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Abstract 

 

Background 

Cell-free fetal DNA (cffDNA) is present in the maternal blood from around 4 weeks gestation 

and makes up 5-20% of the total circulating cfDNA in maternal plasma. Presence of cffDNA 

has allowed development of non-invasive prenatal diagnosis (NIPD) for single gene 

disorders. This can be performed from 9 weeks gestation and offers a definitive diagnosis 

without the miscarriage risk associated with invasive procedures. One of the major 

challenges is distinguishing fetal mutations in the high background of maternal cfDNA, and 

research is currently focusing on the technological advances required in order to solve this 

problem.  

 

Content 

Here, the authors review the literature to describe the current status of NIPD for monogenic 

disorders and discuss how the evolving methodologies and technologies are expected to 

impact this field in both the commercial and public healthcare setting. 

 

Summary  

Non-invasive prenatal diagnosis for single gene diseases was first reported in 2000 and took 

12 years to be approved for use in a public health service. Implementation has remained 

slow but is expected to increase as this testing becomes cheaper, faster, and more accurate. 

There are still many technical and analytical challenges ahead, and it is vital that discussions 

surrounding the ethical and social impact of NIPD take account of the considerations 

required to implement these services safely into the healthcare setting, whilst keeping up 

with the technological advances. 

 

 

Background 

 

Since the identification of cell-free fetal DNA (cffDNA) in maternal plasma in 1997 

there have been rapid strides in exploiting its presence for prenatal diagnosis and screening 

(Table 1). The first proof of principle studies using cfDNA to detect fetal aneuploidy were 

published in 2008 (1, 2), following which there was rapid commercialisation and now non-

invasive prenatal testing (NIPT) for aneuploidy is widely used across the globe as a screening 

test for the major fetal trisomies (3), either as a first line or contingent test following 

traditional combined testing. Unlike non-invasive prenatal testing, where a positive result 

requires confirmation following an invasive test, non-invasive prenatal diagnosis (NIPD) 
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offers the advantage of a definitive diagnosis without an invasive procedure and the 

associated miscarriage risk (4). This is because confined placental mosaicism, which can 

cause false positive results for aneuploidy NIPT, does not occur with NIPD for monogenic 

disorders as these are targeted tests, and false positive results from maternal DNA can be 

avoided by analysing the maternal germline DNA in parallel with the cell free DNA. NIPD can 

also be offered earlier in pregnancy compared to invasive testing, from 7 weeks for fetal 

sexing or 9 weeks for monogenic disorders. This can reduce parental anxiety and allow more 

time for decision making and planning (5). Progress with NIPD for monogenic disorders 

however has been much slower than NIPT. Although the first report of NIPD for a 

monogenic disorder, myotonic dystrophy (6), was in 2000 it wasn't until 2012 that it was 

used outside of a research setting when NIPD for achondroplasia and thanatophoric 

dysplasia were approved for use in the UK National Health Service (NHS) (7, 8). Since then 

implementation remains slow with most testing outside of the UK still being delivered in a 

research setting (9). This is unlike implementation of NIPT for aneuploidy which has been 

rapid and global, largely due to the significant commercial drive (3), unlike NIPD for 

monogenic disorders which has attracted less interest, no doubt because this represents a 

much smaller market opportunity and many cases have to be provided on a bespoke, 

patient or disease-specific basis. The methods and workflows are labour-intensive and not 

readily scalable (9).  

There are significant challenges to overcome for NIPD. Circulating cffDNA, which is 

released from the placenta from about 4 weeks gestation, makes up only 5-20% of total 

circulating cfDNA in maternal plasma. This percentage increases with gestation and is 

influenced by factors such as maternal weight, smoking and pregnancy complications such 

as pre-eclampsia. Optimised techniques and highly sensitive detection approaches are 

therefore required in order to detect variants in the fetal DNA. Fetal fraction must be 

calculated in order to confirm that there are sufficient levels of cffDNA present and to avoid 

false negative results. For male fetuses this can be achieved using detection of SRY 

sequences, but for female fetuses use of human leukocyte antigen (HLA) or a specific fetal 

load assay, consisting of a panel of informative heterozygous single nucleotide 

polymorphisms (SNPs), is required. An alternative method that has been explored is using 

the methylation pattern of the promoter of RASSF1A in order to distinguish placental-

derived hypermethylated sequences from maternal-derived hypomethylated sequences 

(10). Another issue is the short fragment length of cffDNA, which makes detection of triplet 

repeats and large deletions or duplications challenging. There is also a risk of false positive 

results due to a vanishing twin, as the placenta continues to shed DNA for some time after 

the demise of the fetus (11), or maternal somatic mosaicism, as testing analyses all cfDNA in 

maternal plasma. This necessitates the need for ultrasound scans for the detection of 

additional empty gestational sacs and parallel testing of maternal genomic DNA, 

respectively.  

 

 

Current status – where are we now? 

 

The first NIPD testing to be approved for use in clinical practice in the UK National 

Health Service (NHS) was in 2011 for fetal sex determination and in Europe Rhesus D status 

in RHD negative mothers (9, 12, 13). Fetal sex determination using NIPD is now routinely 

used for families with X-linked disorders, such as Duchenne muscular dystrophy and 
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haemophilia, where invasive testing can be limited to male fetuses and therefore reduced 

by 50% (14), or suspected congenital adrenal hyperplasia (avoiding the unnecessary 

treatment of male fetuses with dexamethasone) (15).  

Following the success of cell-free fetal sex determination came the development and 

implementation in the UK of NIPD for autosomal dominant disorders caused by de novo or 

paternally inherited mutations, where variants in the fetal DNA can easily be distinguished 

in the high background of maternal cfDNA (9). The original approach for these NIPD tests 

was PCR followed by restriction enzyme digest (PCR-RED), and this was approved for use in 

the UK NHS for achondroplasia (7) and thanatophoric dysplasia (8) in 2012, but only allowed 

testing of individual mutations and due to the subjective nature of the analysis there was a 

high inconclusive rate of ~8%. With sequencing developments these approaches have been 

superseded to allow development of NGS panels, which allow multiple variants to be 

assessed in a single and more accurate test, and this approach was approved for use in 

clinical practice in the UK NHS in 2014 (16). Since then panel-based NGS has been used to 

offer testing for autosomal dominant disorders such as FGFR3-related skeletal dysplasia and 

FGFR2-related craniosynostosis syndromes (9). The same principle is also applied to paternal 

mutation exclusion for autosomal recessive disorders such as cystic fibrosis and β-

thalassaemia. In this situation a paternal exclusion test can be offered if parents are 

heterozygous for different mutations. Invasive testing will then only be required if the 

paternal mutant allele is detected (17, 18). Bespoke tests can also be designed and carried 

out for a range of monogenic disorders for families at risk of a recurrence of a rare disease 

where the mutation is known, however this is expensive and labour-intensive as it is 

developed on an individual family basis (19). 

NIPD for X-linked and autosomal recessive disorders where both parents are carriers 

of the same mutation has posed a greater challenge. This is due to the need to assess 

differences in low levels of fetal mutant alleles in a high background of maternal mutant 

allele already present in the circulating cfDNA. This means that the relative proportions of 

mutant:wild-type allele need to be determined rather than the presence or absence of an 

allele not present in the mother. Simply put, the presence of a fetus with a different 

genotype to the carrier mother (in other words either homozygous mutant or homozygous 

wild-type) will slightly alter the mutant to wild-type ratio in the cfDNA. Relative mutation 

dosage (RMD) analysis can be used to determine the relative proportions of wild-type and 

mutant allele present in the cfDNA (Figure 1) (20). Droplet-digital PCR or NGS can be used to 

target a single mutation for this analysis, and this requires specific probes to be designed for 

the familial mutation.  

A further extension to this is relative haplotype dosage analysis (RHDO) (Figure 2), 

which identifies the maternal and paternal haplotypes associated with the disease and then 

in turn determines the relative proportions of the wild-type and mutant haplotype present 

in the cfDNA (21, 22). A major advantage of RHDO is that it can be used for genes that are 

not amenable to direct sequencing, for example due to the presence of a pseudogene, or 

for more complex mutations and rearrangements such as the F8 inversion in severe 

haemophilia A. The RHDO approach inherently measures the fetal fraction of the cfDNA, 

and more robustly than RMD as multiple informative single nucleotide polymorphisms 

(SNPs) are used to identify paternal haplotypes. In addition, multiplexing allows a number of 

genes and mutations to be assessed simultaneously. This approach can therefore 

theoretically be used for any disease, resulting in reduced work-up and validation efforts, 

but it does require access to relatives or DNA from affected offspring for haplotyping. 
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Furthermore, the recombination rate of the target genes must be considered. Despite these 

limitations this technique has been shown to be successful for β-thalassaemia (23) and is 

now in clinical practice in the UK NHS for cystic fibrosis (24), spinal muscular atrophy (25) 

and Duchenne muscular dystrophy (26). Encouragingly, these authors have reported 

detection of recombination events which is a concern when applying a linkage approach to 

prenatal diagnosis.  

 

 

Future applications – where are we going? 

 

Direct haplotyping methods for RHDO 

RHDO has the potential to enable NIPD for many different single gene disorders that 

result from a wide range of mutations. However, the need for a sample from a proband or 

unaffected sibling in order to obtain parental haplotype information limits this analysis to 

families with children or where DNA has been stored. The goal is therefore to develop 

proband-free RHDO, which requires a method to haplotype the parents directly. This has so 

far been shown to be possible by two different approaches: targeted locus amplification 

(TLA) (27) and microfluidics-based linked-read sequencing (28, 29).  

TLA involves the cross-linking, digestion, and in situ ligation of sequences 

surrounding the gene of interest. The proximity ligation primarily yields intra-chromosomal 

ligation products, therefore after selectively amplifying and then sequencing ligation 

products with SNPs of interest, any variants detected within the same ligation product are 

assigned to the same haplotype. One of the major advantages of this approach is that no 

specialist equipment is required and therefore it is possible to introduce into any clinical 

diagnostic laboratory. Linked-read sequencing on the other hand requires a specific 10x
TM

 

Genomics instrument, making this technique more expensive and less amenable to 

diagnostic labs. This approach utilises molecular barcodes to tag reads that originate from 

the same long DNA fragment. High molecular weight genomic DNA is partitioned into 

barcoded gel beads. Following amplification and barcoding, the DNA is sheared into short 

reads and then sequenced. Reads that contain the same barcode can then be re-assembled 

to form pseudo long reads.  

A third possible direct haplotyping method for parental samples, yet to be explored 

in this context, is long-read sequencing using either the Pacific Biosciences (PacBio) or 

Oxford Nanopore Technologies (ONT) platform. These technologies are able to produce 

sequence reads which are on average >10 kb in length (30).  

Despite the differences in the detailed methods, all three of these approaches 

enable direct haplotyping of parental samples, and therefore have the potential to make 

RHDO possible for families where no proband sample is available. 

 

Non-invasive prenatal screening for monogenic diseases and the commercial offering 

Currently, the majority of NIPD strategies reported, and certainly those available in 

the UK NHS, are available for cases where the familial mutation is known or there is a strong 

indication of the condition based on sonographic findings. As discussed above, compared to 

NIPT testing for aneuploidy, the commercial investment in developing NIPD for rare diseases 

has been less, largely due to the individual nature of the test required increasing costs. 

However, recently there has been a growing market of commercially-available NIPD tests 

offering screening to low risk pregnancies for a range of single gene diseases.  
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One of the greatest concerns within the healthcare community surrounding 

commercial screening tests is the lack of pre- and post-test counselling that is offered to 

provide patients with the appropriate knowledge of what a positive or negative result will 

mean for them and their family. For rare diseases, sensitivity and specificity figures can be 

misleading, and may rely on small datasets. One of the commercial single gene screening 

tests on offer quotes a combined analytical sensitivity and specificity of >99%, although the 

detection rate for two of the 30 genes on their panel is less than 50% (31). The quoted 

figures provided also only relate to the specific genes or mutations under investigation, 

which in some cases will not cover the full spectrum of causative variants. The problem is 

confounded by a lack of follow-up of patients who have undergone testing, plus uptake by 

low-risk women, which brings a greater risk of false positive results. A lack of counselling 

also means patients are often unaware of factors such as incomplete penetrance, variable 

expressivity of disease, or incomplete coverage of the genes in question. Many genes tested 

by these companies do in fact contribute to diseases with variable expressivity, making their 

claims of zero false negative results potentially unreliable, particularly as one report had 

follow-up on less than 50% of their cases (31). On the technical side, issues such as 

incomplete sequence coverage of some genes or exons, allele drop-out, and the difficulty in 

detecting copy number variants and structural rearrangements, all contribute to an 

uncertainty surrounding whether or not all genes and mutations are covered. Again, the 

lack of genetic counselling means many patients will be unaware of these potential issues. 

Until these issues have been resolved, the commercial offering of prenatal screening using 

cfDNA will continue to lack any recommendation or endorsement by a professional society.  

NIPD for monogenic disorders is still an emerging technique and there remains a lot 

to learn. For example we do not fully understand the production mechanism of cfDNA and 

how this may affect the detection of variants in the fetal DNA (32). In fact we are so far 

aware of two unexplained false negative cases. The first of these is from a commercial 

screen, which reported no pathogenic or likely pathogenic variants to a patient who 

subsequently gave birth to an affected child. In this case the report quoted a fetal fraction of 

13% but did not included any information regarding the coverage of the genes tested, just 

that they were included in the test. The second case is from a bespoke assay carried out in 

an accredited NHS diagnostic genetics laboratory, and the cause of the false negative result 

remains unexplained. This laboratory has subsequently reviewed all of its cases and the 

false negative rate is 1 out of 135 amplicons (0.74%); this limitation is included on any 

report where a mutation has not been detected. 

That being said, if correctly validated and implemented cautiously with close 

monitoring, non-invasive prenatal screening for monogenic disorders in this manner could 

hold a great many advantages over direct testing for known familial variants. It has the 

potential to deliver a definitive diagnosis early in pregnancy and therefore provide more 

information to parents regarding prognosis and recurrence risk. In this way it can also aid 

plans for delivery or early postnatal treatment, or even help to direct targeted in utero 

treatment or fetal surgery, as is currently being demonstrated in the research setting (33). 

Needless to say, it is crucial that patients and healthcare professionals fully understand the 

limitations of this screening, confirm positive findings with invasive testing and be fully 

aware of the possibilities for false negatives. 

 

Non-invasive prenatal whole exome/genome sequencing 
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The natural extension of technological advances leads to non-invasive whole exome 

sequencing (WES) or whole genome sequencing (WGS) for abnormal ultrasound scan 

findings suggestive of a monogenic disorder. By obtaining a diagnosis at this stage, it may 

help safely limit the postnatal diagnostic odyssey that these families would otherwise 

inevitably be facing. In addition to serving the patients directly, by gathering a wealth of 

information this will in time help to build a better understanding of fetal phenotypes in 

order to aid the interpretation of ultrasound scans and genotype information in the future. 

Aside from these advantages, prenatal diagnosis using WES or WGS poses a great 

number of technical and analytical challenges. Prenatal diagnosis using next generation 

sequencing analysis of invasive samples is still very much in its infancy, and it is becoming 

clear that the fetal phenotypes may not always reflect the recognised postnatal phenotype 

(34). This therefore makes interpreting the identified sequence variants (of which there will 

be a great number from whole exome or genome sequencing) incredibly challenging. In 

addition, the prenatal setting adds the further complication of the counselling issues that 

arise for variants of uncertain significance (VUS), incidental and secondary findings (35). One 

solution is to limit the analysis to large gene panels or a targeted exome in order to reduce 

these findings, however this brings us back to the difficulty in designing these panels due to 

the paucity of information on fetal genotype-phenotype correlations. Lastly, we must also 

consider the time and cost implications associated with this testing. Fetal structural 

anomalies are most often detected at the 20 week ultrasound scan and this therefore puts a 

very tight time-limit on the analysis of data from the subsequent prenatal testing. The costs 

associated with the deep sequencing that would be required for NIPD, analysis, data storage 

and potential re-interpretation, and counselling must also be evaluated.  

Most of the issues discussed above apply to both invasive and non-invasive prenatal 

WES/WGS, however one challenge unique to NIPD is that of identifying fetal variants in a 

background of maternal cfDNA (21). Not every fragment of cfDNA will contain an 

informative marker in order to identify it as fetal or maternal in origin. Obtaining adequate 

sequence coverage and accurate variant calling are therefore some of the greatest 

challenges faced by this field, and currently make any diagnostic approach based on these 

approaches unfit for routine clinical practice.  

 

Prenatal diagnosis based on fetal cells in the maternal circulation 

Another emerging technique for NIPD is single cell sequencing of circulating fetal 

cells isolated from the maternal blood (36, 37) or trophoblastic cells extracted from the 

external parts of the cervix (38). The use of fetal cells circumvents the issue of trying to 

detect fetal variants in a high maternal background, and also offers non-fragmented DNA 

which is more amenable to sequencing analysis. However, fetal cells are extremely low in 

number in the maternal circulation and are therefore difficult to isolate (37, 39). Another 

major issue when considering carrying out WES or WGS using DNA isolated from these cells 

is the allele drop-out rate following whole genome amplification. There is also concern 

surrounding sampling bias associated with single cell analysis. This fetal cell approach has 

promise, however there is a lot of work required in order to validate the use of these cells in 

the clinical diagnostic setting. 

 

 

What do we need to consider? 
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When discussing the advances in non-invasive prenatal diagnosis it is important to 

consider the social and economic impact on patients and healthcare providers. Firstly, there 

is concern among some that, due to the inherent non-invasive nature of this testing, parents 

will not think as carefully as they would prior to deciding whether or not to have an invasive 

test (40). There is a worry that the taking of blood for NIPD may become lost among the 

many other blood tests that are carried out during pregnancy, and therefore not given the 

consideration it requires. It is vital that patients opting for NIPD for a monogenic disease are 

counselled as fully as they would be for any other genetic test, and are aware of the 

implications not only for themselves and their pregnancy but also for their extended family. 

One other concern that has been raised is what the limits of the safer NIPD should be, or 

where is the line (5, 40)? Currently, at least in the UK non-invasive prenatal diagnosis 

follows the same guidance as current invasive testing when it comes to what conditions 

should be included and who should be offered testing.  

The development of NIPD services within the public healthcare setting must 

inevitably be guided by cost-benefit analysis. For autosomal dominant disorders or paternal 

exclusion tests, NIPD for de novo and paternal mutations is cheaper than invasive testing 

(41), whereas RMD, RHDO and bespoke assays are currently much more expensive. 

Centralising testing, as is being done in the UK NHS Genomic Medicine service, to increase 

throughput and allow multiplexing, and advances in technology will help decrease costs. 

However, developing bespoke testing on an individual family basis will remain costly until 

we develop a WES approach to NIPD. There are some that argue that for those families with 

a previous de novo dominant condition who are at very low gonadal mosaic risks, this 

should not be offered (42), but they do not take account of the benefits realised in terms of 

early reassurance or the fact that some parents would opt for invasive testing if NIPD were 

not available.  

 

 

Conclusion 

 

The data summarized in this review is largely focused on the UK, as this is the leading 

centre for the translation to clinical practice for NIPD. Community and healthcare 

engagement in the development and implementation of NIPD will be context specific; 

lessons learned from the UK experience may help inform responsible implementation in 

other countries, but it is unlikely to be replicated in identical models as health service 

delivery is so variable across the globe. 

NIPD for monogenic diseases is a rapidly developing field and is bringing safer and 

more accurate testing that is welcomed by both patients and the healthcare community. 

There are however still significant technical and analytical challenges ahead, as well as the 

need for clear ethical guidelines in advance of implementing these techniques into 

mainstream antenatal care. This includes the need for high quality genetic counselling both 

before and after testing to ensure that expectant parents fully understand the reported 

result and the implications for not only themselves but also their family. It is also crucial that 

commercial laboratories offering NIPD for single gene diseases are held to the same high 

laboratory and counselling standards as public healthcare services. 

 

 

Figure Legends 
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Figure 1. Illustration of relative mutation dosage. Red represents the mutated allele and 

grey represents the wild-type allele. The fetal genotype can be deduced from the relative 

amounts of mutated and wild-type allele detected in the maternal plasma. Adapted from 

Lun et al. (20). 

 

Figure 2. Illustration of relative haplotype dosage. Red represents the mutated allele and 

grey represents the wild-type allele. The maternal and paternal haplotypes associated with 

the disease are determined from informative heterozygous SNPs linked to the mutation site. 

The fetal genotype is deduced from the relative amounts of affected and unaffected 

haplotype detected in the maternal plasma. 
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Table 1. Development of cell-free fetal testing.  
Milestone – NIPT  Milestone – NIPD Technology Clinical Availability 

 1997 Discovery of cell-free fetal DNA (cffDNA) in the maternal plasma 

 

  

  Fetal sex determination using cffDNA 

 

PCR Research 

 2000 NIPD test for single gene disorders 

 

PCR Research 

 2001 Fetal sex determination using cffDNA available in clinical practice 

 

PCR Research 

 2002 Prenatal exclusion for autosomal recessive conditions (cystic fibrosis, β-thalassaemia and CAH) 

 

PCR Research 

Molecular counting for trisomy 21 

 

2007  Digital PCR Research 

Detection of trisomies 21, 18 and 13 

 

2008  NGS Research 

  NIPD for a monogenic disorder where parents carry the same mutation (male fetuses only) 

 

Digital PCR and RMD Research 

 2010 Whole fetal genome mapping by parental haplotype analysis 

 

NGS Research 

NIPT for trisomies 21, 18 and 13 offered by commercial 

companies in Hong Kong/China and the USA 

2011  NGS Commercial sector 

  NIPD for fetal sex determination approved for use in the UK NHS 

 

PCR Public Health Service 

  Routine 3
rd

 trimester RHD genotyping in all RhD- women offered to direct anti-RhD 

immunoglobulin administration 

PCR Public Health Service 

 2012 NIPD for a monogenic disorder where parents carry the same mutation reported  

(male and female fetuses) 

NGS Research 

  NIPD for selected single gene disorders approved for use in the UK NHS 

 

PCR-RED Public Health Service 

 2013 NIPD for using gene panels approved for use in the UK NHS 

 

NGS Public Health Service 

Widespread implementation of NIPT for aneuploidy   NGS Private sector, some 

insurance reimbursement 

Molecular karyotyping of subchromosomal abnormalities    

 

NGS Research 

NIPT for subchromosomal abnormalities launched as a 

commercial service 

2014  NGS Commercial sector 

 2016 NIPD for recessive conditions using RHDO 

 

NGS Public Health Service 

NIPT implemented as a primary aneuploidy screen 

 

2017  NGS Public Health Service 

 2018 cfDNA screening for monogenic disorders 

 

NGS Commercial sector 
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