if these studies reported excellent
performances with overall detection rates for trisomy 21
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exceeding 99% with false-positive rates of less than 1%,

many elements need to be taken into consideration:

1.

To date, while a reasonable amount of evidence supports
the use of gNIPT in high-risk women for detection of
fetal trisomy 21 and 18,32 no studies have addressed the
cost effectiveness of gNIPT implementation in a routine
real-life pregnancy health care workflow setting.**
Available data addressed the diagnostic performances
of gNIPT for: fetal aneuploidies among women classi-
fied to be at high risk for fetal aneuploidy for advanced
maternal age; personal history of birth for trisomies
21, 18, or 13; suggestive ultrasound findings; or being
screened positive by conventional aneuploidy screen-
ing protocols. The applicability of gNIPT in normal-
risk pregnancies is currently evaluated by ongoing
studies.*

Chromosome anomalies other than trisomies 21 and 18
and other cryptic genomic imbalances could result in
an important rate of false-negative results with gNIPT
technology. There is less evidence on the efficacy of the
use of gNIPT for trisomy 13 and monosomy X, while
trisomy 13 and monosomy X are included in common
fetal chromosomal aneuploidies that are targeted in
conventional prenatal diagnosis. Notably, the important
guanine and cytosine nucleotide contents of chromo-
somes 18 and 13, may result in insensitive detection
for those chromosomes.”*? Some optimized technical
protocols, to correct this guanine and cytosine bias,*’’
produced a high detection rate for trisomy 18,'8272%38 but
due to the lower incidence of trisomy 13, the number of
cases available for evaluation by genomic technologies
and gNIPT has been smaller. Ten to 25 recruited cases
were reported in four studies,!3?"2*3 while the number
of nontrisomy cases in the same studies analyzed ranged
from 264—1,939. The mean detection rate for trisomy 13
in these four studies was only 87.6%, which one could
consider as an insufficient detection rate in a prenatal
diagnosis context. Also, for monosomy X, the failure
rate could be as high as 13% of samples analyzed.'$26-27-3
In addition, triploidies occur in 2%-3% of conceptuses
and are estimated to occur in 1 in 30,000 pregnancies at
16 weeks.* The fact that gNIPT testing may not accu-
rately guarantee their detection*®** highlights the impor-
tance of routine chromosome analysis on all prenatal
diagnoses with multiple congenital anomalies prior to
the consideration of more complex genetic testing.*’ In
a study evaluating the diagnostic yield of chromosomal
microarray analysis as compared with karyotyping for

routine prenatal diagnosis, in samples with a normal
karyotype, microarray analysis revealed clinically rel-
evant deletions or duplications in 6.0% of fetuses with a
structural anomaly seen at ultrasonography and in 1.7%
of those whose indications were advanced maternal age
or positive screening results. Obviously, these cases would
not be detected by gNIPT.** Also, of karyotypes yielding
results in the Eunice Kennedy Shriver National Institute
of Child Health and Human Development prenatal
cytogenetic array study, which involved 4,401 women,*
179 cases having an abnormality other than trisomy
21 and trisomy 18 were reported, representing 4.2% of
women.* So, in the context of a structural abnormality
seen on ultrasound, invasive diagnostic testing for chro-
mosomal analysis (karyotyping and microarray) would
provide a higher diagnostic yield than gNIPT.

4. False-positive and false-negative gNIPT results may occur
at a higher rate than previously reported in clinical trials.>
No studies correlated test results with maternal and
fetal chromosomes at delivery since cell-free fetal DNA
is maternal and placenta origin and maternal somatic
mosaicism and confined placental mosaicism can affect
gNIPT results.*® False-positive results have been reported
because of confined placental mosaicism including for
trisomy 21.35:3643

5. Existing data for twin pregnancies are insufficient for the
moment.*647

6. Costs of gNIPT are presently significantly higher (up to
two orders of magnitude) than those of prenatal screening
in publicly funded health care systems. This may influence
its cost-effectiveness as a first-tier test.

7. Since gNIPT does not screen for open neural tube defects,
maternal serum alpha-fetoprotein testing and/or fetal
anatomic ultrasound would still be needed during the
second trimester.*

8. gNIPT also presents limitations in terms of scalability of
gNIPT testing platforms."

Conclusion
The diffusion of gNIPT into routine prenatal care is a major
breakthrough in prenatal screening and diagnosis, notably
because, based on initial studies, this technology has the
potential to offer earlier results in the first trimester without
multiple blood samples and substantially reduce the number
of invasive procedures.*-*® However, its integration may be
occurring too quickly.

The limitations of gNIPT may be underappreciated by
providers and patients.>"2
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At this time, the promising performance of gNIPT has
been reported in high-risk pregnancies only for trisomy 21
and trisomy 18. This additional screening test may be an
option for women classified as high-risk of aneuploidy who
wish to avoid invasive diagnostic tests. Nevertheless, gNIPT
should not currently be used as a first-tier prenatal screening
test for DS, because its clinical validity and clinical utility
have not yet been shown in pregnant women of average risk.
Finally, for the moment, gNIPT is considered as a screening
test and not as a diagnostic test. This means that a positive
gNIPT result should always be confirmed by an invasive test,
such as amniocentesis or chorionic villus sampling. In this
context, it is crucial that providers carefully counsel patients
about the test’s advantages and limitations.

With regard to the clinical implementation of gNIPT in
the future, three scenarios are possible: 1) NIPT might replace
current screening approaches or be added to them (unique risk
calculation, including screening tests from existing prenatal
screening programs for DS and NIPT based on cffDNA);
2) gNIPT might be interposed between current screening
and invasive prenatal diagnosis to filter out most of the
screening false-positives (added to a subset of women as for
contingent screening); or 3) gNIPT might replace invasive
prenatal diagnosis if it is ever considered as a valid diagnostic
test, as opposed to a screening test. Which of these options
is followed will depend primarily on the technical accuracy
of NIPT strategies (in terms of sensitivity and specificity)
observed in validation studies of normal risk women and the
available resources.
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