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ABSTRACT

Prenatal screening for chromosomal abnormalities has two components i.e. prenatal screening (mater-
nal serum screening and cell-free fetal DNA screening) and prenatal diagnosis (chorionic villus sam-
pling, amniocentesis, and cordocentesis). Prenatal testing in the past decade is evolving towards non-
invasive methods to determine the chromosome abnormality disorders in the fetus without incurring the
risk of miscarriage. Conventional tools for prenatal screening included maternal age, maternal serum
markers, ultrasound marker (nuchal thickness), and their combinations. With the increased risk of
screening test patients were offered diagnostic tests (chorionic villus sampling, amniocentesis, and cor-
docentesis). After the availability of noninvasive prenatal tests for commercial use in 2011, a great mar-
keting drive is there to establish it as a master tool for prenatal testing. However various society guide-
lines i.e. ACOG, RCOG, and ISUOG have clearly stated that cell-free fetal DNA based noninvasive pre-
natal tests is a screening test, not a diagnostic test. In the succeeding paragraph, we will review current
trends in the field of cell-free fetal DNA noninvasive prenatal tests and the relevance of invasive testing
in the context of noninvasive prenatal tests. Noninvasive prenatal tests does not entirely replace inva-
sive prenatal testing procedures. Positive noninvasive prenatal tests findings must be confirmed by di-
agnostic tests based on an invasive sample source, mainly chorionic villus sampling or amniocentesis
due to false positive and false negative reports of cell-free fetal DNA based tests. Continuing research
and development efforts are focused on overriding noninvasive prenatal tests limitations. Recent stud-
ies show that procedure-associated risks in the case of prenatal invasive testing are very low as com-
pared to previous studies. Prenatal invasive testing will remain as the backbone of prenatal diagnostic
testing until the limitation of noninvasive prenatal tests is overcome.
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Introduction

Prenatal testing for chromosomal abnormalities has under-
gone an evolution from traditional invasive methods (amnio-
centesis or chorionic villus sampling (CVS)) to non-invasive
methods i.e. maternal age, maternal serum screening, ultra-
sound, and cell-free fetal DNA (cffDNA) noninvasive prena-
tal tests (NIPT). Transabdominal amniocentesis was first re-
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ported in 1877 but its use for genetic prenatal diagnosis started
in the 1970s for high-risk pregnancies (1,2). CVS was first de-
scribed by Mohr in 1968 (3). However, the introduction of ul-
trasound imaging guidance in the procedure led to a marked
safety profile of CVS and amniocentesis (4). Due to a 1% to
2% risk of miscarriage associated with invasive procedure and
advancement in next-generation sequencing (NGS) leads to
the development of non-invasive prenatal testing based on
maternal blood. Development of various screening test i.e.
dual, triple, quadruple, combined, integrated, the contingent
screen was based on maternal serum metabolites. The perfor-
mance of various serum screening tests for trisomy 21 with a
5% false-positive rate is shown in table I (5).

Table I: Performance of serum screening and combined test-
ing for trisomy 21

Screening methods Detection False-positive
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It was observed that intact fetal cells are present in mater-
nal plasma in the late sixties (6). Later on, in 1969,
Walknowska et al. demonstrated that this approach may have
a contagion effect on the evolution of prenatal diagnosis (7).
Seminal work by Lo, et al in 1997 demonstrated that during
pregnancy, fetal DNA could be seen in the plasma of pregnant
women (8). Continuous research has demonstrated the gesta-
tional variations and rapid clearance of circulating cell-free
fetal DNA within two hours of delivery (9,10). Cell-free frag-
ments derived from fetal DNA are shorter than those of ma-
ternal cell-free DNA, and the size distribution is typically
lower than 150 base pairs (11-13). In clinical practice, NIPT is
used for screening aneuploidy i.e. T21, T18, and T13. A re-
cent meta-analysis found a 99.7% detection rate (DR) for
Trisomy21 (T21), 97.9% DR for Trisomy18 (T18), and 99%
DR for Trisomy13 (T13) with a false positive rate of 0.04%.
This high sensitivity, specificity with a low false-positive rate
of cffDNA based NIPT as compared to combined screening
test makes cffDNA based NIPT as a better diagnostic tool than
serum screening for prenatal aneuploidy (Table II).

Table II: Performance of cell-free fetal DNA noninvasive pre-
natal tests vs Combined test

Screening Methods Detection False Positive
rate (%) Rate (%)

Combined test 85-90 5
Noninvasive prenatal tests 99.7 0.04
Combined Test 75 5
Noninvasive prenatal tests 97.9 0.04
Combined Test 75 5
Noninvasive prenatal tests 99 0.04

Discussion

Even with high detection rates of >99% and low false-pos-
itive rates, it is important to emphasize that cffDNA NIPT re-
mains a screening test as per various society guidelines and
those women with a high-risk result require invasive testing to
confirm the findings of prenatal chromosome abnormality.
The principal reason for cffDNA based NIPT being a screen-
ing test is due to its false-positive and false-negative results.

False-Negative Results of cffDNA based NIPT (the fetus
is unaffected, but cffDNA testing indicates a chromosomal ab-
normality)

1. Confined placental posaicism (CPM)

CPM is one of the main reasons for “false” NIPT results.
Two (or more) cell lines with different chromosomal comple-
ments in a feto-placental unit derived from a single zygote are
termed as CPM. Mosaicism can be a result of cell division er-
rors either mitotic or meiotic. In cases of early mitotic error
will lead generalized mosaicism while late mitotic error may
lead either mosaicism placenta or mosaicism fetus. In cases of
mosaicism due to meiotic error develop from trisomic zygote
which has been rescued in later stages by a mitotic error. If the
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supernumerary chromosome is discarded it lead to uniparental
disomy while if one of the original euploid set is discarded it
leads to biparental disomy. The fetal cffDNA in the maternal
circulation is placental cell (syncytiotrophoblast). The
cffDNA test will provide results relevant to the placenta,
which may be discordant with fetal tissue. CPM is observed
during CVS as it contains both syncytiotrophoblast and mes-
enchyme and a normal karyotype is observed when amnio-
centesis is performed (14). Due to embryological fetoplacen-
tal discordance, cffDNA NIPT does not always reflect the
fetal genome. Due to the statistical occurrence of true-nega-
tive, true-positive, false-negative, and false-positive results of
the cffDNA mismatch of placental and fetal cell lines leads to
clinical and analytical discordance.

2. Vanishing twins

In spontaneous abortions both cases with a normal and an
abnormal karyotype placental cffDNA and total cffDNA in-
crease (15,16). Each placenta in the dichorionic twin releases
two individual fractions of cffDNA into the maternal circula-
tion and these are measured during cffDNA based NIPT. An
aneuploid vanishing twin continues to shed cffDNA weeks
after fetal demise therefore cause a false-positive cffDNA
NIPT result for the fetus that is alive (17).

3. Autosomal trisomies

Trisomy involving chromosomes other than chromosome
21,18, 13, X, and Y are rare autosomal trisomies. In non-mo-
saic form, these are not compatible with life and therefore
rarely been seen as results of invasive prenatal diagnosis. In
mosaic form, rare autosomal trisomies have been associated
with fetal growth restriction, fetal death, true fetal mosaicism,
and uniparental disomy (UPD). Most of the cffDNA based
NIPT methods centered around a comparison of targeted chro-
mosomes with reference chromosomes will be effected either
by a trisomy or monosomy or large copy number variation
(CNV) in the reference chromosomes. Whole-genome se-
quencing and analysis can elucidate its etiology.

4. Fetal sex discordances

Noninvasive cffDNA based fetal sex determination has a
sensitivity of 96.6% and specificity of 98.9% (18). Women
who are carriers of sex-linked disorders any test for fetal sex
determination must have the specificity of 100% to make a
clinical decision. Following situation may arise:

a. The first scenario ultrasound shows male genitalia and
karyotype and cffDNA indicates a female fetus. This may be
due to an “XX male” due to a translocation of part of the short
arm of the Y-chromosome, including the SRY gene, onto the
X-chromosome [congenital adrenal hyperplasia, virilization
of a female fetus such as an androgen producing tumor or ex-
ogenous androgens (19,20).

b. The second scenario ultrasound and karyotyping results
indicate a male fetus, but cffDNA reports female sex. This
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may be due to a low fetal fraction, placental 46, XX/46, XY or
45, X/46, XY mosaicism a demise of a female cotwin.

c. The third situation is when ultrasound and karyotyping
both indicate a female fetus, but cffDNA reports male fetuses.
This may be due to placental 46, XY/46, XX mosaicism, the
demise of a male cotwin, recent blood transfusion from a male
donor, and history of transplantation with a male donor (21).

d. At last, if a karyotype and cffDNA testing report male
fetuses but ultrasound shows female genitalia. This may be
due to feminization as a result of Smith-Lemli-Opitz syn-
drome or by mutations in several sex developmental genes, for
example, androgen receptor, 176- Hydroxysteroid dehydroge-
nase, steroid 5-alpha reductase, or SRY (22).

5. Maternal factors

Most cffDNA based NIPT testing considers that a mother
has a normal karyotype but this is not the case always. With ad-
vancing maternal age, a proportion of women have a small per-
centage of cells that have abnormal chromosomes due to age-
related mosaic loss of a maternal X-chromosome which can
cause a false-positive NIPT result for monosomy X that can be
ruled out by karyotyping peripheral blood lymphocytes (23-
25). Maternal cancer during pregnancy is rare (0.1%), hemato-
logic malignancies, or solid organ tumors releasing cell-free
tumor DNA into the maternal circulation have been described
as a cause of false cffDNA testing results which can be de-
tected by the whole genome-based NIPT (26). Autoimmune
diseases such as systemic lupus erythematosus with anti-dou-
ble-strand DNA antibodies and severe maternal vitamin B12
deficiency have been described in association with abnormal
cffDNA profiles. Benign maternal de novo or inherited dupli-
cations or deletions represent another reason for false-positive
and false-negative NIPT results (27). These variants translate
to more or fewer cffDNA reads of the corresponding chromo-
some in the cffDNA assay (28). The sensitivity for false results
due to maternal CNVs are highest for shorter test chromo-
somes and decrease with higher fetal fractions (29).

6. Statistical chance

Cut off for a positive test is often set at +3 standard devia-
tion. By chance alone, 1 to 2 per 1000 normal karyotype fe-
tuses will have false-positive results. In theory, all phenomena
responsible for false-positive cffDNA-based prenatal test re-
sults can also cause false-negative cffDNA test results (30).

a. Low fetal fraction: Obesity, early gestational age, in-
creased maternal age, ethnic variation, hemolysis in the sam-
ple due to storage, or maternal heparin use may cause low fetal
fraction (31-33). Obesity has a higher number of adipocytes
releasing maternal cffDNA into the blood and diluting the pla-
cental cffDNA leading to a low fetal fraction (34). The failure
rate is 2.9% in unaffected pregnancies, 1.9% in T21, 8.0% in
T18, and 6.3% in T13. The smaller placental size and fetal
growth restriction are observed in T18 and T13 which may be
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contributing to low fetal fraction and leading to false-negative
cffDNA results.

b. CPM: In cases where there are normal syncytiotro-
phoblast and abnormal mesenchyme and fetus i.e. True Fetal
Mosaicism type 5 (TFM 5) will cause false-negative cffDNA
test results.

¢. A normal vanishing twin will mask up the presence of
an affected aneuploid twin by a temporarily overrepresented
cell-free fetal fraction. Theoretically, maternal deletions on
the target chromosomes with a trisomic pregnancy can result
in a false-negative result.

Our perspective

A prospective interventional study was performed between
January 2019 and December 2019 out at this tertiary care
Hospital. The study was approved by the ethical review com-
mittee of Army College of Medical science Delhi Cantt India.
Written informed consent was obtained from all participants
and informed consent for use of data was also taken. The study
was conducted according to the International Conference of
Harmonization/Good Clinical Practice (ICH/GCP) guidelines
and the latest version of the Helsinki Declaration by World
Medical. A total of 3500 pregnant women were counseled
about Ist trimester combined screen between 11 to 14 weeks
of period of gestation. 2500 women opted for combined
screening. 136 women had high-risk screen positive (if
T21>1:250 and T18/13>1:200), these women were counseled
about aneuploidy risk, invasive testing, and NIPT was offered.
126 women opted for invasive testing (amniocentesis) and in
this group, 2 cases of T21 were confirmed on karyotype and
both pregnancies were terminated. 10 women opted for NIPT
and all were negative for T21, T18, T13, and monosomy X
(Figure 1). There was no procedure-related fetal loss. The di-
agnostic yield of invasive testing was 1.47%.

100

INVASIVE TEST NIPT
BHEGATIVE mPOSITIVE

Figure 1: Prenatal invasive testing

Limitations of the study
1. The sample size was inadequate to achieve statistical
significance.

2. All the high-risk patients underwent amniocentesis only
hence true prevalence and complication of invasive testing
could not be determined.

In contrast to non-invasive testing, invasive testing still
holds value as it provides diagnostic value and to a major ex-
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tent overcome the above-mentioned limitation of non-invasive
testing. One major disadvantage associated with invasive test-
ing is 1-2% risk of miscarriage, based on an old study in which
the actual pregnancy loss rate was 1.7% in the study group and
0.7% in the control group (35). Rates of fetal loss following
CVS were 1.9% in 2009 (36). A recent meta-analysis found a
procedure-related risk for amniocentesis of 0.11%, with an ac-
tual pregnancy loss rate of 0.81% in the study group and
0.67% in controls, and a procedure-related risk for CVS of
0.22%, with an actual pregnancy loss rate of 2.18% in the
study group and 1.79% in controls which was also endorsed
by ACOG (37). A population-based study consisting of 150
000 women found no increased risk of fetal loss with either
amniocentesis or CVS in 2016 (38).

Why invasive testing superior to cffDNA NIPT in the

current context?

1. Abnormal cffDNA-based NIPT results have to be con-
firmed by a diagnostic test i.e. invasive testing either by am-
niocentesis or CVS to obtain a chromosomal analysis Culture
report of amniocytes obtained by amniocentesis is considered
superior to CVS as amniocytes are true representative of the
fetal genome while CVS culture both cytotrophoblast which is
representative of placental unit and mesenchyme which repre-
sent fetal genome. Mosaicism in amniotic fluid cells is much
uncommon than in chorionic villi. The cffDNA-based prena-
tal testing is offered from the 9th week, abnormal cffDNA re-
sults confirmation with an amniocentesis will delay the result
as amniocentesis is performed after 16 weeks. It might lead to
pregnancy termination without confirming cffDNA-based
NIPT results due to patient anxiety. This scenario can be
avoided by doing CVS, which is usually done between weeks
11 and 14 of gestation. However, CVS has got its limitation,
i.e. possible detection of CPM type 3 mosaicism confined to
the placenta leading to a false-positive result, and TFM type 5
leading to a false-negative result if the only cytotrophoblast is
analyzed (39). Also, mosaicism between cytotrophoblast and
mesenchyme can be detected (CPM types 1 and 2 and TFM
types 4 and 5) making a second invasive procedure, amnio-
centesis, necessary to ascertain the fetal karyotype. Grati et al.
have noted that the rate of mosaicism for trisomy 21, tri-
somyl8, trisomyl3, was, respectively, 2%, 4%, 22%, and
59% of abnormal CVS cases (14). The anomaly was con-
firmed by amniocentesis in, respectively, 44%, 14%, 4%, and
26% only. These data can be used instead of the risk that am-
niocentesis will be required as a second invasive test when
CVS is chosen to confirm an abnormal cffDNA NIPT result.

2. Due to the phenomenon of fetoplacental discrepancies,
cffDNA NIPT does not always reflect the fetal genome.

3. Cytotrophoblast cells (STC), as well as mesenchymal
cells (LTC), should always be analyzed together for accurate
interpretation of CVS reports. If results of either or both are
mosaic or if there is a discrepancy between the 2 cell layers,
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amniocentesis, and FISH analysis of amniocytes are diagnos-
tic, to confirm whether it is CPM or TFM.

4. cffDNA NIPT is not considered diagnostic as the “fetal
DNA” detected is placental in origin i.e. placental cytotro-
phoblast and syncytiotrophoblast cells and cffDNA test pro-
vide results relevant to the placenta which may be discordant
with the fetal genome (40).

5. Amount of genetic material available in NIPT is small
and cannot be used for exon sequencing, whole-genome se-
quencing which is required to prognosticate if a couple had the
previous baby affected with a genetic disorder or his preg-
nancy complicated by soft markers or sonographic abnormal-
ities and also in case of stillbirth to elucidate syndromic asso-
ciation and cause of death.

6. The cost of cffDNA based NIPT at present is quite high
as compared with invasive testing.

Conclusion

To sum up, due to the multitude of mechanisms and rea-
sons for abnormal results of cffDNA-based tests even after the
introduction of NGS platforms. Before any pregnant women
are undergoing cffDNA based testing patient history is taken,
ultrasound to confirm viability, number of fetuses, and rule out
vanishing twins, and genetic counseling should be done.
False-positive and false-negative results are due to fetopla-
cental biology and not a failure in the actual test. Elucidating
the placental origin of cffDNA will lead to a better under-
standing of the advantages and limitations of cffDNA-based
prenatal screening by patients. If cffDNA-based tests indicate
a trisomy, confirmatory testing in the form of invasive testing
is needed before offering a conclusion.

It is clear that at present cffDNA based NIPT remains a
screening test for aneuploidy at this juncture. cffDNA based
NIPT is widely used as a screening test for aneuploidy world-
wide due to its non-invasive nature and high sensitivity and
specificity. Invasive testing such as amniocentesis and CVS
are increasingly safe with low rates of pregnancy loss and are
essential diagnostic tools in case of abnormal cffDNA results
evaluation. Advancement and research continuum may allow
to further decrease false-positive and false-negative results of
cffDNA NIPT by improving identification of chromosomal
abnormalities of placental and maternal origin in near future
till that time invasive testing will remain as the backbone of
prenatal diagnostic testing.

Acknowledgments: Nil to declare.

Funding: None.

The authors declare there is no conflict of interest.

Authors’ Contributions: AK: Planned and conducted the
study, participated in interpretation of the results and writing
process, MD: Conducted the study and Participated in the in-
terpretation of the results and writing process, DA:
Contributed to the revision of the study.



Gynecology Obstetrics & Reproductive Medicine 2022;28(1):112-117

References

1

10.

11.

12.

13.

. Prochownick L. Nachtrag zu dem Aufsatze. Beitrdge zur

Lehre vom Fruchtwasser und seiner Entstehung. Arch
Gynak. 1877;11(3):561-3.

. Nadler HL, Gerbie AB. Role of amniocentesis in the in-

trauterine detection of genetic disorders. N Engl J Med.
1970;282(11):596-9. Doi: 10.1056/NEJM19700312282
1105.

. Kazy Z, Sztigar AM, Bacharev VA. Chorionic biopsy

under immediate real-time (ultrasonic) control. Orv Hetil.
1980;121(45):2765-6. PMID: 7208019.

. Zipursky A, Hull A, White FD, Israels LG. Fetal erythro-

cytes in the maternal circulation. Lancet. 1959;1
(7070):451-2. Doi: 10.1016/s0140-6736(59)92264-0.

. Dey M, Sharma Agarwal S. Prenatal screening methods

for aneuploidies. N Am J Med Sci. 2013;5(3):182-90.
Doi: 10.4103/1947-2714.109180.

. Walknowska J, Conte FA, Grumbach MM. Practical and

theoretical implications of fetal-maternal lymphocyte
transfer. Lancet. 1969;1(7606):1119-22. Doi: 10.1016/
$0140-6736(69)91642-0.

. Lo YM, Corbetta N, Chamberlain PF, Rai V, Sargent IL,

Redman CW, et al. Presence of fetal DNA in maternal
plasma and serum. Lancet. 1997;350(9076):485-7. Doi:
10.1016/S0140-6736(97)02174-0.

. Lo YM, Tein MS, Lau TK, Haines CJ, Leung TN, Poon

PM, et al. Quantitative analysis of fetal DNA in maternal
plasma and serum: implications for noninvasive prenatal
diagnosis. Am J Hum Genet. 1998;62(4):768-75. Doi:
10.1086/301800.

. Lo YM, Zhang J, Leung TN, Lau TK, Chang AM, Hjelm

NM. Rapid clearance of fetal DNA from maternal plasma.
Am J Hum Genet. 1999;64(1):218-24. Doi: 10.1086/
302205.

Chan KC, Zhang J, Hui AB, Wong N, Lau TK, Leung TN,
et al. Size distributions of maternal and fetal DNA in ma-
ternal plasma. Clin Chem. 2004;50(1):88-92. Doi:
10.1373/clinchem.2003.024893.

Lo YM, Chan KC, Sun H, Chen EZ, Jiang P, Lun FM, et
al. Maternal plasma DNA sequencing reveals the genome-
wide genetic and mutational profile of the fetus. Sci Transl
Med. 2010;2(61):61-91. Doi: 10.1126/scitranslmed.
3001720.

Yu SC. Chan KC. Zheng YW. Jiang P. Liao GJ. Sun H. et
al. Size-based molecular diagnostics using plasma DNA
for noninvasive prenatal testing. Proc Natl Acad Sci USA.
2014;111(23):8583-8. Doi: 10.1073/pnas.1406103111.

Gil MM. Accurti V. Santacruz B. Plana MN. Nicolaides
KH. Analysis of cell-free DNA in maternal blood in
screening for aneuploidies: updated meta-analysis.
Ultrasound Obstet Gynecol. 2017;50(3):302-14. Doi:
10.1002/u0g.17484.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

116

Grati FR, Malvestiti F, Ferreira JC, Bajaj K, Gactani E,
Agrati C, et al. Fetoplacental mosaicism: potential impli-
cations for false-positive and false-negative noninvasive
prenatal screening results. Genet Med. 2014;16(8):620-4.
Doi: 10.1038/gim.2014.3.

Yin A, Ng EH, Zhang X, He Y, Wu J, Leung KY.
Correlation of maternal plasma total cell-free DNA. Fetal
DNA levels with short term outcome of first trimester
vaginal bleeding. Hum Reprod. 2007;22(6):1736-43. Doi:
10.1093/humrep/dem058.

Lim JH, Kim MH, Han YJ, Lee DE, Park SY, Han JY, et
al. Cell-free fetal DNA and cell-free total DNA levels in
spontaneous abortion with fetal chromosomal aneuploidy.
PLoS One. 2013;8(2):¢56787. Doi: 10.1371/journal.
pone.0056787.

Futch T, Spinosa J, Bhatt S, de Feo E, Rava RP. Sehnert
Al. Initial clinical laboratory experience in noninvasive
prenatal testing for fetal aneuploidy from maternal plasma
DNA samples. Prenatal Diagn. 2013;33(6):569-74. Doi:
10.1002/pd.4123.

Wright CF, Wei Y, Higgins JP, Sagoo GS. Non-invasive
prenatal diagnostic test accuracy for fetal sex using cell-
free DNA a review and meta-analysis. BMC Res Notes.
2012;5:476. Doi: 10.1186/1756-0500-5-476.

Mansfield N, Boogert T, McLennan A. Prenatal diagnosis
of a 46, XX male following noninvasive prenatal testing.
Clin Case Rep. 2015:;3(10):849-53. Doi: 10.1002/ccr3.
352.

Colmant C, Morin-Surroca M, Fuchs F, Fernandez H,
Senat MV. Non-invasive prenatal testing for fetal sex de-
termination: is ultrasound still relevant? Eur J Obstet
Gynecol Reprod Biol. 2013;171(2):197-204. Doi:
10.1016/j.ejogrb.2013.09.005.

Bianchi DW, Parsa S, Bhatt S, Halks-Miller M, Kurtzman
K, Sehnert AJ, et al. Fetal sex chromosome testing by ma-
ternal plasma DNA sequencing: clinical laboratory ex-
perience and biology. Obstet Gynecol. 2015;125(2):375-
82. Doi: 10.1097/A0G.0000000000000637.

Franasiak JM, Yao X, Ashkinadze E, Rosen T, Scott RT
Jr. Discordant embryonic aneuploidy testing and prenatal
ultrasonography prompting androgen insensitivity syn-
drome diagnosis. Obstet Gynecol. 2015;125(2):383-6.
Doi: 10.1097/A0G.0000000000000503.

Guttenbach M, Koschorz B, Bernthaler U, Grimm T,
Schmid M. Sex chromosome loss and aging: in situ hy-
bridization studies on human interphase nuclei. Am J
Hum Genet. 1995;57(5):1143-50. PMID: 7485166.

Hando JC, Tucker JD, Davenport M, Tepperberg J, Nath
J. X chromosome inactivation and micronuclei in normal
and Turner individuals. Hum Genet. 1997;100(5-6):624-8.
Doi: 10.1007/s004390050564.

Tucker JD, Nath J, Hando JC. Activation status of the X
chromosome in human micronucleate lymphocytes. Hum
Genet. 1996;97(4):471-5. Doi: 10.1007/BF02267069.



117

26.

27.

28.

29.

30.

31.

32.

33.

Amant F, Verheecke M, Wlodarska I, Dehaspe L, Brady
P, Brison N, et al. Presymptomatic identification of can-
cers in pregnant women during noninvasive prenatal test-
ing. JAMA Oncol. 2015;1(6):814-9. Doi: 10.1001/ja-
maoncol.2015.1883.

Bianchi DW. Unusual prenatal genomic results provide
proof-of-principle of the liquid biopsy for cancer screen-
ing. Clin Chem. 2018;64(2):254-6. Doi: 10.1373/
clinchem.2017.282459.

Snyder MW, Simmons LE, Kitzman JO, Coe BP, Henson
IM, Daza RM, et al. Copy-number variation and false pos-
itive prenatal aneuploidy screening results. N Engl J Med.
2015;372(17):1639-45. Doi: 10.1056/NEJMo0al408408.

Zhang H, Zhao YY, Song J, Zhu QY, Yang H, Zheng ML,
et al. Statistical approach to decreasing the error rate of
noninvasive prenatal aneuploid detection caused by ma-
ternal copy number variation. Sci Rep. 2015;5:16106.
Doi: 10.1038/srep16106.

Van Opstal D, Srebniak MI, Polak J, de Vries F, Govaerts
LC, Joosten M, et al. False negative NIPT results: risk fig-
ures for chromosomes 13, 18 and 21 based on chorionic
villi results in 5967 cases and literature review. PLoS One.
2016;11(1):e0146794.  Doi:  10.1371/journal.pone.
0146794.

Barrett AN, Zimmermann BG, Wang D, Holloway A,
Chitty LS. Implementing prenatal diagnosis based on cell-
free fetal DNA: accurate identification of factors affecting
fetal DNA yield. PLoS One. 2011;6(10):e25202. Doi:
10.1371/journal.pone.0025202.

Burns W, Koelper N, Barberio A, Deagostino-Kelly M,
Mennuti M, Sammel MD, et al. The association between
anticoagulation therapy, maternal characteristics, and a
failed cfDNA test due to a low fetal fraction. Prenat
Diagn. 2017;37(11):1125-9. Doi: 10.1002/pd.5152.

Ma GC, Wu WJ, Lee MH, Lin YS, Chen M. Low-molec-
ular-weight heparin associated with reduced fetal fraction
and subsequent false-negative cell-free DNA test result

34.

35.

36.

37.

38.

39.

40.

Kumar A. Dey M. Arora D.

for trisomy 21. Ultrasound Obstet Gynecol. 2018;
51(2):276-7. Doi: 10.1002/uog.17473.

Haghiac M, Vora NL, Basu S, Johnson KL, Presley L,
Bianchi DW, et al. Increased death of adipose cells, a path
to release cell-free DNA into systemic circulation of obese
women. Obesity (Silver Spring). 2012;20(11):2213-9.
Doi: 10.1038/0by.2012.138.

Tabor A, Philip J, Madsen M, Bang J, Obel EB, Norgaard-
Pedersen B. Randomised controlled trial of genetic am-
niocentesis in 4606 low-risk women. Lancet. 1986;1
(8493):1287-93. Doi: 10.1016/30140-6736(86)91218-3.

Tabor A, Vestergaard CH, Lidegaard O. Fetal loss rate
after chorionic villus sampling and amniocentesis: an 11-
year national registry study. Ultrasound Obstet Gynecol.
2009;34(1):19-24. Doi: 10.1002/u0g.6377.

Akolekar R, Beta J, Picciarelli G, Ogilvie C, D’ Antonio F.
Procedure-related risk of miscarriage following amnio-
centesis and chorionic villus sampling: a systematic re-
view and meta-analysis. Ultrasound Obstet Gynecol.
2015;45(1):16-26. Doi: 10.1002/uo0g.14636.

Wulff CB, Gerds TA, Rode L, Ekelund CK, Petersen OB,
Tabor A, Danish Fetal Medicine Study Group. Risk of
fetal loss associated with invasive testing following com-
bined first-trimester screening for Down syndrome: a na-
tional cohort of 147 987 singleton pregnancies.
Ultrasound Obstet Gynecol. 2016;47(1):38-44.  Doi:
10.1002/uo0g.15820.

Uquillas K, Chan Y, King JR, Randolph LM, Incerpi M.
Chorionic villus sampling fails to confirm mosaic trisomy
21 fetus after positive cell-free DNA: CVS after cell-free
DNA. Prenat Diagn. 2017;37(3):296-8. Doi:
10.1002/pd.4992.

Flori E, Doray B, Gautier E, Kohler M, Ernault P, Flori J,
et al. Circulating cell-free fetal DNA in maternal serum
appears to originate from cyto and syncytiotrophoblastic
cells. Case report. Hum Reprod. 2004;19(3):723-4. Doi:
10.1093/humrep/deh117.



