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Introduction. Non-invasive prenatal testing (NIPT), which is based on the examination of cell-free fetal DNA (cffDNA) in the blood of a
pregnant woman, is an important addition to prenatal screening tests for chromosomal abnormalities. When used correctly, the test increases
the probability of detecting chromosomal pathology in the fetus and, at the same time, reduces the number of invasive tests.

The research purpose is to summarize literature data on the principle of cffDNA testing for prenatal screening of chromosomal pathology.

Methods. Analysis of scientific publications in international electronic scientometric databases over the last 10 years.

Research and discussion. The analyses of characteristics of cffDNA, the principles of a non-invasive prenatal test (NIPT), its sensitivity,
specifics, and the expected positive predictive value in relation to chromosomal diseases were performed. The algorithms for using NIPT in
different countries were analysed. Testing of cffDNA is recommended from the 10th week of gestation throughout pregnancy. NIPT is used as a
screening test and requires conformation of positive results by invasive methods. In a number of countries, it is included in state prenatal screening
programs as a first- or second-line test. In Ukraine, the test is offered by private laboratories at the patients’ own expense. The NIPT use requires
the elaboration of own or adaptation of existing guidelines following the algorithm of the method’s application and interpretation of test results.

Key words: cell-free fetal DNA, non-invasive prenatal test, NIPT, prenatal screening for chromosomal aneuploidy, NIPT implementation.
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HETHBABWUBHE TPEHATAJBHE TECTYBAHHS (NIPT) - CYYACHHW METO] HNPEHATAJBHOTO
CKPUHIHTY (OIUIA L JITEPATYPH)

Y00ecorut nayionansnuil meouunutl ynisepcumem, Qdeca, Vipaina

2KHIT «Obnacna oumsua xuinivna nikapuay» Odecvkoi obnicnoi paou, Qdeca, Vipaina

HeinpasusHuii npenaransauii Tect (NIPT) 6asyersest Ha mociimkenHi mozakmitiuaHoi JIHK mitoya B kpoBi BariTHO1 KiHKH. BiH € By mBuM
JOTIOBHEHHSIM [0 MPEHATalIbHUX CKPHHIHTOBHX TECTiB Ha XpOMOCOMHI aHomainii. Tect 30imblrye iMOBipHICTH BUSBIECHHS XPOMOCOMHOI
HaToJoril y mwioja i OJHOYACHO 3MEHIIYE KiNbKicTh HeoOXifHMX iHBasuBHMX TecTiB. NIPT BHKOPHCTOBYETHCS SIK CKPUHIHTOBHEl TecT
1 moTpedye 3a TIO3UTUBHUX PE3YBTATIB MiATBEPUKEHHS TiarHO3y iHBa3UBHUME MeTofamu. Y psai kpain NIPT mepenbauenuii y nepxaBHUX
IporpaMax MpeHaTaaIbHOTO CKPUHIHTY SIK TECT HepIoi abo apyroi JiHii. B YkpaiHi TecT mponoHyeThCs NPUBATHUMH 1a00paTopisiMu 32 BIACHI
xourty nauieHtiB. Bukopucranus NIPT norpeGye cTBopeHHs BiacHUX ab0 ajanTanii HasBHUX PEKOMEHIALIH I[0/10 aITOPUTMY 3aCTOCYBaHHS
METOIY, IHTepIpeTallii pe3ybTaTiB TECTY.

Kumouosi caoBa: nosaknituana JAHK mmozma, HeinBasuBHuil mpenaransHuii Tect, NIPT, mpeHatansHuil CKpHHIHT Ha XPOMOCOMHI
aHeymioinii, immiemenTais NIPT.

Introduction. The main task of prenatal screening is to
select women at high risk of having children with congenital
and hereditary pathology for further clarification of this
diagnosis in the fetus. First of all, it concerns congenital
malformations and chromosomal pathology.

In most countries of the world, including Ukraine,
the following is used for prenatal screening: 1) combined
screening in the first trimester at 11 weeks + 0—13 weeks
+ 6 days, 2) in II trimester, ultrasound at 18-22 weeks
of gestation for a detailed assessment of the anatomical
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structure of the fetus, excluding malformations of later
terms, 3) determination of maternal serum markers at
1620 weeks (“double test” — determination of AFP and
free B-chorionic gonadotropin (B-hCG) or “triple test” —
AFP + free B-hCG + free estriol, “quadruple test” — AFP
+ free B-hCG + free estriol + inhibin A), 4) non-invasive
prenatal screening (NIPT) [1, 2].

Combined screening of the first trimester includes
ultrasound screening to clarify the gestational age, assess
fetal anatomy, search for early malformations and early
markers of chromosomal abnormalities, such as nuchal
translucency (NT) scan and visualisation of the nasal bones.
If the fetal anatomy is normal and NT < 3.5 mm, biochemical
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screening is performed simultaneously to determine serum
markers: free -hCG, pregnancy-associated plasma protein-A
(PAPP-A), and placental growth factor (PIGF) [2]. Combined
screening is aimed at determining the individual risk of fetal
trisomy 21, 18, 13 chromosomes and predicting the risk of
pre-eclampsia. The calculation takes into account the results
of the examination, the mother’s age, body weight, ethnicity,
smoking, diabetes mellitus and family genetic history.

Combined first-trimester screening can identify more
than 90% of trisomies, with a screening-positive rate of 5%
of the general population, most of which are false positives
[3]. The sensitivity of the test (detection rate) for trisomy
21 is 87% at 11 weeks of gestation, 85% at 12 weeks and
82% at 13 weeks [3].

Determination of serum markers in the second trimester
also allows calculating the individual risk of chromosomal
abnormalities and, in addition, the risk of the neural
tube defects [2]. The sensitivity of the second-trimester
screening for chromosomal abnormalities is lower than
that of the first trimester, with a quadruple test of 81% for
trisomy 21 [4].

If the chromosomal abnormality risk score is higher
than the cut-off value, the result is considered positive or
“high risk”. For Down syndrome, the cut-off risk in the
first trimester can optionally be 1/150-1/250, and in the
second trimester, the recommended cut-off risk is 1/250
[4]. Screening tests can be false positive, so to confirm
the diagnosis of chromosomal pathology, it is necessary
to perform invasive prenatal diagnostics — cytogenetic
analysis of cells to determine the fetal karyotype. In the
first trimester, chorionic villi biopsy (chorionocentesis)
is most often performed, and in the second trimester,
amniocentesis is performed. A possible complication
of invasive diagnostics is pregnancy termination with a
probability of 0.5%—1.2% for chorionocentesis and 0.5%
for amniocentesis, but in recent years, a decrease in this
risk to 0.06%-0.13% has been reported [5].

Non-invasive prenatal testing (NIPT), which is based on
the study of cell-free fetal DNA (cffDNA) in the blood of
a pregnant woman, is an important complement to prenatal
screening tests for chromosomal abnormalities. When
used correctly, NIPT increases the posssibility of detecting
chromosomal abnormalities in the fetus while reducing the
number of invasive tests required [6].

The aim of the study is to summarise the literature data
on using cfDNA for prenatal screening of chromosomal
pathology.

Methods. We analysed scientific publications in the
international electronic scientometric databases PubMed
(https://pubmed.ncbi.nlm.nih.gov/), ScienceDirect (https://
www.sciencedirect.com/) and Google Scholar (https://
scholar.google.com/) using keywords.

Research results and their discussion

Characteristics of cff[DNA. Cell-free nucleic acids
released into the plasma/serum by various tissues through
apoptosis, necrosis, and secretion are always circulating in
the human blood. They are a mixture of single- or double-
stranded nucleic acids and include DNA fragments, RNA,
microRNA, long non-coding RNA, and mitochondrial
DNA/RNA. Cell-free nucleic acids can be used as potential
biomarkers in various clinical conditions [7].
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The presence of cffDNA fragments in the blood plasma
and serum of a pregnant woman was reported by Lo YM
et al. in 1997 [8]. To identify fetal DNA, women carrying
male fetuses were examined. The SRY gene, located in the
Y-chromosome, was used as a genetic marker. The source
of cffDNA circulating in the maternal blood is mainly
placental cells that undergo a programmed cell death [9].
Later, Lo YM et al. demonstrated that the fetal fraction (the
percentage of all cell-free fetal DNA in the maternal blood/
plasma/serum) is higher in the maternal plasma than in the
serum. This is due to the greater amount of background
maternal DNA in the serum compared to plasma
as the maternal DNA the release during the blood clotting
process [10].

Cell-free fetal DNA can be detected as early as the
first trimester from the 14th day after conception [11].
The fetal fraction increases at a rate of 0.10% per week
between 10 and 21 weeks, and then at a rate of 1% per week
[12]. For example, in one study, in the first (12—14 weeks),
second (17-22 weeks) and third (38-39 weeks) trimesters
of pregnancy, the fetal fraction was 9.7%, 9.0% and
20.4% of the total maternal plasma cfDNA concentration,
respectively [13]. The increase in the cffDNA concentration
in the maternal blood with the progression of pregnancy is
explained by increased placental apoptosis [14].

After delivery, cell-free fetal DNA rapidly disappears
from the maternal blood. The half-life of cell-free DNA is
16 minutes. In most women, it cannot be detected within 2
hours after delivery [15]. Purification of the mother’s blood
from fetal DNA after childbirth eliminates the possibility
of false positive results of prenatal diagnosis in subsequent
pregnancies.

The size of cfDNA fragments is determined by the way
the DNA molecule is packaged in the cell. In chromosomes,
DNA is joined to histone proteins to form nucleosomes.
Nucleosomes are not closely spaced. The linker DNAs
with an average length of 20 base pairs (bp) (varies from
several to 80) are between them. During apoptosis, nuclear
endonucleases cut chromosomal DNA along the linker DNA
into fragments, so the size of cfDNA fragments circulating
in the blood is a multiple of the nucleosomal DNA size
(147 bp) [16]. It is interesting that fetal DNA molecules in
the mother’s bloodstream are shorter than maternal DNA
molecules. Massive parallel sequencing (next generation
sequencing (NGS) data showed that most maternal cfDNAs
are 166 bp in size, followed by a pronounced peak of 143
bp and accompanied by a series of smaller peaks with a
frequency of 10 bp at size below 143 bp [17]. Cell-free fetal
DNA is predominantly 143 bp or smaller. It is assumed
that the 166 bp peak represents nucleosomal DNA plus a
portion of linker DNA. The elevation of the 143 bp peak
for fetal cfDNA may be due to truncation of linker DNA.

It has been established that the size of cell-free DNA
fragments in blood plasma positively correlates with the
level of its methylation [18]. It is believed that unmethylated
regions are more accessible for cutting by endonucleases.
Maternal somatic cell DNA is hypermethylated compared
to placental DNA. This leads to increased nucleosome
stability and a longer average length of maternal cfDNA
fragments compared to fetal DNA. During pregnancy,
placental DNA methylation progressively increases, and
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therefore the size of fetal cfDNA fragments in maternal
plasma increases with gestational age [18].

Use of cffIDNA for prenatal diagnosis

After the discovery of fetal cfDNA circulating in the
mother’s blood, it was proposed to test it to analyse genetic
markers that the fetus may inherit from its father. The first
steps were to determine the sex of the fetus by the presence
of the SRY gene for the risk of X-linked diseases and the
fetal Rh-positive gene in Rh negative pregnant women in
1998. These tests were quickly adopted by a number of
laboratories in the UK and the Netherlands [19].

In 2007, the principle of non-invasive prenatal diagnosis
of trisomy 21 in the fetus by cfDNA analysis was proposed.
In case of trisomy 21, the fetal karyotype contains three
copies of the 21st chromosome instead of two, as is normal,
so the amount of genetic material of chromosome 21 in
the mother’s blood will be increased [20]. This principle
was successfully implemented in 2011 through the use of
massive parallel genomic sequencing (NGS) [17, 21]. The
authors conducted a large-scale clinical trial of NIPT and
achieved 100% sensitivity and 97.9% specificity for the
prenatal diagnosis of trisomy 21.

NIPT has demonstrated high efficiency in detecting
chromosomal diseases associated with changes in the
number of chromosomes (aneuploidy). When analysing
the effectiveness of tests, sensitivity, specificity, and the
positive predictive value (PPV) are taken into account [22].
Sensitivity is the probability that a test result will be positive
when a disease is present. Specificity — the probability
that the test result will be negative when the disease is not
present. The PPV indicates the proportion of patients with a
positive test result who actually have the disease [22]. The
high sensitivity and specificity of NIPT has been proven in
numerous clinical trials. According to a 2017 meta-analysis
for trisomy 21, the test sensitivity ranged from 94.4 to 100%
with a false positive rate of 0 to 0.94% (99.7% and 0.04%
on average, respectively). The sensitivity for trisomy 18
ranged from 87.5 to 100% with a false positive rate of 0 to
0.22% (on average 97.9% and 0.04%, respectively). The
sensitivity for trisomy 13 ranged from 40.0 to 100% with
a false positive rate of 0 to 0.25% (on average 99.0% and
0.04%) [23]. Modern methods of molecular genetic testing
of cfDNA provide a sensitivity of 99—100% and a specificity
of more than 99% for trisomies 21, 18, 13 [24-26].

For diseases caused by a change in the number of sex
chromosomes, the method’s efficiency is also high. For sex
chromosome trisomies (polysomy X syndromes in women,
polysomy Y in men, and Klinefelter syndrome), the average
sensitivity and false positive rates were 100% and 0.004%,
respectively [23]. When using NGS, the sensitivity of NIPT
for monosomy X is 93.9% and the specificity is 99.6% [27].

If the sensitivity and specificity of the test for trisomies
21, 18, 13 are similar, the PPV is significantly different.
According to the literature data, the PPV for trisomy 21
ranges from 84 to 98.9%, for trisomy 18 — from 47.6 to 82%,
and for trisomy 13 — from 10 to 92.3% [28, 29]. A study
conducted in China (Guangzhou) in 2017-2020 showed
the PPV for these trisomies of 86.1%, 57.8% and 25.0%,
respectively [28]. Unlike sensitivity, the PPV also takes into
account the prevalence of the pathology and increases or
decreases according to its higher or lower frequency in the
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group under examination. If the prevalence of the disease
in the investigated group is low, even tests with excellent
sensitivity and specificity will have a low PPV and generate
more false positive than true-positive results [22]. This, in
turn, increases the number of unnecessary invasive prenatal
diagnostic procedures [30].

For the group of aneuploidies on the sex chromosomes
as a whole, the average PPV ranges from 31.39% to 54.54%
according to different studies [29, 31, 32]. The lowest PPV is in
monosomy 45,X (from 12.5 t029.4%) [28, 31, 32]. For trisomies
on the sex chromosomes, the PPV is higher. Thus, according to
LiY et al., the PPV for the 47, XXX syndrome was 58.82%, for
the 47,XXY and 47,XYY syndromes — 85.71% [31].

Differences in the obtained PPV results may be explained
with different characteristics of the investigated populations
by size, demographics, clinical characteristics, and different
NIPT techniques. A higher PPV is observed in the group of
pregnant women with an increased risk of fetal chromosomal
abnormality and increases with maternal age. Thus, with the
99% sensitivity and specificity of NIPT, the PPV in pregnant
women aged 20 years for trisomy 21 is 38—80%, for trisomies
on chromosomes 18 and 13, respectively, 11-41% and
5-13%. At the age of 40 years, the PPV for trisomy 21 is as
high as 91-99%; for trisomy 18 it is 66-92% and for trisomy
13 itis 43-71% [33]. An increase in the PPV for trisomies 18
and 13 is observed in the group of pregnant women with an
increase in the fetal NT [26].

The non-invasive test can be used to detect rare
aneuploidies, microduplications and microdeletions,
including deletion of 15q (Prader—Willi and Angelman
syndromes), 22ql1.2 (DiGeorge syndrome), 4p (Wolf-
Hirschhorn syndrome), 5p (cat’s cry syndrome), llq
(Jacobsen syndrome), etc. However, the sensitivity and
PPV of the method for these syndromes are significantly
lower. For rare aneuploidies, the PPV was less than 28%,
and for deletions and duplications, it ranged from 29% to
50% [28, 34].

The expected positive result of NIPT is higher than the
PPV of combined screening in the first trimester of pregnancy.
For pregnant women with a trisomy 21 risk of 1:300 based
on the results of combined screening in the first trimester,
the PPV of combined screening is 7%, and the PPV of non-
invasive testing is 76.8%. For 25-year-old pregnant women
who have a 1:950 risk for trisomy 21, the PPV of combined
screening is 2.3% and that of NIPT is 51.1% [6].

Fetal cfDNA testing can be attractive for many reasons.
The test is more sensitive and specific than other prenatal
screening methods, does not carry the risk of miscarriage,
allows early screening for fetal chromosomal abnormalities,
and leaves parents more time to decide whether to terminate
or prolong the pregnancy [3]. The fetal cfDNA fraction is
low before 10 weeks. At 10 weeks, it is approximately 10%,
which is considered sufficient for analysis [12, 35, 36].
Accordingly, NIPT is recommended to perform from the
10th week throughout pregnancy [1, 3, 6, 37]. The test can
give false positive results, so in 2016, the American College
of Obstetricians and Gynaecologists emphasised that NIPT
is a screening test, but not a diagnostic test. Confirmation
of positive results by invasive testing is mandatory [33, 38].
In addition to false positives, false negatives and no-call
results are also recorded.
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Possible causes of false positive, false negative, and
no-call NIPT results

False positive results are observed on average in
0.4% of cases [1]. This may be due to limited placental
mosaicism [39, 40], the wvanishing twin syndrome
[41, 42], maternal mosaicism or chimerism, the presence
of bone marrow or tissue transplants in pregnant women,
or recent blood transfusion [6, 42]. False positive results
can also be caused by an undetected malignant or benign
maternal tumour [43, 44]. This is explained by the fact
that a tumor DNA can contain numerous duplications and
deletions. In this case, it is not the fetus that has health
problems, but the mother. It is believed that in case of
false positive NIPT results, especially when more than
one chromosomal aberration is detected, it is necessary
to discuss with the pregnant woman the risk of such a
pathology. Accordingly, NIPT is not recommended
for screening fetal anomalies in pregnant women with
a diagnosed neoplasm [44]. It is the possibility of
false positive NIPT results that requires mandatory
confirmation by invasive diagnostics [45].

False negative NIPT results are less common than
false positive results. For example, during examination of
81,601 pregnant women, the false negative rate was 0.01%
[46]. According to Hartwig et al., 92% of all analysed false
negatives were due to true fetal mosaicism [47]. Other
causes may include placental mosaicism [48] and low fetal
cfDNA fraction [47, 49].

No-call result occurs in approximately 0.3% of cases
[43]. One of the main reasons for this is the low fetal
cfDNA fraction (<4%) [50]. Thus, in study of 303 pregnant
women with a no-call result, 135 women (44.6%) had a low
fetal fraction [51]. The reasons for this include conducting
the test earlier than the recommended time, high maternal
body mass index, in vitro fertilisation, treatment of the
pregnant woman with low-molecular-weight heparins and
other anticoagulants, autoimmune diseases in pregnant
women, and multiple pregnancy [43, 51, 52, 53]. Low fetal
fraction is observed in trisomies 18 and 13 due to the small
size of the placenta [23], in monosomy X and triploidy [6].
Therefore, pregnant women with a no-call result should
be classified as a high-risk group for fetal chromosomal
syndromes. According to the recommendations of the
American College of Obstetricians and Gynaecologists,
a no-call NIPT result can be considered an indication for
invasive testing [38].

The no-call NIPT results requires high-quality medical
and genetic counselling and identification of possible
causes. Further recommendations should take into account
the results of fetal ultrasound or combined screening in
the first trimester of pregnancy. If there are no additional
risk factors for fetal chromosomal abnormalities and the
gestational age is early, NIPT should be repeated. When
repeated, the test is informative in 50-80% of pregnant
women [6, 39]. However, in case of high body mass index,
repeated examination is not recommended [6].

Due to the presence of false positive, false negative and
no-call results, it is recommended that the non-invasive
test be accompanied by an ultrasound for more accurate
analysis and to avoid diagnostic errors [42].
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Implementation of NIPT in different countries

NIPT technology was first introduced commercially in
HongKongin2011 and later in the United States. Nowadays,
NIPT is approved by many professional organisations and
is used in more than 60 countries, including Ukraine [24].

There are different methods for detecting and evaluating
fetal c¢fDNA in pregnant women’s blood. In some
countries, NGS is performed, in which all DNA fragments
are “read”. This provides information about anecuploidy
on any chromosome or its part (non-targeted sequencing).
Other countries use targeted (chromosome-selective)
sequencing methods. In this case, information is read only
for chromosomes 21, 18, 13, X and Y [37, 54].

The NIPT can be used as a primary screening test (first-
line test) for all pregnant women without prior tests and risk
assessment, or as a secondary screening test (second-line test).
The first model has been implemented in Belgium and the
Netherlands. For example, in Belgium, since 2017, NIPT has
been offered as a first-line test and is almost fully reimbursed
by the National Institute for Health and Disability Insurance
(NIHDI) [55, 56]. Pre-test counselling for pregnant women
is mandatory and is provided by obstetricians, family doctors,
and midwives. Women are informed about the diseases that
can be detected in the fetus, possible test results, and the cost
of the test (€8.68). If a positive result is obtained, professional
genetic counselling is required.

In other countries (Switzerland, the United Kingdom,
Norway, Canada, etc.), NIPT has been introduced as a second-
line test. It is suggested in groups of pregnant women with
an increased risk of fetal aneuploidy calculated according the
results of combined first trimester screening or determined by
maternal age, previous pregnancy with trisomy 21, 18, 13. The
aim of this approach is to reduce the frequency of invasive
procedures. In this case, NIPT serves as an intermediate step
between combined first trimester screening and invasive
diagnosis [45]. Attention is drawn to the need for mandatory
counselling of pregnant women both before testing and in
case of positive test results. For example, the Swiss Society
for Medical Genetics and the Federal Office of Healthcare
recommend NIPT since July 2015 for pregnant women with
arisk of trisomies 21, 18, 13 > 1:1000 based on the results of
combined first trimester screening [ 57]. Fetal cfDNA testing for
these trisomies is performed in singleton and twin pregnancies
and is fully funded by insurance companies [57, 58].
In singleton pregnancies, screening for aneuploidies on the
sex chromosomes is also offered without additional charge.
If the risk of trisomy 21, 18 or 13 is < 1:1000, the test can be
performed at the patient’s own expense.

The UK National Screening Committee recommends
non-invasive testing for pregnant women with a trisomy
risk of 1:150 based on the results of a combined first
trimester test or a second trimester quadruple test [59]. In
Norway, the government introduced NIPT into the public
antenatal care programme in March 2017 for women over
38 years of age who have a risk of trisomy 21 greater than
1:250 or trisomy 18/13 greater than 1:150 based on the
results of a combined first trimester screening [60]. Since
May 2020, all pregnant women over 35 years of age, as
well as all pregnant women with an increased risk of fetal
malformation/aneuploidy based on the results of a routine
ultrasound in the first and second trimesters, have been
authorised to undergo NIPT.
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The implementation of NIPT in different countries
depends on national healthcare systems, economic resources,
the cost of the test and, finally, on the attitude of society
towards the problem of pregnancy termination, raising
children with chromosomal abnormalities, etc. [23, 54, 55].

In Ukraine, combined screening in the first trimester is
mandatory, followed by ultrasound screening and maternal
serum markers in the second trimester. NIPT is offered by
private laboratories and is carried out at the patient’s own
expense. It is possible to sequence the entire genome or study
the DNA of individual chromosomes. Unfortunately, there are
no published data on the number and age of examined pregnant
women, the reasons for fetal cfDNA testing, or the test results.

orijiin JIITEPATYPHU

Conclusions. Fetal cfDNA testing (NIPT) is a modern
method of prenatal screening characterised by higher
specificity, sensitivity, and expected positive result
compared to the combined first trimester screening. It is
widely used in many countries as a first- or second-line
test. The method is available in Ukraine and its use can
be expected to increase in the future. This will require
the development or adaptation of existing guidelines for
the use of NIPT and the interpretation of test results. It
is important to inform obstetricians and gynaecologists
about the possibilities and limitations of NIPT and to
train specialists to counsel pregnant women on the test
results.
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