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ABSTRACT 

Cell-free fetal DNA (cffDNA) is fetal DNA circulating freely in the maternal blood stream. 

cffDNA can first be observed as early as seven weeks gestation, and the amount of cffDNA 

increases as the pregnancy progresses. cffDNA originates from the trophoblast making up the 

placenta. Analysis of cffDNA provides a method of non-invasive prenatal diagnosis. Maternal 

blood sample is collected after 10 weeks of pregnancy but can be detected as early as the fifth 

week. The test measures the relative amount of free fetal DNA in the mother’s blood. A 

variety of methods have been used for mutation detection in fetal DNA. Millions of small 

fragments of cffDNA from maternal plasma are amplified and sequenced. After the fragments 

are mapped to the human genome and analyzed for frequency/density along each chromosome, 

fetal Down syndrome and a variety of other chromosomal abnormalities can be detected with a 

high degree of accuracy for families at high risk for inherited genetic disorders. In 

industrialized countries, cffDNA tests are now routinely being offered to RhD-negative 

patients at increased risk of isoimmunization. cffDNA concentration can also be used as a 

screening tool for preeclampsia. The high degree of accuracy of cffDNA as a method of 

noninvasive prenatal testing during pregnancy carries a number of socio-ethical implications 

when it is used for early detection fetal sex for suspected X-linked diseases. It is important for 

women to receive detailed pretest counseling that explains the benefits and limitations of the 

test. 
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Prenatal testing for fetal chromosomal 

aneuploidies includes both screening and 

invasive diagnostic methods. Screening methods 

encompasses analysis of serum markers and/ or 

ultrasound markers of fetal Nuchal translucency 

(NT) or Nuchal fold thickness (NFT), but has 

suboptimal sensitivity and specificity [1, 2]. 

Prenatal diagnostic procedures such as chorionic 

villus sampling (CVS) or amniocentesis are 

highly accurate but they are invasive and carry 

significant risks to the fetus and mother, 

including loss of the fetus [3]. Numerous efforts 
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have been made for several decades to develop a 

maternal blood test with improved accuracy for 

the detection of major fetal aneuploidies. Such 

blood tests could improve current screening 

practices for fetal aneuploidy. Initial efforts 

targeting isolation and analysis of circulating 

fetal cells in the maternal bloodstream have not 

proven successful, because of the challenges in 

detecting sufficient fetal cell numbers in 

circulation [4-6]. By contrast, analysis of cell-

free fetal DNA (cffDNA) in maternal circulation 

has shown promise for evaluation of fetal 

aneuploidy. 

cffDNA is fetal DNA circulating freely in the 

maternal blood stream. It can be sampled 

by venipuncture on the mother. Analysis of 

cffDNA provides a method of non-invasive 

prenatal diagnosis. cffDNA originates from the 

trophoblast making up the placenta [7, 8]. It is 

estimated that 2-6% of the DNA in the maternal 

blood is of fetal origin [9]. The fetal DNA is 

fragmented and makes its way into the maternal 

bloodstream via shedding of the placental 

microparticles into the maternal bloodstream 

[10].
 

cffDNA can first be observed as early as 7 

weeks gestation, and the amount of cffDNA 

increases as the pregnancy progresses [11]. 

cffDNA diminishes quickly after the birth of the 

baby, so that it is no longer detectable in the 

maternal blood approximately 2 hours after birth 

[12]. cffDNA is significantly smaller than the 

maternal DNA in the bloodstream [13]. 

Studies have looked at, and some even 

optimized, protocols for testing non-

compatible RhD factors, sex determination 

for X-linked genetic disorders and testing for 

single gene disorders [14]. Current studies are 

now looking at determining aneuploidies in the 

developing fetus [15, 16]. These protocols can be 

done earlier than the current prenatal testing 

methods, and have no risk of spontaneous 

abortion, unlike current prenatal testing methods 

[17]. Non-invasive prenatal testing (NIPT) has 

been implemented in the United Kingdom (UK) 

and parts of the United States (US); as 

technology continues to advance it is almost 

certain that we will see a shift from the current 

methods of chorionic villus sample (CVS) 

and amnio-centesis to NIPT [18], which have 

risks of miscarriage about 1 in 100 pregnancies 

and 1 in 200 pregnancies, respectively [19, 20]. 

Sample Collection method and diagnosis 

Maternal blood sample is collected after 10 

weeks of pregnancy but can be detected as early 

as the fifth week [21]. The test measures the 

relative amount of free fetal DNA in the mother’s 

blood which consists of approximately 2-6% of the total 

[9]. 

Limitations include the concentration of all 

cell-free DNA in maternal blood is low, the total 

amount of cell-free DNA varies between 

individuals, cell free fetal DNA molecules are 

out-numbered by maternal cell-free DNA 

molecules, the fetus inherits half the genome 

from the mother. However, there are ways around 

these limitations [22]. 

Cell-free DNA purification 

Procedures for isolation of plasma from 

maternal blood include centrifugation, followed 

by isolation and purification of cell-free DNA 

[23]. Addition of formaldehyde to maternal 

blood samples increases the percentage of free 

fetal DNA. The purpose of formaldehyde is to 

stabilize intact cells, and inhibit further release of 

maternal DNA. The mean percentage of free 

fetal DNA in maternal blood ranges from 0.32% 

to 40%, with a mean percentage of 7.7
 
without 

formaldehyde-treatment [24]. The mean 

percentage of free fetal DNA with formaldehyde 

treatment increases to 20%. However, Benachi et 

al. and Chinnapapagari et al. have highlighted 

that the range of results varies from 5% to 96% 

[25, 26]. Another way to increase the fetal DNA 

is based on physical length of DNA fragments. 

Fetal DNA is smaller in size, a standardized size 

fractionation can comprise up to 70% of total 

cell-free DNA [27]. 

Specification of fetal DNA and mutation 

detection 

Different methods have been used for 

mutation detection in fetal DNA. To detect fetal 

DNA, the majority of studies focus on detecting 

paternally inherited sequences [28, 29]. For 

example, primers can be designed to target the Y 

chromosome of male fetuses for polymerase 

chain reaction (PCR).  
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Real-time quantitative PCR (RT-qPCR) 
Fluorescent probes are used to monitor the 

accumulation of amplicons produced throughout 

the PCR process. Thus, increase in reporter 

fluorescent signal is proportional to the number 

of amplicons generated. The appropriate real-

time PCR protocol is designed according to the 

mutation or genotype to be detected. Point 

mutations are analyzed with qualitative real-time 

PCR with the use of allele-specific probes. 

Insertions and deletions are analyzed by dosage 

measurements using quantitative real-time PCR. 

Real-time PCR assays for single cell analysis 

have been developed for a Y-chromosome 

marker [30], a common Tay-Sachs disease 

mutation [31],
 
the most common cystic fibrosis 

mutation [32], and a wide range of thalassemia 

mutations and HbS [33]. 

Nested PCR 
Yatama et al. evaluated the use of nested PCR 

to detect the Y chromosome in fetal DNA of 

maternal plasma. Nested PCR showed 96% 

sensitivity and 88% specificity [29]. 

Digital PCR 
Absolute quantification can be achieved 

rather than relative quantification compared to 

RT-PCR. Thus, point mutations, copy number 

variations, loss of heterozygosity or aneuploidy 

can be detected [16, 34]. Digital PCR can 

differentiate between maternal blood plasma and 

fetal DNA in a multiplex fashion [35]. 

Shotgun sequencing 
High-throughput shotgun sequencing 

technology from plasma of pregnant women, 

obtaining about 5 million sequence tags per 

patient sample can be done. Using this method 

Fan et al. were able to identify aneuploid 

pregnancies; trisomy detected at gestational ages 

as early as 14th week. Shot-gun sequencing can 

be done with a Solexa/Illumina platform. Whole 

fetal genome mapping by parental haplotype 

analysis using sequencing of cell free fetal DNA 

was done in 2010.
 20

 Chiu et al. studied 753 

pregnant women, using a 2-plex massively 

parallel maternal plasma DNA sequencing and 

trisomy was diagnosed with z-score greater than 

3.The test had 100% sensitivity, 97.9% 

specificity, positive predictive value of 96.6%, 

and negative predictive value of 100% [36]. 

Mass spectrometry (MALDI-TOF) 

Matrix-assisted laser desorption 

ionization/time of flight mass spectrometry 

(MALDI-TOF MS) combined with base 

extension after PCR allows cell free fetal DNA 

detection with single base specificity and single 

DNA molecule sensitivity.
 

DNA is first 

amplified by PCR, then linear amplification with 

base extension reaction (with a third primer) is 

designed to anneal to the region upstream of the 

mutation site. Either 1-2 bases are added to the 

extension primer to produce two extension 

products from wild-type DNA and mutant DNA. 

Since single base specificity is achieved, it is 

better than hybridization-based techniques with 

Taqman probes. Ding et al. found no false 

negatives and no false positives when looking for 

fetal DNA across 16 individuals he studied [37].  

Akolekar et al. found MALDI-TOF mass 

spectrometry had 99.1% accuracy with 98.9% 

sensitivity and 99.2% specificity [38]. 

Epigenetic modifications 

Differences in gene activation between 

maternal DNA and fetal DNA can be exploited 

by epigenetic modifications. Most current 

research is focused on using epigenetic 

modifications to detect cffDNA [39]. 

Hypermethylated RASSF1A promoters have 

been reported as universal fetal marker to 

confirm the presence of cffDNA [40].
 

Detection of mRNA derived from genes 

mRNA transcripts from genes expressed in 

the placenta is detectable in maternal plasma 

[41]. The mixture of plasma is centrifuged and 

aqueous layer transferred, RNA is extracted. RT-

PCR is set up for selected RNA expression. 

Specifically, hPL and beta-hCG mRNA is stable 

in maternal blood. This can help to confirm the 

presence of fetal DNA in the maternal plasma 

[22]. 

Current uses of cffDNA 

Early detection of fetal sex 

 X-linked diseases occur 5 per 10,000 live 

births [42]. The most common sex-linked 

diseases includes Duchene muscular dystrophy 

and hemophilia. Ultrasonography is unreliable 

during the first trimester of pregnancy as the 

genitalia are not fully developed. Other methods 
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for sex determination before the use of cffDNA 

are invasive and performed at an advanced 

gestation. There is a small risk of miscarriage 

[43]. The main method is to target the SRY gene 

on the Y chromosome and DYS14 sequence 

[44]. 

Most X-linked diseases are evident in males 

because they lack the second X-chromosome that 

can compensate for the diseases allele. Some X-

linked diseases include fragile-X syndrome, 

Duchene muscular dystrophy and Hemophilia. In 

the case of X-linked diseases, if cffDNA can 

determine gender, invasive testing can be 

eliminated [44]. In Europe, tests for sex 

determination are available as early as 7 weeks 

of gestation [45]. 

Lack of the Y chromosome in the maternal 

plasma suggests that the fetus is female, but 

could also indicate failure to detect cffDNA in 

the maternal plasma. Thus, paternal 

polymorphisms or sex independent markers are 

further used to detect cffDNA. High 

heterozygosity of these markers must be detected 

for them to be application [46]. 

Genetic studies for families at high risk for 

inherited genetic disorders 

Severe monogenic diseases for which prenatal 

diagnosis is more commonly applied to include 

cystic fibrosis, beta-thalassemia, sickle cell 

anemia, spinal muscular atrophy, myotonic 

dystrophy, fragile-X syndrome, Duchene 

muscular dystrophy and Hemophilia [28]. Both 

autosomal dominant and recessive disorders have 

been detected noninvasively by analyzing 

paternally inherited DNA [44]. 

Routine prenatal screening for Rhesus factor 

Mixing of fetal cells carrying paternal RhD 

antigens into maternal circulation may result in 

the sensitization of an RhD-negative mother. 

Rhesus blood group (D antigen) is used to 

determine the risk of hemolytic disease in the 

fetus. In hemolytic disease, the maternal 

antibodies destroy RhD-positive fetal red blood 

cells. This leads to lethality for the fetus. A 

significant amount of blood can be exchanged 

between mother and infant during birth, CVS, 

amniocentesis and accidents [22]. In UK and 

other industrialized countries, cffDNA tests are 

now routinely being offered to RhD-negative 

patients at increased risk of isoimmunization. 

In US, prophylactic treatment is 

recommended for all RhD-negative pregnant 

women to prevent isoimmunization in case of 

RhD incompatibility.
 
Amniocentesis still serves 

as the gold standard diagnostic tool for those 

women who require antenatal fetal blood 

genotyping in US, but it has been suggested that 

technology using cell-free fetal DNA may 

ultimately replace this invasive procedure [47]. 

Routine prenatal screening for aneuploidy 

Increased quantities of cffDNA are detected 

in maternal plasma for fetal trisomy 13 and 

trisomy 21 [48], but not in fetal trisomy 18 [49]. 

With complete trisomy, the mRNA allele in 

maternal plasma isn’t the normal 1:1 ratio, but is 

in fact 2:1. Allelic ratios determined by 

epigenetic markers can also be used to detect the 

complete trisomies. Massive parallel sequencing 

and digital PCR for fetal aneuploidy detection 

can be used without restriction to fetal-specific 

nucleic acid molecules. Several cell-free fetal 

DNA and RNA technologies are under 

development to test a pregnancy for aneuploidy, 

mostly focusing on Down syndrome testing. 

Sampling of cffDNA from maternal blood for 

analysis by massively parallel sequencing 

(MPSS) is estimated to have a sensitivity of 

between 96 and 100%, and specificity between 

94 and 100% for detecting Down syndrome. It 

can be performed at 10 weeks of gestational age 

[50]. 

Identification of Preeclampsia 

cffDNA concentration can be used as a 

screening tool for preeclampsia. Lo et al. studied 

quantitative variations of cffDNA in maternal 

circulations for preeclampsia [51]. cffDNA was 

measured by using PCR to the SRY gene. The 

levels were fivefold more in preeclampsia 

pregnancies than normal. These findings were 

consistent with subsequent studies [52]. The 

largest study compared 120 preeclampsia 

pregnant women with similar number of 

gestational age matched normal women. The 

cffDNA concentrations were 176 vs 75 genome 

equivalents/mL at 29 weeks of gestations.  
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Future perspectives 

Cell-free fetal DNA can be used for whole 

genome sequencing. Thus, it can determine the 

complete DNA sequence of every gene of the 

baby [53]. This will be more clinically useful in 

the future, as large numbers of scientific studies 

continue to be published detailing clear 

associations between specific genetic variants 

and disease [54]. 

Issues for counseling 

Given the demonstrated value of non-invasive 

prenatal testing in high risk pregnancies, this 

testing should be an option available to pregnant 

women found to be at increased risk of fetal 

Down syndrome, trisomy 18, and Trisomy 13 on 

the basis of currently available screening tests or 

ultrasound findings. It is important for these 

women to receive detailed pretest counseling that 

explains the benefits and limitations of the test 

[55]. Counseling should include discussion of 

following points with the clients: 

Non-invasive cffDNA testing should not be 

considered equivalent to conventional 

cytogenetic analysis of CVS or amniocytes. 

Cytogenetic testing of CVS or amniocytes 

detects 100% of cases of Down syndrome, 

trisomy 18, and trisomy 13, whereas the test 

done on cffDNA may miss some cases.  

The currently available tests screen only for 

Down syndrome, trisomy 18, and trisomy 13. 

Other trisomies, triploidy, and structural 

chromosomal abnormalities would not be 

detected by the commercially available cffDNA 

test. 

cffDNA testing has a higher rate of false-positive 

results than current diagnostic tests based on 

cytogenetic analysis of amniocytes or chorionic villi. 

Some women will have a cffDNA positive 

result and not carry a fetus with Down syndrome, 

trisomy 18, or trisomy 13 (false positive). No 

irrevocable obstetrical decision should be made 

in pregnancies with a positive cffDNA test for 

Down syndrome without confirmatory invasive 

diagnostic testing. cffDNA testing fails to 

provide a result in a small percentage of women. 

Ethical issues 

Gaining reassurance in a pregnancy will 

become much safer for many women by 

removing the risks associated with invasive 

diagnostic tests. In addition, testing for 

information/preparation i.e. when termination of 

pregnancy would not be chosen whatever the 

result will be easier and perhaps a more common 

choice. However, by removing the need to 

discuss the miscarriage risk, maternal plasma 

DNA testing may provide an apparent ease of 

access that could compromise informed decision 

making by increasing the likelihood that the 

remaining implications of test outcomes would 

not be considered adequately [56]. Excellent 

communication between women and health 

professionals is essential to understand the 

implications of an apparently simple and safe 

blood test offered to detect Down syndrome or 

other conditions [57]. Consideration will need to 

be given to the potential commercialization of 

this technology and whether and how regulation 

would be implemented. 

An important issue is related to fetal sex 

determination. The high degree of accuracy of 

NIPT as early as 7 weeks of pregnancy carries a 

number of socio-ethical implications, such as the 

selective termination of fetuses according to sex 

[58]. Other issues subsequent to the removal of 

miscarriage risk include the possibility that 

women may seek prenatal diagnosis for an 

increasing number of conditions or for paternity 

testing [59]. 

Conclusion 

Non-invasive prenatal testing using massive 

parallel sequencing of cell-free fetal DNA to test 

for trisomies 21, 18, and 13 is an option available 

at some centres to high-risk pregnant women 

alternative to invasive amniocentesis. Pretest 

counseling of these women should include a 

discussion of the limitations of non-invasive 

prenatal testing. Before these methods can 

replace current prenatal screening options, 

validation studies using them in average-risk 

pregnancies need to be done. As the cost of the 

technology is high compared with current 

screening methods, cost-effectiveness studies are 

also needed. 
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