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After numerous clinical validation studies, non-invasive prenatal testing for fetal aneuploidy detection is now a clinical 
reality. While non-invasive prenatal testing was accepted due to the high accuracy for fetal trisomy (21, 18 and 13) 
detection, recent research showed that genome-wide analysis is able to detect other fetal and maternal (mosaic) 
aneuploidies. In the present paper, we discuss the clinical advantages and challenges of genome-wide circulating free 
fetal deoxyribonucleic acid (DNA) profiling and targeted detection of rare chromosomal anomalies. The use of cell-free 
DNA tests for sex chromosome aneuploidies and microdeletion syndromes screening cannot be currently recommended 
without restriction on the basis of the present data. Expanding non-invasive prenatal testing (NIPT)-based prenatal 
screening to include this anomalies not only raises ethical concerns related to information and counseling challenges but 
also risks reversing the important reduction in invasive testing achieved with implementation of NIPT for aneuploidy.
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Introduction
Since 2011, non-invasive prenatal testing (NIPT) for 

fetal aneuploidy detection is now a clinical reality, only 
after numerous clinical validation studies applied mas-
sively parallel sequencing of maternal plasma cell-free 
deoxyribonucleic acid (cffDNA) using either whole-genome 
sequencing or targeted-sequencing methods (chromosome 
selective methods or single nucleotide polymorphism 
methods)(1-6). 

The International Society for Prenatal Diagnosis, the 
American College of Obstetricians and Gynecologists 
and the Royal College of Obstetricians and Gynecolo-
gists have issued position statements primarily not 
only on the use of NIPT for trisomy 21 detection but 
also for the other common autosomal aneuploidies 
(trisomy 18 and 13)(3,5-11). However, it is important to 
point that NIPT is not a diagnostic test for fetal aneu-
ploidy, and therefore, a positive NIPT result requires 
an invasive test to confirm the findings. Furthermore, 
these societies considered to be insufficient evidence 
to support the use of NIPT for screening in the general 
population.

While the implementation of NIPT was accepted due 
to the high accuracy for fetal trisomy 21, 18 and 13 de-
tection, several studies have showed that genome-wide 
analysis is able to detect other fetal and maternal (mosaic) 
aneuploidies(1,3). In this review, we discuss the clinical 
advantages and challenges of genome-wide circulating 
free fetal DNA profiling and targeted detection of rare 
chromosomal anomalies.

We have selected 25 articles from the available litera-
ture published in the past 5 years regarding noninvasive 
prenatal testing, analyzing the three aneuploidies tested 

on a large scale (Down Syndrome, Edwards Syndrome 
and Patau Syndrome) and rare chromosomal anomalies.

From the total number of the selected articles, 16 are 
clinical studies(2,4,12-25) (i.e. 3 of them referring to procedural 
costs)(15,24,25), 2 meta-analysis(5,6) and 7 position papers and 
guidelines issued by relevant scientific societies(3,7-10,11,26).

The detection of fetal chromosomal  
anomalies by sequencing cffDNA  
from maternal plasma

Several groups have showed the ability to detect all 
fetal chromosomal aneuploidies, chromosomal structural 
anomalies, and submicroscopic copy number variations 
by sequencing cffDNA from maternal plasma(1,2,11,14,26).  
Despite detecting other fetal aneuploidies which might 
aid in the interpretation of fetal development, clinical 
implementation of genome-wide NIPT analysis in the 
routine clinical setting remains limited(1,11,14,15).

In their prospective series of 1982 clinical cases, Lau 
et al.(14) detected 7 cases of full aneuploidy for chromo-
somes other than 21, 18, 13, X or Y. Follow-up testing 
and pregnancy outcome were provided for 5 of these and 
confined placental mosaicism (CPM) was confirmed in 
four of the five cases. Two pregnancies (including the case 
unconfirmed) were complicated by fetal growth restric-
tion and delivered at 33-34 weeks gestation. In the two 
cases without any follow-up investigations, ultrasound 
was normal, the pregnancies were continued and no 
abnormalities were reported after birth.

The clinical utility of screening for all aneuploidies 
detected using NIPT, particularly in low-risk pregnancies, 
is controversial because this could lead to an increase 
in invasive procedures in women for whom this would 
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not normally be considered(1,2,11). Some authors questi-
ons routine screening for sex chromosome aneuploidies 
(SCA) , given the variability in phenotype of, for example, 
monosomy X (Turners), XXY (Klinefelter), XYY and XXX 
individuals, with some only identified as adults due to 
fertility problems(1,11). Moreover, the accuracy of SCA 
detection is lower in comparison with trisomy 21 de-
tection (90.3 -93.0 % with false-positive rates of 0.14 % 
to 0.23 %)(11).

After NIPT implementation for common chromosome 
disorders and promising results for clinically significant 
copy number variations, one of the obvious extensions 
to the technology is testing for monogenic disorders(2). 
The possibility of NIPT for single-gene disease has already 
been documented with digital polymerase chain reaction 
(PCR), enabling the detection of mutations associated with 
major blood disorders like β-thalassemia(12,19), sickle cell 
anemia(20), hemophilia(21) and the determination of RhD 
antigen genotypes(22). 

The molecular diagnosis 
Digital PCR remains technically challenging for most 

molecular diagnostic laboratories and thus this technology 
has not seen rapid translation into clinical practice. Cur-
rently only NIPT for RhD genotyping is clinically available, 
being highly accurate for determining the presence of an 
RhD-positive fetus(22).

Relative haplotype dosage analysis of the hemoglo-
bin β gene combined with digital PCR was successfully 
applied to correctly genotype the established fetuses 
from pregnancies at risk for β-thalassemia(2). Using next 
generation sequencing for HbE and the four most common 
β-thalassemia mutations found in South East Asia, Xiong 
et al.(12) obtained an overall sensitivity for detection of 
paternal mutations of 100% (95%, CI=92.4-100%) and 
a specificity of 92.1% (95%, CI= 79.2-97.3%).

Yan Xu et al.(13) showed in their study that noninva-
sive prenatal testing is efficient for Duchene muscular 
dystrophy, using a newly developed haplotype-based 
approach.

Clinical experience with this single-nucleotide 
polymorphism-based non-invasive screening test for 
22q11.2 deletion syndrome indicates that these deletions 
have a frequency of approximately 1 in 1000 in the high 
risk population with access to NIPT, identifiable through 
this test. 22q11.2 deletion syndrome (i.e. DiGeorge or 
velocardiofacial syndrome) is the most common, with 
reported prevalence ranging from 1 in 2000 to 1 in 6000 
live births. Use of this screening method requires the 
availability of counseling and other management resources 
for high-risk pregnancies, as the positive predictive value 
was just 18%(23).

Weigang et al.(2) used Sanger and whole-exome sequen-
cing to identify familial ATPase, Cu++ transporting, β 
polypeptide gene mutations, responsible for the rare 
autosomal recessive disorder known as Wilson Disease. 
The study describes the development and validation of 
a novel assay termed circulating single-molecule am-
plification and resequencing technology (cSMART) for 

counting single allelic molecules in plasma. It showed that 
the suitability of cSMART for NIPT, with Wilson Disease 
as proof of concept.

Shan et al.(16) investigated the possibility of using targe-
ted capture sequencing to detect fetal de novo pathogenic 
mutations responsible for skeletal dysplasia, which are a 
group of heterogeneous genetic diseases that affect the 
development of the chondro-osseous tissue. They have a 
prevalence of 2-5/10000 newborns. Three families whose 
fetuses were affected by skeletal dysplasia and two control 
families whose fetuses were affected by other single gene 
diseases were included in this study. Sixteen genes related 
to some common lethal skeletal dysplasia were selected 
for analysis. The causal mutations were specifically iden-
tified in the plasma and the results were identical to those 
obtained by sequencing amniotic fluid samples.

Achondroplasia is the most common non-lethal skeletal 
dysplasia with an incidence of 5-15 per 100 000 live births. 
Chitty et al.(17) compared PCR and restriction enzyme di-
gest (RED) of cell-free DNA with NGS assay in pregnancies 
at risk of achondroplasia and thanatophoric dysplasia. 
PCR-RED was performed in 72 cases and was correct in 
88.6%, inconclusive in 7% with one false negative. NGS 
was performed in 47 cases and was accurate in 96.2% with 
no inconclusive results. For the study were selected fetuses 
at risk for achondroplasia or thanatophoric dysplasia, 
either because of sonographic findings or because of a 
relevant past family history. Orhant et al.(18) studied the 
de novo missense genetic mutation at nucleotide 1138 
in fibroblast growth factor receptor 3 gene involved in 
>99% of achondroplasia cases. The study was based on 
two independent methods: digital-droplet PCR combi-
ned with mini-sequencing. Twenty-six women carrying 
fetuses at risk for achondroplasia were included and five 
were diagnosed as affected fetuses in maternal blood. 
The sensitivity and specificity of our test are 100% and 
100% respectively.

The source of cffDNA is known to be placental in ori-
gin(1). It is well documented from conventional cytogenetic 
examination of chorion villus sampling (CVS) tissue that 
CPM occurs in cases where placental tissue contains an 
abnormal cell line which is not present upon subsequent 
examination of amniocentesis or other fetal material. 
CPM is observed in around 1% of invasive tests(1,26) and 
is usually associated with normal fetal outcomes. It 
may be associated with intrauterine growth restriction, 
pregnancy loss or perinatal death(26). Given that NIPT 
can result in false positives, positive results should be 
confirmed with invasive testing. Whether to perform 
CVS or amniocentesis is controversial. While CVS can 
be performed earlier than amniocentesis, it will also give 
false positive results in case of CPM. It is recommended to 
perform CVS and to examine all cell lines using either an 
uncultured sample by fluorescence in situ hybridization 
(FISH), as well as long-term culture of the sample. If all 
the results show aneuploidy, the results are reported to 
the patient. Otherwise, if the results are also mosaic, 
amniocentesis is recommended and analyzed by both 
FISH and karyotype(26).
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Other causes of abnormal NIPT results can be twin 
pregnancies, maternal subclinical CNVs, maternal mo-
saicism and maternal tumors(1). 

Conclusions
Microdeletion syndromes are candidate conditions for 

broader NIPT-screening scenarios that in the coming 
years may be considered also in settings where prenatal 
screening is a public health service. However, this requires 
more scientific evidence, as well as a thorough assessment 
of benefits and harms for those to whom the screening is 
offered. In particular an evaluation of the false positive 
rate is required as in some studies it has been reported to 
be as high as 3%. In addition, the limits of detection are 
unknown and small rearrangements may not be detected.

Increased demand for testing may have benefic eco-
nomic implications for prenatal diagnostic services, but 
ethical issues remain, including directing resources to 
NIPT when used for information only and restricting 
access to safe tests if it is not cost-effective to develop 
NIPT for rare conditions.

The use of cfDNA tests for sex chromosome aneu-
ploidies and microdeletion syndromes screening cur-
rently cannot be recommended without restriction on 
the basis of the present data. Expanding NIPT-based 
prenatal screening to include this anomalies not only 
raises ethical concerns related to information and 
counseling challenges but also risks reversing the im-
portant reduction in invasive testing achieved with 
implementation of NIPT for aneuploidy.   n
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