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Plain language summary

The DNA code represents a genetic instruction as to how the human body develops and works. A ‘spelling mistake’ in the DNA code of the developing fetus can lead to a single gene condition. Examples of single-gene conditions include cystic fibrosis, sickle cell disease, and Huntington's disease. 

Single gene conditions collectively affect 1 in 100 births and can be inherited from one or both parent(s), or can occur without any family history but arise spontaneously out of a one-off change (pathogenic variant) in a known gene and sometimes there can be specific anomalies seen on the ultrasound scan which suggest this. Autosomal dominant inheritance is where a parent has the spelling mistake in their DNA and there is then a 1 in 2 chance that the baby will inherit the condition.  Alternatively, both parents may be carriers of the spelling mistake within their DNA code but don’t themselves have the condition (autosomal recessive inheritance), in which case there is then a 1 in 4 chance of having a baby with that condition. There are also X-linked (sex-linked) conditions where usually only boys can inherit the condition, while girls can be carriers. 

Traditionally, when embarking on a pregnancy where there is a risk of a baby being affected with a genetic condition, invasive testing using amniocentesis or chorionic villus sampling is offered to the parents to obtain a sample of DNA from the baby to test for the condition. However, these tests are invasive and involve a needle going into the womb and can carry a small miscarriage risk of around 1 in 200. 

We now know that DNA from the placenta (which represents the DNA in the baby) circulates in the mother’s blood from early pregnancy. This is known as cell-free fetal DNA (cffDNA) and so is a potential source of genetic material that can be used to test the baby for selected genetic conditions. Discovery of cell free fetal DNA in the mother’s blood now allows for testing for genetic conditions as early as the 8th week of pregnancy, commonly referred to as non-invasive prenatal diagnosis (NIPD). Its use has evolved in clinical practice from 2011 when it was originally developed to screen for common chromosome differences such as Downs, Edwards’s and Patau syndrome and for this purpose is referred to as noninvasive prenatal screening or testing (NIPS/T). While the acronym of ‘NIPD’ is similar to ‘NIPS/T’ it is important to be clear that these test for different things, can be a screening or a diagnostic test and use different technological approaches.  

The mother’s own cell-free DNA (CfDNA) will also be present in the sample and must be distinguished from that of her developing fetus. NHS funded NIPD is currently only offered in the English health service in some limited scenarios, for example, where parent(s) have already had a baby affected by a condition, or to test for specific conditions where there are differences detected on an ultrasound scan that suggest certain conditions. This testing can be done on a blood sample taken from the mother any time from 8-weeks of gestation, so earlier than invasive testing and with no risk. When we know which condition we are testing for because of the family history, this test is considered diagnostic and does not require any further testing for confirmation. 

This guidance is for healthcare professionals who care for women, non-binary and trans people. Within this document we use the terms woman and women’s health. However, it is important to acknowledge that it is not only women for whom it is necessary to access women’s health and reproductive services in order to maintain their gynaecological health and reproductive wellbeing. Gynaecological and obstetric services and delivery of care must therefore be appropriate, inclusive and sensitive to the needs of those individuals whose gender identity does not align with the sex they were assigned at birth.

1. Introduction

A monogenic or single gene condition is a genetic syndrome that is caused by a pathogenic variant in a single gene, leading to various phenotypic manifestations. The human genome contains over 20,000 genes, and more than 6000 single gene conditions with human phenotypes have thus far been identified.1 While individually rare, collectively such conditions are relatively common, occurring in 1% of births and following a Mendelian mode of inheritance, with autosomal dominant, recessive and X-linked inheritance accounting for 24%, 35% and 6% respectively (dependent on the population being assessed). Most dominant conditions are de novo, meaning that they are not inherited but happen as one-off copying errors during zygote production (most commonly, sperm).2-4 

Cell free fetal DNA (cffDNA) is present as fragmented DNA which is released from cells shed by the placenta (placental trophoblast) into the maternal circulation. This exists within the cell-free compartment of the maternal plasma alongside maternal cell-free DNA (cfDNA).5 Its discovery has facilitated screening for fetal chromosomal aneuploidies (commonly referred to as non-invasive prenatal screening/testing or NIPS/T) and its use has evolved in clinical practice from 2011 for this purpose, with the recommendation of a confirmatory diagnostic test (e.g., amniocentesis) following a high-chance result. NIPT for aneuploidy is a screening test because false positive results can occur for various reasons. Importantly, the fact that cffDNA is placental in origin means that in some cases due to confined placental mosaicism (CPM) it can be of a different genotype to the fetus and this or the presence of maternal chromosomal anomalies may also lead to results which are not reflective of the fetus’ genome. This application of the technology for aneuploidy screening will be covered in an upcoming RCOG Green-Top Guideline: Cell-free fetal DNA testing for chromosomal anomalies 0.1.

CffDNA application has been expanded to include diagnostic testing for some single gene or monogenic conditions. Where this is available it is targeted to detect specific pathogenic variants in pregnancies either at high risk because of a family history, or due to specific ultrasound findings. This is commonly referred to as non-invasive prenatal diagnosis (NIPD). In these scenarios, unlike NIPT for aneuploidy, testing is considered diagnostic without the need for a confirmatory test. This is because familial variants, or specific variants with matching phenotype are being investigated, and therefore the risk of a false diagnosis due to CPM is considered negligible.6 

Prenatally, determining the presence of a single gene condition is clinically important. If a fetus is diagnosed early in pregnancy this facilitates reproductive choice as women/couples have the option of termination of pregnancy or specialist multi-disciplinary team input from the antenatal stage to prepare for an affected baby. Traditionally to perform testing for single gene conditions proband (affected fetus) DNA acquired from an invasive test was required, however NIPD using cffDNA presents an opportunity, in some situations to avoid invasive testing and the associated risk of miscarriage (0.5%).2,46 As it can be performed at an earlier stage than with invasive testing, NIPD may therefore be associated with better clinical and psychological outcomes.7-9 For those continuing an affected pregnancy, early prenatal diagnosis facilitates the planning of delivery, including mode of delivery, in an appropriate level unit with advanced prenatal counselling by relevant specialists, tailored neonatal management and sometimes palliative care support, dependent on the condition. While primarily available in the setting of clinical trials, in the future, advanced diagnosis will open the doors to the timely administration of targeted in-utero therapies.10 Where a fetus is found to be unaffected from NIPD, this has been reported to reduce the period of uncertainty for women/couples and the pregnancy can be ‘normalized’ earlier.11 Due to its novelty there are no substantial long-term studies assessing the clinical impact of NIPD.  Noninvasive prenatal diagnosis is commissioned by in the English health service for use in specific clinical scenarios as we will discuss in this scientific impact paper.12 This paper does not cover the use of this technology for rhesus D genotyping.  

2. Technological approaches dependent on clinical indication
a. Fetal sexing
Assays used for NIPD are dependent on the specific clinical application and sensitivity required.13,14 Fetal sexing was one of the first applications developed and is carried out by assaying for presence or absence of Y chromosome-specific markers such as SRY.5 This is relatively straightforward as these are not present in the maternal cfDNA. Testing is predominantly performed by a quantitative polymerase chain reaction (Q-PCR) or Real-Time PCR-based approach. This is usually offered for pregnancies where there is an increased risk of a sex-linked or sex-limited condition, such as Duchenne Muscular Dystrophy, or where there are ambiguous genitalia detected on scan. Testing is possible from 8 weeks of gestation.5,15 

b. Monogenic conditions: Paternally inherited and de novo variants 
The feasibility of offering NIPD is dependent upon the nature and inheritance pattern of the variant and is not technically possible in all scenarios. In instances where there is a risk the fetus has inherited a single gene condition from the father, it may be possible to test the cfDNA and exclude the presence of the paternal variant [Figure 1]. This can include either an autosomal dominant condition, or a recessive condition where a paternal variant can be excluded which differs from the maternal variant. This testing is referred to as ‘bespoke’ NIPD and within the English health service has currently been worked up for hundreds of conditions such as￼￼ osteogenesis imperfecta, FGFR3-related skeletal dysplasia, Marfan syndrome and tuberous sclerosis Testing is usually by targeted next generation sequencing but use of other methods su[https://www.england.nhs.uk/wp-content/uploads/2024/07/national-genomic-test-directory-rare-and-inherited-disease-eligibility-criteria-v7.pdf].32 Testing is usually by targeted next generation sequencing but use of other methods such as digital PCR is possible. For an autosomal recessive condition where the paternal variant is detected, an invasive test would subsequently be required to determine whether the fetus is affected with the condition.16  	Comment by Fionnuala Mone: @steph or @natalie please can you suggest what best to put here	Comment by Natalie Chandler: We are yet to publish our bespoke cohort (99% sure this is the same for the Birmingham team) but I do have a paper with bespokes in where we have detected mosaicism in one of the parents so I have used the conditions and reference for this one.

It is also possible to use the same methodology to test for an apparently de novo pathogenic variant i.e., a dominant condition in a previous pregnancy that does not appear to be inherited from either parent. In general, the recurrence risk in this situation is low and therefore testing is not publicly funded, unless there is an indication of an increased chance of recurrence e.g., mosaicism in either parent, more than one affected child or a variant in a gene that is shown to have an increased chance of recurrence in the literature.17,18 However, in some instances this could be considered helpful as reassurance that there is not a recurrence without the requirement for an invasive test.

The same testing methodology can be adapted to test for panels of variants in the situation where a fetus has specific ultrasound scan findings indicative of a de novo condition, for example for FGFR2-related disorder such as Apert syndrome and FGFR3-related disorders associated with achondroplasia and thanatophoric dysplasia.19

For other clinical applications, such as autosomal recessive inheritance with a homozygous variant, and X-linked conditions, a more advanced technology is required which is dependent upon the inheritance pattern of the variant(s) being tested for. This is because the cffDNA is mixed with maternal cfDNA in the plasma, and where a variant may be maternally inherited by the fetus then this becomes more challenging to detect.6  
 
c. Monogenic conditions: Specific autosomal recessive and X-linked conditions
When testing the cfDNA for pathogenic variants carried by the mother, more sensitive techniques are required as the background of maternal cfDNA results in subtle differences in allele dosage. Assaying for the variant alone can be carried out using a method called Relative Mutation Dosage (RMD), however this has not been demonstrated to be robust enough to date.5 Therefore, a technique called relative haplotype dosage (RHDO) analysis has been adopted which increases the statistical power by testing for 100s-1000s of single nucleotide polymorphisms (SNPs) by next generation sequencing, to form a haplotype [Figure 2].5,45 This is a dosage-based haplotype approach applied to the cfDNA. A haplotype refers to a set of single nucleotide polymorphisms (SNPs) or DNA variants along a single chromosome that tend to be inherited together.  This haplotype is compared to the haplotype of the affected proband surrounding the affected allele and used to determine if the fetus is predicted to be affected or not.5 

RHDO assays are available for the X-linked conditions Duchenne and Becker muscular dystrophy (DMD/BMD).  Non-invasive fetal sexing should be carried out first to determine whether the fetus is male or female, and then for male pregnancies NIPD for DMD/BMD can be offered to determine if the male fetus has inherited the high or low-risk X chromosome.6

RHDO assays are also available for autosomal recessive conditions such as cystic fibrosis, spinal muscular atrophy, and congenital adrenal hyperplasia. The haplotype phasing is carried out for both the maternal and paternal alleles to determine which copies the fetus has inherited and therefore in most cases can also detect carrier status.3,6,7

An advantage of RHDO assays is that they are universal and therefore once developed for a specific gene / disorder they can be used for any couple regardless of the individual pathogenic variant.  There is however requirement at this current time for availability of DNA from a proband for haplotype-phasing i.e., to assign the low and high-risk haplotypes. For autosomal recessive conditions this is usually a previous affected child of the same couple, although an unaffected non-carrier child can also be used. For DMD/BMD this can depend on the pedigree and can include other male relatives, and therefore advice of a clinical geneticist or the laboratory should be sought. It is likely that RHDO testing will be available for additional conditions in the future, and it is also hopeful that this may include couples where there is no availability of a proband (although this is not the case now).6,45

Important considerations for clinicians include appropriate prospective ultrasound dating and to ensure that it is a singleton pregnancy/there is no vanishing twin, and the use of cfDNA stabilising blood collection tubes to optimise fetal fraction by minimising cell haemolysis. Fetal fraction is the proportion of cffDNA within the cfDNA and is a metric which is measured in most assays for quality assurance. In some instances, for example where the fetal fraction is very low, a further maternal blood sample at a later gestation may be requested by the laboratory for testing. Accompanying samples from the mother and proband (either affected or non-affected non-carrier siblings are acceptable) are required for all and for autosomal recessive conditions a paternal sample is also required, it may be possible to source these from a local genomics laboratory if these have been stored previously. Close working or referral to clinical genetics is advisable for most of these referrals, to ensure optimal counselling, referral pathways and sourcing of relevant samples.11,17,20 

There is a low (4-6%) but significant failure rate associated with the testing, and it is advisable to request this information from the laboratory for counselling purposes.47,48 This is usually where the fetal fraction is persistently low, or there are insufficient informative SNPs, or where there has been a recombination close to the pathogenic variant when haplotyping has been used meaning we are unable to determine which allele has been inherited at the position of the pathogenic variant. If this is the case, then invasive testing should be offered as an alternative. The number of tests available in the future is likely to increase, and therefore close working with clinical genetics and the laboratories is advisable to ensure that referrers are aware of current testing available.	Comment by Fionnuala Mone: @steph or @natalie can you quantify this and suggest a reference?	Comment by Natalie Chandler: added

3. Evidence to support clinical applications for non-invasive prenatal diagnosis of monogenic conditions

a.  Fetal sexing determination 

A bivariate meta-analysis of 11,179 pregnancies demonstrated a sensitivity of 0.989 (95% CI 0.980–0.994) and specificity of 0.996 (95% CI 0.989–0.998) for fetal sex determination using cffDNA.13 This followed an earlier meta-analysis of 6,541 cases demonstrated a sensitivity of 0.954 (95% CI 0.947-0.961) and specificity of 0.986 (95% CI 0.981-0.990), with performance most optimal for real-time PCR and later gestational ages.14 This can be applied where a fetus is at risk of a sex-linked condition e.g. Duchenne Muscular Dystrophy where it can reduce the need for invasive testing by 50% and is a more cost-effective approach.15 Genetic sex determination can also be useful where fetal ambiguous genitalia are suspected. 

b. Parents are carrier(s) for a single gene condition

Where a parent has a monogenic condition or a previous affected pregnancy, in some circumstances NIPD can be applied to determine if the fetus is affected. In this case the test is considered diagnostic. When considering the option of NIPD prospective pre-test counselling should discuss the potential options of invasive testing or preimplantation genetic diagnosis for monogenic conditions (PGT-M), adoption or donor gamete. Availability of NIPD will be dependent upon the condition, and the nature of the variant and its inheritance, which determines the technological approach required. Examples of conditions where this testing has been applied include Duchenne and Becker Muscular Dystrophy, spinal muscular atrophy, cystic fibrosis, congenital adrenal hyperplasia and retinoblastoma.  Typically, there are failure rates of less than 4%, 100% concordance with invasive testing, and a turn-around-time of 21-calendar days.19-25 For rarer conditions, a bespoke NIPD assay may be possible, however this requires advanced work-up by the genomic laboratory prior to the pregnancy.  In some cases, this is not possible. It is therefore important to discuss potential cases with the laboratory before offering the test. The above testing forms part of the National Health Service (NHS) Genomic Test Directory service and while testing for couples identified as carriers through screening as opposed to being affected or having DNA from a previous affected child remains challenging, applications have recently been expanded to include testing in consanguineous couples.26 

c. Parents have a previous affected pregnancy (dominant or X-linked condition) but are not known to be carriers

In such instances a monogenic condition can be referred as being of de novo inheritance, where it is unlikely outside of gonadal mosaicism that a subsequent fetus is affected. While NIPD may be feasible in such instances, the risk of recurrence in a subsequent fetus tends generally to be low and serves as being for reassurance purposes only with a low diagnostic yield, hence this is not offered routinely within the NHS.17,18 Recurrence risk for de novo variants can differ dependent on the variant itself, the parent-of-origin, the number of previous affected pregnancies, tissue distribution of the variant and the timing in development at which the variant occurred. For some conditions there can be an increased risk of gonadal mosaicism, e.g. Osteogenesis Imperfecta where the recurrence risk can be up to 16% dependent upon the aforementioned influencing factors.26 Practically, it is difficult to empirically define this risk for an individual pregnancy, however it is likely that in the future, approaches such as that adopted in the PREGCARE study (PREcision Genetic Counselling And Reproduction) may be accessible to provide couples with a personalized recurrence risk by applying locus specific sequencing of multiple tissues and determining the parent-of-origin.4 Following this risk assessment, testing for future pregnancies such as NIPD (where it is regarded as diagnostic), PGT-M or prenatal diagnosis would be considered as appropriate although this practice is only currently performed in a research setting within the English health service.4 

d. Ultrasound findings suspicious of a specific monogenic condition 

 For certain autosomal dominant monogenic conditions such as FGFR3 gene- related skeletal dysplasias (Muenke syndrome, hypochondroplasia, hypochondroplasia, hypochondroplasia with acanthosis nigricans, thanatophoric dysplasia and severe achondroplasia with developmental delay) and FGFR2 gene variants (FGFR2 related craniosynostosis disorders including Apert, Crouzon and Pfeiffer syndromes among others there may be a specific phenotype identifiable on scan and for these conditions NGS panels have been developed via an NIPD approach. For such syndromes, establishing a prenatal diagnosis is important due to the variation of severity regarding lethality and association with neurodevelopmental impairment. Where NIPD is applied in this instance it is considered diagnostic. In the case of FGFR3 gene testing abnormal ultrasound findings can prompt NIPD testing. These include short, long bones <3rd centile, bowing of the long bones, head circumference on or above the 95th percentile or above the normal range for gestation at diagnosis and/or frontal bossing or a cloverleaf skull, small chest with short ribs, normal fetal and maternal dopplers waveforms and possible additional findings such as polyhydramnios or short fingers. Specific phenotypic criteria must be fulfilled before testing can be initiated with certain phenotypic patterns more suggestive of specific conditions.27 In the case of FGFR2 gene testing phenotypic ultrasound features include macrocephaly, proptosis and symmetrical syndactyly.27 Three-dimensional ultrasound and fetal MRI are tools which can optimise deep phenotyping but are not essential to initiate NIPD. This has been demonstrated to have a diagnostic yield of 82.6% where there are two or more ultrasound-based findings in the case of FGFR3 gene-related cases and when compared to a PCR and restriction enzyme digest approach detected the correct diagnosis in 96.2% with no inconclusive results.28,29 Inclusion criteria in relation to phenotype must be met to qualify for testing. 

A further application of NIPD is in Rhesus D genotyping which is beyond the scope of this scientific impact paper and is covered in the National Institute for Health and Care Excellence 2016 Guideline.30 

4. Practical considerations

Where noninvasive prenatal testing is being considered for the aforementioned indications, similar to prenatal exome sequencing, clear detailed pre- and post-test counselling should be provided by an appropriately trained professional, such as a genetic counsellor, clinical geneticist or fetal medicine specialist so that parents have a full understanding of the technical, clinical and ethical implications of testing in addition to laboratory failure rates and turnaround times.12,31 Parents also need to be aware that technologies used for NIPD are more sensitive than conventional testing strategies and may allow identification of mosaicism which can have implications for their own health and change recurrence risks for future pregnancies.32 A further consideration is that around collecting blood samples as the proportion of cffDNA relative to total cell free DNA will reduce with time from the point of sample collection due to maternal cell lysis. The use of cell-stabilising agents has been shown to be beneficial in mitigating this, particularly where time to processing is more than eight hours.33 Accurate quantification of fetal fraction is essential as a quality control measure in NIPD and varies dependent on the assay. This should be validated for individual assays by the testing laboratory. Some NIPD techniques can be bespoke and require prior work-up from the genomic laboratory. Dependent on assay complexity and need for additional samples from family members testing can be an expensive resource.17 Hence, advanced liaison with the relevant genomic laboratory should be considered so that the patient can be offered the correct test which can be worked up in adequate time prior to pregnancy to facilitate timely diagnosis.6 Before the test is performed the pregnancy should also be accurately dated to ensure it is being performed at a gestation where adequate cffDNA will be available. 

5. Cost-effectiveness 

Cost-effectiveness of NIPD is dependent upon the clinical indication and technological approach used which is further elaborated below. For fetal sexing, in the case of Duchenne Muscular Dystrophy and congenital adrenal hyperplasia, NIPD and invasive testing costs were similar but testing costs were offset by fewer women requesting invasive testing.34 For autosomal dominant conditions, NIPD cost £314 less than performing an invasive test. However NIPD by RHDO cost £1000 more than an invasive test, in the case of testing for recessive and X-linked conditions.17 It is also dependent on the condition being tested for with bespoke testing for ultra-rare monogenic conditions costing more than for those that can be used repetitively for more common single gene conditions, such as sickle cell disease and cystic fibrosis.17,35 Hypothetical economic evaluations based on a presumed testing uptake estimates an incremental cost of NIPD over invasive testing of £48,635 and £26,510 per 100 at-risk pregnancies, for these conditions respectively.17,35 These analyses were performed in 2011 and 2016 and since then, in line with Moore’s Law the cost of genomic testing has fallen as well as the fact that costings beyond prenatal diagnosis e.g. pregnancy outcome data were not considered and findings had limited generalizability.

6.Screening for single gene conditions in low-risk pregnancies

From 2023 commercial NGS panels, known as single gene NIPT (sgNIPT) have been developed which can test cffDNA for common autosomal dominant and recessive conditions and have been applied to both at-risk and low-risk (fetuses with no known structural anomalies or known family history) populations.36 In this setting testing is not diagnostic and a high-chance result should prompt a confirmatory invasive test. Examples include ‘Unity’ from Billion-to-oneTM (autosomal recessive conditions including spinal muscular atrophy, cystic fibrosis, and hemoglobinopathies) and ‘Vistara’ from NateraTM (de novo autosomal dominant conditions).37

A. CfDNA screening for autosomal recessive conditions
For the autosomal recessive conditions, an initial maternal carrier screening test for the conditions of interest is performed first. If the mother is a carrier, then sgNIPT reflex testing is done.38,39 Estimates of positive predictive value are not yet available for low-risk populations due to the rarity of diagnoses and lack of postnatal verification data. Thus, due to a lack of scientific evidence of screening programme effectiveness the requirements of a screening test are not yet met.37,38,40,41,42  There are several risks of introducing autosomal recessive sgNIPT in low-risk pregnancies, including not all variants causative of a monogenic condition are being tested for and the test performance is unknown, potentially offering false reassurance.  There is also a potential for an increase in unnecessary invasive tests owing to false positive results.37 Prospective data with neonatal follow up is required before autosomal recessive sgNIPT can be recommended and integrated into clinical care.

b. cfDNA screening for autosomal dominant conditions 

For autosomal dominant conditions where de novo variants are screened, there is minimal published data available in screening low risk populations with structurally normal fetuses, and availability of testing in this population may also result in an increase in rate of invasive testing.  In high-risk populations who had screening and confirmatory testing, there were no reported false positive or false negative cases.  However, less than half in the largest cohort published had confirmatory testing.43 There are concerns regarding reporting autosomal dominant conditions with reduced penetrance. In structurally normal fetuses, the variable penetrance and expressivity of many autosomal dominant single gene conditions make it challenging to predict long-term outcome.  For these reasons autosomal dominant sgNIPT is also not currently endorsed screening for low-risk pregnancies by any international governing body.25 While not currently endorsed by any governing body, the application of sgNIPT, although controversial must be debated. It could be argued that carrier screening performed in some countries has limited clinical utility and equity as it can be challenging to perform testing pre-conceptually and to obtain paternal samples. By performing a single sgNIPT this could have a faster turnaround time compared to carrier screening in the first instance. It has also been proposed that this approach is associated with cost savings of 37.6 million USD per 100,000 pregnancies over traditional carrier screening. While carrier screening is not performed routinely within the UK, its application is expanding internationally and with that one must also consider patient autonomy and the right to access prenatal tests. 37,39 
 
6. Future considerations
Circulating nucleated fetal red blood cells in the maternal circulation and trophoblastic cells from the maternal blood and cervix provide an opportunity to directly test fetal (or placental) DNA without maternal contamination. While currently challenging to isolate and identify, this provides future scope for performing NGS on non-fragmented DNA.41 Long fragment cfDNA sequencing (i.e. cfDNA fragments greater than 600bp) also offers an opportunity to enhance the performance of NIPD through facilitation of haplotyping and assessment of inheritance patterns.44 In addition to these alternative approaches, as technology advances with the use of novel algorithms and artificial intelligence, testing where no proband DNA is present, maternally-inherited and triplet repeat conditions which pose significant technological challenges may also become feasible.45 Future services within the United Kingdom and internationally must also consider the health equity of the provision of NIPD services when considering their prenatal genomic testing strategy. 

6. Opinion 

· In specific single gene conditions, NIPD can be offered as an alternative to invasive testing, and it is considered diagnostic.
· Clear detailed pre- and post-test counselling must be provided by an appropriately trained professional, such as a genetic counsellor, clinical geneticist or fetal medicine specialist.
· Before NIPD is offered to a couple, advanced notification to the genomic laboratory is usually required.  This is to confirm that testing can be offered to the couple, and that there are appropriate familial samples available to enable this.
· Testing can be performed from 8 weeks’ gestation dependent on the indication.
· Maternal blood should be collected in a cfDNA stabilising tube unless transfer to the laboratory can occur within 8 hours, in which case EDTA can be used.  A dating scan is required to be performed in advance of testing, to date the pregnancy, confirm viability and the number of fetuses (including suspected vanishing twin).
· Technological approaches applied are dependent upon the mode of inheritance and include advanced PCR and next generation sequencing modalities.
· In the English health service, NIPD is currently commissioned for application in fetal sex determination, for pregnancies where parent(s) are known carriers of a genomic variant(s) (certain conditions only) and where there are specific pre-defined ultrasound findings e.g., FGFR2/3-related syndromes.
· Application of non-invasive prenatal testing to screen for single gene conditions in low-risk pregnancies is not currently recommended by any international governing body. 
· Future development of genomic technologies and testing of single fetal and placental cells as well as long fragment cfDNA sequencing may increase the scope of NIPD.


7. Figures
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Figure 1. Illustration of paternal pathogenic variant detection. Here the mother is homozygous wild-type, and the father is heterozygous for the pathogenic variant. The grey hashed box represents the wild-type allele, and the solid black box represents the mutated allele. The fetal genotype can be deduced from whether the pathogenic variant is detected in the maternal plasma: the fetus will either be homozygous wild-type (pathogenic variant not detected) or heterozygous (pathogenic variant detected). Reproduced with permission of RightsLink.16

[image: ]

Figure 2 - Illustration of relative haplotype dosage. Informative SNPs across the region of interest together with a sample from an affected proband, are used to determine the maternal and paternal haplotypes associated with the pathogenic variant. Here the parents are both heterozygous for the same variant. A low-level variant detection technique is used to detect the paternally inherited SNPs, and a dosage-based approach is used to assess the levels of the maternally inherited SNPs. A statistical pipeline can then be used to put all this information together to determine the fetal genotype. Reproduced with permission of RightsLink.16
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