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Abstract

BACKGROUND—Over the past 2 years, noninvasive prenatal testing (NIPT), which uses 

massively parallel sequencing to align and count DNA fragments floating in the plasma of 

pregnant women, has become integrated into prenatal care. Professional societies currently 

recommend offering NIPT as an advanced screen to pregnant women at high risk for fetal 

aneuploidy, reserving invasive diagnostic procedures for those at the very highest risk.

CONTENT—In this review, we summarize the available information on autosomal and sex 

chromosome aneuploidy detection. Clinical performance in CLIA-certified, College of American 

Pathology–accredited laboratories appears to be equivalent to prior clinical validation studies, with 

high sensitivities and specificities and very high negative predictive values. The main impact on 

clinical care has been a reduction in invasive procedures. Test accuracy is affected by the fetal 

fraction, the percentage of fetal DNA in the total amount of circulating cell-free DNA. Fetal 

fraction is in turn affected by maternal body mass index, gestational age, type of aneuploidy, 

singleton vs multiples, and mosaicism. Three studies comparing NIPT to serum or combined 
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screening for autosomal aneuploidy all show that NIPT has significantly lower false-positive rates 

(approximately 0.1%), even in all-risk populations. A significant number of the discordant positive 

cases have underlying biological reasons, including confined placental mosaicism, maternal 

mosaicism, cotwin demise, or maternal malignancy.

SUMMARY—NIPT performs well as an advanced screen for whole chromosome aneuploidy. 

Economic considerations will likely dictate whether its use can be expanded to all risk populations 

and whether it can be applied routinely for the detection of subchromosome abnormalities.

Noninvasive prenatal testing (NIPT) refers to the sequence analysis of the cell-free DNA 

fragments that circulate within the blood of pregnant women. The term is generally used in 

the context of prenatal screening for autosomal aneuploidy. The focus of this review is on 

the lessons that have been learned since NIPT became clinically available in 2011, and 

specifically what they mean for the future widespread adoption of this technology. The 

automotive metaphor alluded to in the title of the review is especially appropriate, given that 

this field moves fast.

NIPT for Autosomal Aneuploidy

The seminal observation that cell-free fetal (cff) DNA fragments could be isolated and 

analyzed from the blood of pregnant women was made in 1997 (1). Although it is called 

fetal DNA, it derives from apoptotic cells in the placenta (2, 3). The DNA isolated from 

maternal blood is a mixture of fetal and maternal DNA in varying proportions that change as 

pregnancy progresses. A fundamental advance that occurred in 2007 was the concept that 

aneuploidy detection required a 2-step approach of shotgun sequencing of DNA followed by 

counting statistics (4, 5). Subsequent studies from the same groups demonstrated proof of 

principle in plasma samples from pregnant women carrying aneuploid fetuses (6, 7). 

Between 2010 and 2012, multiple clinical trials were performed that essentially showed 

similar performances in the sensitivity and specificity of detection of trisomies 21 and 18 (8–

18). These trials, and their published results in peer-reviewed journals, led to the commercial 

release of NIPT for autosomal aneuploidy in 2011. More than 100 000 clinical tests have 

been performed to date in the US. The test is offered between 10 and 40 weeks of gestation.

TECHNICAL APPROACHES TO NIPT

Sequencing methods—Three different approaches are currently used in clinical practice: 

massively parallel sequencing (MPS) of the whole genome, targeted sequencing, and single 

nucleotide polymorphisms (SNPs) (Fig. 1). All approaches sequence the total (maternal and 

fetal) cell-free DNA that is isolated from maternal plasma, which is fragmented. Fetal DNA 

fragments are predominantly 143 bp in length, and the maternal DNA fragments are 

generally 166 bp (19). With MPS, only the first 25 or 36 bp of each fragment is sequenced; 

this sequence is unique enough to allow alignment to a specific physical location within the 

human genome. A mapped sequence is known as a tag. The companies that perform whole-

genome sequencing map between 12 and 25 million tags per sample. The number of tags at 

a specific chromosome is then counted and compared to reference values obtained from a 

normal human genome. An excess or deficiency in the number of counts, expressed as a z-

score or normalized chromosome value (NCV), implies aneuploidy for that chromosome. It 
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is important to emphasize that the chromosome counts derive from both maternal and fetal 

DNA fragments, and they are treated equally statistically. Any deviation from the reference 

values could be maternal or fetal in origin.

Targeted sequencing limits mapping of tags to the chromosomes of clinical interest (e.g., 13, 

18, 21, X, and Y). This allows a significant reduction in the overall number of tags required, 

with a consequent reduction in cost. With targeted sequencing, an initial amplification of 

192 loci on chromosomes 1 through 12 that contain SNPs is performed (16). At loci where 

the fetal alleles differ from the maternal alleles, a maximum likelihood estimate by use of 

the binomial distribution of markers is applied to calculate the fetal fraction, which is 

included in the assessment of whether aneuploidy is detected or not.

The SNP approach selectively amplifies and sequences 19 488 polymorphic loci on 

chromosomes 13, 18, 21, X, and Y (20, 21). The algorithm used in this approach 

incorporates maternal genotype information and recombination frequencies to construct 

billions of theoretical fetal genotypes. The software calculates a relative likelihood for each 

hypothetical genotype by comparing it with data obtained from the maternal buffy coat DNA 

sequence. The SNP approach does not require reference values. It also avoids some of the 

technical problems associated with guanine cytosine (GC) bias (discussed below) and can 

detect fetal triploidy. However, because of the need to compare sequences with the maternal 

genotype, it cannot be used in egg donor pregnancies.

Counting statistics—Fan and Quake (22) showed that sequencing results were biased in 

chromosomes with increased or decreased GC base content. They described a computational 

method to remove the GC bias. This eliminated the variance in the distribution of sequence 

tag counts and increased statistical confidence in the detection of aneuploidy. They also 

showed that with increased sequence tags there was increased precision of calling a sample 

aneuploid (22). After GC correction, MPS counting statistics follow a normal distribution. 

Each testing company has different proprietary algorithms to determine cutoffs between 

normal and abnormal. The classification cutoff will determine the expected false-positive 

rates.

BIOLOGICAL FACTORS THAT AFFECT ACCURACY OF NIPT

The accuracy of NIPT is affected by multiple technical and biological factors that are all 

integrated with and affected by each other. These include the number of sequencing tags, 

fetal fraction, GC base content, and CV.

Fetal fraction—The so-called fetal DNA is really from the placenta (23, 24). cff DNA is 

detectable even in the absence of an embryo (23). Faas et al. (25) described a case in which 

the plasma DNA and amniocentesis results were 45,X. Cytogenetic studies of the placenta 

showed that the mesenchymal core had a 46,XX karyo-type and the cytotrophoblast layer 

was 45,X. This study is often cited as the basis for the fact that cff DNA derives from 

cytotrophoblasts.

Fetal fraction (ff) is the amount of cff DNA divided by the total DNA, which comprises fetal 

plus maternal cell-free DNA. Circulating cell-free DNA in healthy adults derives mainly 
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from hematopoietic cells undergoing apoptosis (26). In obese pregnant women, however, it 

partly derives from apoptosis and necrosis of adipose tissue and stromal vascular cells (27).

The ff can be computed on the basis of polymorphic sequence variation (17) or methylation 

differences (28) between maternal and fetal DNA. If the fetus is male or aneuploid, the ff 
can be calculated by use of sequence tag data from the X or aneuploid chromosomes (29). 

The advantage of the latter approach is that is does not require a separate processing step. 

The disadvantage is that it cannot be used for euploid female fetuses without deeper 

sequencing.

Most of the current serum markers used in Down syndrome screening follow a gaussian 

curve. In a reanalysis of the distribution of the percent of chromosome 21 markers in 212 

fetuses affected with trisomy 21 (18), Canick et al. (30) found that the distribution was not 

gaussian; it was mainly influenced by ff. The higher the ff, the easier it is to call aneuploidy, 

because the z-scores are higher. Similarly, low ffs (<4% in some clinical laboratories) are 

related to test failures and false-negative test results. ff is affected by both maternal and fetal 

factors (Table 1).

Maternal body mass index: Maternal body mass index (BMI) is the most significant 

demographic variable that affects ff. This has been consistently demonstrated in every study 

in which its effect has been analyzed (12, 30–33). In a study of pregnant women at 11–13 

weeks of gestation, Ashoor et al. (32) showed that the median ff was 11.7% in women who 

weighed 60 kg; this decreased to 3.9% in women who weighed 160 kg.

Why do heavier pregnant women have lower ffs? Partially this is due to a dilution effect 

from a larger circulatory volume (30). In addition, remodeling of adipose tissue in obese 

pregnant women is associated with a 2-fold increase in GAPDH (a marker of total DNA) in 

serum (27). Total circulating cell-free DNA is proportionately increased in pregnant women 

as a function of BMI (34, 35). The fetal DNA is unaffected, but the increased maternal DNA 

results in an overall lower ff.

Gestational age: In a large study (n = 22 384), Wang et al. (33) demonstrated that ff 
increased by 0.1% per week between 10 and 21 weeks of gestation (P < 0.0001). After 21 

weeks, ff increased by 1% per week (P < 0.0001). In that study, 1.9% of samples were 

redrawn because the initial ff was too low for accurate analysis. In 76 of 135 samples (56%) 

in which a repeat sample was obtained from the same individual, there was a >4% ff in the 

second sample. Together, maternal weight and fetal gestational age accounted for as much as 

27% of the interindividual variation seen in ff (33).

Fetal aneuploidy: Using MPS tag counts, Rava et al. (29) compared ffs in fetuses with 

trisomies 21, 18, and 13 and monosomy X to euploid male fetuses. Relative to euploid 

males, fetuses with trisomy 21 have an increased ff, and fetuses with trisomy 18, 13, and 

monosomy X have a decreased ff. Similar results for trisomies 21 and 18 have been reported 

by different methods (31, 32). The higher ff in fetuses with trisomy 21 may be 1 reason that 

test performance for trisomy 21 is better than for trisomies 18 and 13.
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Singleton vs multiple gestations. In an initial observation, Sehnert et al. (10) reported on the 

use of MPS in 5 twin pregnancies. All fetuses were correctly called. In a larger study of 25 

twin pregnancies, total ff was significantly higher (mean 18.1%) compared with singletons 

(mean 13.4%). All aneuploid pregnancies were correctly classified, with a median 

chromosome 21 z-score of 12.3 (36).

If both twins have the same genotype, they can effectively be treated like a singleton 

gestation, and the z-scores for the aneuploid chromosome should have a linear relationship 

with ff. The difficulty arises when twins are discordant for aneuploidy, because ff is not 

doubled. Although the overall ff is increased, the ff per fetus is reduced compared with 

singletons. With sequence tag counting data from multiple gestations in which at least 1 

fetus had a genotype that differed from the mother’s (e.g., male or aneuploid), Srinivasan et 

al. (37) showed that the ff per fetus was reduced. They calculated that in approximately 

10%–15% of cases, the ff would be lower than 4%, and therefore there would be a risk of a 

false-negative result.

To quickly determine if a twin gestation was dizygotic, the group at the Chinese University 

of Hong Kong used a proprietary algorithm (38) to identify regions of the genome in which 

the maternal and fetal sequences differed. They then calculated the average apparent ff for 

every 1000 informative SNPs on contiguous blocks of DNA within the targeted areas of the 

genome (39, 40). Results were confirmed by use of chorionic villi or umbilical cord blood. 

In 2 dizygotic twin cases (each discordant for aneuploidy), large regional fluctuations in ff 
were observed, consistent with dizygosity. This method allows twin zygosity to be 

successfully verified and facilitates an estimate of whether there is adequate fetal DNA 

present per fetus.

Mosaicism: If there is placental or fetal mosaicism with a cell line that has autosomal 

aneuploidy, a higher overall ff will increase the chance that the partial DNA contribution 

from a mosaic abnormal line will be found (30). Similarly, a high percentage of abnormal 

cells will increase the chance that sequences from the aneuploid chromosome will be 

detected. In the results from the MELISSA trial, all mosaic cases with at least 29% of cells 

positive for trisomies 18 and 21 were detected as aneuploid (14). In contrast, low 

percentages of mosaicism (10%) or low effective ffs have led to false-negative results (30).

Chromosome biology—Chromosomes that have GC content in the midrange (such as 

21, 18, and X) perform best with MPS (7). Chromosome 13 has one of the lowest GC 

contents. For this reason, specific approaches have been used to normalize the GC ratios for 

chromosome 13, which have resulted in increased sensitivity of detection of trisomy 13 (22, 

41). An additional factor that affects sensitivity is the CV in the sequencing results for a 

specific chromosome. A smaller CV results in larger z-scores, making it easier to separate 

aneuploid from euploid samples. Chromosome 18 has approximately half of the CV 

observed for chromosomes 13, 21, and X (29). The clinical implication is that trisomy 18 

can be detected at lower ffs. It is therefore easier to detect low-grade mosaicism, which may 

be 1 reason why there are more discordant results between NIPT and karyotype with trisomy 

18 (42).
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Clinical and Laboratory Experience in the “Real World”

As NIPT has transitioned from clinical trials to clinical care, reports are beginning to be 

published on screening laboratory performance in the clinical setting. For example, Futch et 

al. (43) described an initial 9-month experience in their CLIA-licensed, College of American 

Pathology–accredited laboratory. Maternal plasma samples were sequenced if they were 

drawn into Streck tubes (44), accompanied by a test requisition form and signed patient 

informed consent, received within 5 days of blood draw, and from singleton pregnancies. Of 

the 5974 tests ordered, 43 (0.7%) were cancelled for technical reasons. Reports were issued 

for each individual chromosome tested (e.g., 13, 18, 21, X). In 2.8% of samples, at least 1 of 

the chromosomes had an unclassifiable result. The mean turnaround time was 5.1 business 

days. Aneuploidy was detected in 4.8% of samples, which suggested that testing was being 

performed on a high-risk population as is currently recommended by most professional 

societies (45–47). Of the aneuploid cases, one third were confirmed by karyotype, an 

additional half were consistent with other clinical information, and the remainder were in 

ongoing pregnancies. In the cases for which there was clinical outcome information, there 

were 5 false-negative cases (2 trisomy 21, 2 trisomy 18, 1 monosomy X), for a rate of 

0.08%. There were 14 (0.2%) false-positive cases that were discordant with the fetal 

karyotype. Importantly, many of these cases had underlying biological reasons for the excess 

sequences detected, such as confined placental mosaicism (CPM), maternal sex chromosome 

aneuploidy, maternal malignancy, low-level fetal mosaicism, and cotwin demise (Table 2). 

This report demonstrated that in a clinical setting, NIPT performance met or exceeded 

characteristics established in the prior clinical validation studies (43). In the vast majority of 

samples, there was no aneuploidy detected. The negative predictive value was 99.6% for 

trisomy 21.

Although in the US and Canada there are clear professional recommendations to limit NIPT 

to pregnancies at high risk for aneuploidy (45–47), studies are starting to emerge on test 

performance in the so-called all-risk pregnancies. In 1 report from a private obstetric 

practice in Atlanta, Fairbrother et al. (48) offered NIPT and first-trimester combined 

screening to all pregnant women carrying singleton gestations (n = 289). NIPT results were 

obtained in 98.6% of samples, and the mean time from blood draw to test result was 9.3 

calendar days. At a cutoff value of 1:311, 12 of 284 first-trimester screens were called 

positive (4.5%). With NIPT, all 284 samples were considered to be low risk (<1:10 000) for 

trisomies 13, 18, and 21. One woman requested a definitive fetal karyotype; the fetus was 

euploid. On the basis of the significantly decreased false-positive rate with NIPT, this 

practice now offers NIPT as their primary aneuploidy screen to all women with singleton 

pregnancies after 10 weeks.

In China, investigators compared NIPT to second-trimester serum triple screening in 1916 

low-risk pregnant women ages 20–34 years (49). There was a 3.8% test failure rate. At a 

cutoff risk of 1 in 270, 249 of 1741 (14.3%) women were triple-screen positive. Twelve of 

1741 (0.68%) women had a positive NIPT result (11 cases of fetal aneuploidy and 1 

discordant result for trisomy 18 due to maternal mosaicism). The sensitivity of detection of 

autosomal aneuploidy by NIPT was 100% (11 of 11), the specificity was 99.4% (1729 of 

1730), and the positive predictive value (PPV) was 91.67% (11 of 12). In contrast, serum 
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triple screening had a sensitivity of 54.5% (6 of 11), specificity of 85.9% (1487 of 1730), 

and PPV of 2.4% (6 of 249). These authors concluded that NIPT performance was effective 

in a low-risk population and outperformed second-trimester serum screening.

Another recent implementation study performed at a center in the UK compared NIPT at 10 

weeks with the combined test at 12 weeks in 1005 singleton pregnancies (50). Although this 

was described as an all-risk study, the mean maternal age was 36.7, and only 85.7% of 

women conceived spontaneously. Test results were available in 95.2% of cases. The 4.8% 

(48 of 1005) of test failures were due to problems with delivery to the laboratory, a low ff, or 

test assay failure. In 40 of these 48 cases, a repeat blood sample provided results 

approximately two thirds of the time. There were 11 cases of trisomy 21, 5 cases of trisomy 

18, and 1 case of trisomy 13. Fifteen of 16 were confirmed by CVS. There was 1 false-

positive case of trisomy 18. The false-positive rates were 0.1% (1 of 968) for NIPT and 

3.4% (33 of 968) for the combined test. These authors also concluded that the main 

advantage of DNA testing is the substantial reduction in false positives and a clear 

separation of cases at high and low risk for aneuploidy. The disadvantages of NIPT were the 

significant percentage of test failures and the need to follow up on abnormal results by 

invasive testing.

These 3 studies show that NIPT performs better than serum screening or the combined test, 

even in all-risk populations. The current cost of NIPT, however, is too high to offer to 

everyone. Investigators are beginning to explore a contingent approach, in which the results 

of the combined test are used to identify a population of pregnant women who could benefit 

from NIPT as a secondary screen (51). This approach would reduce costs by decreasing 

invasive procedures and eliminating some of the sequencing expenses. The disadvantage of 

applying NIPT to only the screen-positive cases would leave the original screen-negative 

cases untested, which could miss approximately 10%–15% of the trisomy 21 fetuses.

FALSE POSITIVES AND NEGATIVES

The false-positive rates for NIPT are on the order of 0.1%–0.2%. What remains unknown, 

however, is what portion of the discordancy between NIPT and fetal results is attributable to 

the demarcation between euploidy and aneuploidy established by the statistical algorithms, 

and how much is due to biologic explanations uncovered by the greater sensitivity of MPS.

CPM is present in 1%–2% of first-trimester placentas (52). Several instances of CPM 

detected at CVS have been reported in association with discordant positive NIPT results 

(Table 2). Mennuti et al. (42) noted 2 cases of CPM in association with noninvasive 

detection of trisomy 13. In the first case, trisomy 13 was detected only in the CVS direct 

sample. In the second case, the CVS direct preparation revealed 46,XX, +13, der (13, 13)

(q10;q10), consistent with the NIPT results. Hall et al. (53) described NIPT results with an 

increased risk for trisomy 13. CVS demonstrated trisomy 13 mosaicism, by both FISH and 

long-term culture (47,XY, +13[10]/46,XY) (12). At delivery, the newborn was growth 

restricted, but had no features of trisomy 13. His blood karyotype was 46,XY. Additionally, 

the placenta had evidence of trisomy 13 mosaicism in 2 of 4 sites sampled.
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Of further interest is the report describing uniparental disomy (UPD), the presence of both 

chromosomes inherited from 1 parent as the result of disomic rescue (54). In a case of NIPT 

positive for trisomy 21, quantitative fluorescent (QF)-PCR of a CVS sample at 14 weeks’ 

gestation suggested isodisomy type iUPD21 on the basis of 7 short tandem repeat (STR) 

markers all inherited from the mother. After pregnancy termination, QF-PCR of 4 placental 

biopsies revealed 1 with disomy (the original iUPD21) and trisomy 21 in the remaining 3 

sites.

CPM has also been reported for other chromosomes. In a large Chinese population study, a 

single NIPT case result suggested mosaicism for multiple aneuploidies: 47,XXY, trisomy 

21, and trisomy 7 (55). The CVS long-term culture karyotype was 49,XXX, +7, +21[24]/

46,XY (6). In another case, sequencing results suggested trisomy 22; this led to the 

identification of trisomy 22 in 3 placental biopsy sites with disomy 22 in the cord blood. At 

delivery, the infant was growth restricted (3%) but had no dysmorphic features (56).

Maternal conditions should also be considered as possible biologic explanations of NIPT-

fetal discordant results. These include constitutional maternal aneuploidies, most likely 

involving sex chromosomes, and conditions with intrinsic genomic alterations, such as solid 

tumors (Table 2).

The initial report of a maternal sex chromosome aneuploidy (SCA) occurred in a completely 

normal 25-year-old pregnant woman whose NIPT results were consistent with triple X (57). 

Amniocentesis revealed a fetal 46,XX karyotype; her infant was normal. Maternal blood 

karyotype showed full 47,XXX. Her presentation emphasizes the wide range of phenotypic 

variability with the SCAs.

Maternal mosaicism for a SCA was also the underlying explanation in a 44-year-old woman 

whose NIPT results suggested abnormal X chromosome ratios that were inconsistent with 

the laboratory’s prior cases of fetal 45,X[55]. The maternal karyotype was 45,X[3]/

46,XX[27]. The newborn’s karyotype was normal. SCAs, especially mosaic cases, are likely 

to be under-appreciated clinically. The possibility of their identification through NIPT 

requires discussion during pre-and posttest counseling.

Another source of maternal DNA that could result in discordant results is a solid tumor (58). 

In a pregnant woman, NIPT results at 13 and 17 weeks showed a double aneuploidy, trisomy 

13, and monosomy 18. The fetal karyotype was 46,XY and a healthy male was born at term. 

Placental biopsies showed 46,XY at 6 sites, ruling out CPM. During a postpartum evaluation 

for pelvic pain, radiographs were notable for pathologic fractures involving the right 

superior and inferior pubic rami, as well as other changes suggestive of malignancy. Bone 

biopsy confirmed metastatic neuroendocrine carcinoma. Postpartum, the primary source was 

identified as a small cell carcinoma of vaginal origin. The majority of cells (80 of 100) from 

the tumor biopsy demonstrated an increased number of chromosome 13 signals by FISH 

relative to chromosome 18 signals, consistent with the NIPT results. The underlying rate of 

maternal cancers that present with discordant NIPT-fetal karyotype results is unknown, but 

warrants consideration when multiple aneuploidies are called.
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With regard to false-negative cases, little information is available. The few reported cases 

suggest that the underlying explanation is either a sample mix-up (43), low ff (30, 43), or 
mosaicism (30).

NIPT FOR SCA

SCAs are present in 1 of 400 live births, a rate that is higher than the most common 

autosomal aneuploidies combined (59). NIPT for SCAs has been clinically available since 

2012. SCAs were detected at lower sensitivities in the initial studies of high-risk women 

undergoing MPS for autosomal aneuploidy (14, 60). In a low-risk population of 1916 

Chinese women, 2 of 4 SCAs were detected [50% sensitivity (95% CI 9.1%–90.1%), 100% 

specificity (95% CI 99.72%–100%)] (49).

Several challenges exist for the accurate quantification of the number of X chromosomes. 

These include the inherent sequencing bias associated with GC content of the X, the marked 

sequence similarity between the X and Y chromosomes, the small size of the Y chromosome 

that can lead to large variations in sequence assignments, and the presence of maternal or 

fetal mosaicism that can alter interpretation (61). A unique aspect of the X chromosome is 

inactivation, which is driven by specifically recognized histone variants, which may lead to 

variability in the X chromosome content of the cell-free DNA (62, 63).

In a training panel of 1546 cases, dual classification of the fetal sample by sex, followed by 

assessment of sex chromosome complement, provided an overall sensitivity of 100% (95% 

CI 82.3%–100%) and a false-positive rate of 0.1% (95% CI 0%–0.3%) (61). The test failure 

rate was 6% (95% CI 4.9%–7.4%). Application of this approach in a blinded study yielded a 

sensitivity of 96.2% (95% CI 78.4%–99.8%), false-positive rate of 0.3% (95% CI 0%–

1.8%), and test failure rate of 5% (95% CI 3.2%–7.7%). Of the 185 female samples, 4 were 

interpreted as male. For 199 male samples, 1 was called as female and the remainder were 

correctly classified (191 XY, 5 XXY, 2 XYY).

Improved, second-generation sequencing has also been applied to the initial issues of lower 

sensitivity of SCA detection. Guex et al. (64) initially used a training panel and then a 

retrospective blinded study to develop a more refined approach that addressed GC 

sequencing bias in the sex chromosomes. They were able to correctly identify all cases of 

Turner syndrome (15 of 15) and 47,XXX (5 of 5), for a sensitivity and specificity of 100% 

(sensitivity 95% CI 79.9%–100%, specificity 95% CI 98.1%–100%). No test failures were 

reported.

In another study, SNP analysis was applied to 201 pregnancies (13 45,X; 2 47,XXY; 1 

47,XYY; and 185 euploid samples). The sensitivity for monosomy X detection was 91.7% 

(95% CI 61.5%–99.8%), all 3 sex chromosome aneuploidies were called correctly, and there 

was 1 false-negative sex chromosome result called (63). There were no false-positive sex 

chromosome calls. However, of the 201 analyzed samples, 14 (7.0%) failed quality control. 

Despite these limitations, a SNP-based approach has the potential to address SCA detection 

in a way that circumvents the unique biology of the X chromosome.
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Future Applications of Noninvasive DNA Testing

The most likely future clinical advance will be to extend from whole-chromosome to 

subchromosome abnormalities (65). Proof of principle that fetal subchromosomal 

abnormalities could be detected in maternal plasma DNA was established in 2 studies in 

which the fetal karyotypes were known a priori from invasive procedures. In the first, a 

paternally inherited 4.2-Mb deletion between 12p11.22 and 12p12.1 was demonstrated in 

maternal blood at 35 weeks of gestation (66). In the second, plasma DNA was sequenced 

from 2 women carrying fetuses with known 22q11.2 deletions (Di George syndrome) (67). 

In prospective blinded studies that were focused on detection of whole-chromosome 

aneuploidies, incidental findings of a microdeletion of 11q21–23 (10) and a duplication of 

6q (14) were found.

More recently, research efforts have concentrated on approaches that would make the 

detection of subchromosome abnormalities feasible in a routine clinical setting. Chen et al. 

(68) described a bioinformatics algorithm that allows detection of large (approximately 10-

Mb) deviations from the reference genome. From a set of 1311 samples with known fetal 

karyotype, they detected 4 abnormal cases: a 19-Mb deletion in 4p16–4p15.3, consistent 

with fetal Wolf–Hirschhorn syndrome; a double abnormality consisting of a 10-Mb deletion 

of 4q34.3–4q35.2 and a 17-Mb duplication of 7p22.3–7p21.1; and another double 

abnormality consisting of a 28-Mb duplication of 4q24.3 to qter and a 9-Mb deletion of 

18p11.22 to pter. All of these cases were confirmed by karyotype. The fourth case, a 

duplication of 4q32.1 to 4q32.3, was not confirmed (a false positive). Applying this same 

algorithm, Lau et al. (55) demonstrated large deletions in 3 different fetuses. The advantage 

of this technique is that is does not require deeper sequencing.

Using computer simulations, Yu et al. (69) calculated the diagnostic sensitivity for detection 

of 3-Mb microduplications and deletions on a whole-genome survey. At a ff of 6%, there 

was 99% sensitivity with deeper sequencing. With 1.5 × 108 tags, they showed that they 

could detect 3 de novo microdeletions of 22q11.2, two 2.4-Mb microduplications of 

22q11.2, and 1 double abnormality consisting of a 5.1-Mb microduplication of 3q29 and a 

32.9-Mb microdeletion of 4q32.1–4q35.2. By partitioning the genome into bins of 1 Mb and 

100 kb, Srinivasan et al. (70) were able to blindly detect 7 cases of fetal microdeletions, 

duplications, translocations, and a case of trisomy 20. One of the microdeletions detected 

was as small as 300 kb. In 4 cases with mosaic abnormalities, MPS did not detect the 

abnormal cell line, most likely because of the low ff. In 2 other cases in which the metaphase 

karyotype failed to identify the additional material, MPS identified both the translocation 

breakpoint and its chromosomal origin.

All of the 8 studies cited here suggest that it is possible to detect subchromosome 

abnormalities. This is beginning to be translated to clinical care, but widespread application 

will depend on cost of the assay and the sequencing depth.

Last, the “ultimate” prenatal test will be the noninvasive sequencing of the entire fetal 

genome (as reviewed in (71)). Although there have been 3 published studies to date that 
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suggest that this is technically feasible (19, 72, 73), the clinical utility of such a test is 

unknown at present.

Summary

In this review, we have summarized the clinical experience over the past 2 years regarding 

the performance of NIPT for fetal aneuploidy. The data suggest that test performance is 

equivalent to or exceeds performance during the clinical validation studies performed 

worldwide. The high negative predictive values (>99%) associated with test performance 

have already translated to a significant reduction in invasive procedures (74). Despite initial 

concerns that the test might perform differently in all-risk populations of pregnant women 

(75), the evidence suggests otherwise (48–50). There are, however, still concerns that there 

are relatively high percentages of test failures. About a half to two thirds of test failures can 

be successfully resolved by drawing a second sample at a later time of gestation (33, 50). 

The ability to provide information on SCAs, later reflexing to fetal sex (without a medical 

indication), is a new frontier in prenatal screening that will require further ethical 

assessment.

As a final note, the rubber has hit the road in the high-performance race car we call NIPT. 

The pace of this field is unprecedented in clinical laboratory medicine. Of the references 

listed here, 50 of 75 (67%) have been published in the last 18 months. Although this makes 

it challenging to keep apprised of advances in the field, the generation of new knowledge 

will hopefully translate to advances in patient care equally rapidly.

Nonstandard abbreviations

NIPT noninvasive prenatal testing

cff cell-free fetal

MPS massively parallel sequencing

SNP single nucleotide polymorphism

NCV normalized chromosome value

GC guanine cytosine

ff fetal fraction

BMI body mass index

CPM confined placental mosaicism

PPV positive predictive value

UPD uniparental disomy

QF quantitative fluorescent

STR short tandem repeat
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Fig. 1. 
Major differences in the technical approaches to sequencing of circulating cell-free DNA in 

the plasma of pregnant women.
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Table 1

Factors that affect fetal fraction of circulating DNA.

Positive correlation No correlation

Maternal weight (29–31, 33) Maternal age (29, 32)

Gestational age (29, 33) Nuchal translucency measurement (31, 32)

Maternal ethnicity (32) Maternal ethnicity (29, 31)

Serum PaPP-A and free βhCG levels (31, 32)a Plasma/serum storage time (31)

Fetal karyotype (↓ in trisomy 21, ↓ in trisomy 18) (29, 32) Fetal sex (31, 32)

Maternal smoking (32) Maternal smoking (31)

a
PaPP-A, pregnancy-associated plasma protein A; βhCG, β human chorionic gonadotropin.
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Table 2

Potential explanations for NIPT fetal karyotype discordance.

NIDT result Fetal karyotype Explanation Reference

Autosomal aneuploidy

 Trisomy 13 46,XX/46,XX, +13, der (13;13) 
(q10;q10)

Confined placental mosaicism Mennuti et al. (42)

 Trisomy 13 46,XY Confined placental mosaicism Mennuti et al. (42)

 Trisomy 13 46,XY [12]/47,XY,+13 [10] Confined placental mosaicism Hall et al. (53)

 Trisomy 21 46,XX, upd (21) mat Confined placental mosaicism/Rescue disomy Pan et al. (54)

 Trisomy 22 Normal by sequencing Confined placental mosaicism Choi et al. (56)

 Trisomy 18 46,XX Maternal mosaicism 46, XX[47]/47, XX 
+18[13]

Song et al. (49)

 Trisomy 13 (2 cases) Unknown Cotwin demise

 Trisomy 21 and 
monosomy X

Unknown Cotwin demise Futch et al. (43)

 Trisomy 21 Euploid Laboratory error Futch et al. (43)

 Trisomy 13, monosomy 
18

46,XY Maternal tumor Osborne et al. (58)

SCA

 47,XXY 49,XXX, +7, +21 Confined placental mosaicism Lau et al. (55)

 47,XXX 46,XX Maternal nonmosaic SCA 47,XXX Yao et al. (57)

 45,X 46,XX Maternal SCA mosaicism; 45,X[3]/46,XX[27] Lau et al. (55)
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