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Preface and Introduction to Genetic Screening 

1. Introduction 

The impact of genetic diseases on health care systems, and society overall, is substantial. 

Diseases with a genetic component account for a significant proportion of disease burden, and 

additionally cases of reproductive failure (infertility, miscarriage etc). It is estimated that almost 

8% of individuals under the age of 25 years may be diagnosed with a genetic condition and over 

30% of childhood hospital admissions have a disorder that is, at least partly, genetically 

determined. Furthermore, the genetic component of many common multifactorial diseases 

should not be underestimated.  

Genetic diseases are caused by variants in the genome of an individual. There are many 

categories of genomic variants, ranging from single nucleotide variants in single-genes to gross 

aberrations involving extensive chromosome regions. However, not all genetic variants and 

their associated disorders are hereditary. Most single-gene Mendelian disorders are hereditary, 

that is, they are transmitted from parents to their off-spring. However, changes to the genome 

can also arise de-novo, in germ cells or somatic cells, and include rare, sporadic mutations 

within genes, most chromosome aberrations and many cancers. Since the 1950’s there has 

been constant progress towards understanding the underlying causes of genetic disease. This 

has been paralleled by the constant improvement of technologies that, besides use as research 

tools, also support the application of genetic screening tests.  

Screening was originally proposed as a means of early disease detection in asymptomatic 

individuals in order to improve health outcomes. Screening is traditionally a process of 

surveying a population, using a specific marker or markers and defined screening cut-off 

parameters, to identify those individuals in the population at higher risk for the particular 

disorder. With genetic screening the focus is to identify individuals at higher risk of having, 

and/or transmitting a genetic disorder or disease.  

Genetic screening of individuals without symptoms has several objectives. These include the 

amelioration of health outcomes in presymptomatic individuals, and/or the reduction of the 

incidence and prevalence of genetic disorders and/or the support for reproductive decision-

making. Genetic screening thus involves systematic and timely identification of cases 

(individuals or on-going pregnancies) with a predisposition to a genetic condition, and/or of 

persons or couples who carry a condition that increases the risk of a hereditary disease in 

offspring. 

However, the term “genetic screening” is not used in a consistent manner. In genetic 

screening there are many strategies used to recruit individuals into the screening programme. 

Screening strategies range from systematic population screening to opportunistic screening in 

targeted populations or patients. Other variables include the timing of the test, the predictive 

value of the test and the interventions available for individuals with a positive result. Finally, 

the term “genetic screening” is often (erroneously) used interchangeably with the term 
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“genetic testing”, the latter in fact, an aspect of a diagnostic work-up for cases that approach 

medical services with health-related indications. 

2. Historical Perspective 

In 1968 the World Health Organization published guidelines called the “Principles and 

practice of screening for disease” authored by Wilson and Jungner [1]. The report 

recommended several criteria that should be fulfilled when selecting a disease for screening 

(Table 1, see also the review by Dr Anne-Marie Laberge (Montréal, CA) and Dr Wylie Burke 

(Washington, USA) in this issue). Genetic screening was first adopted in the 1960’s for early 

disease detection of asymptomatic newborns with phenylketonuria (PKU). Prior to applying the 

screening programme, several prerequisites had been fulfilled according to the Wilson and 

Jungner recommendations: the untreated disease constituted an important health problem, 

the biochemical basis of the disease was known, a reliable and cost-effective screening test had 

been developed and therapeutic intervention was available, acceptable and effective [2]. To 

date newborn screening for PKU is one of the most universally applied screening tests, and is 

considered one of the most successful.  

Table 1 Classic screening criteria (Wilson and Jungner). 

1 The condition sought should be an important health problem. 

2 There should be an accepted treatment for patients with recognized disease. 

3 Facilities for diagnosis and treatment should be available. 

4 There should be a recognizable latent or early symptomatic stage. 

5 There should be a suitable test or examination. 

6 The test should be acceptable to the population. 

7 The natural history of the condition, including development from latent to declared 

disease, should be adequately understood. 

8 There should be an agreed policy on whom to treat as patients. 

9 The cost of case-finding (including diagnosis and treatment of patients diagnosed) should 

be economically balanced in relation to possible expenditure on medical care as a whole. 

10 Case-finding should be a continuing process and not a “once and for all” project. 

Screening was subsequently introduced for other conditions, not all of which were purely 

genetic, but nevertheless fulfilled the criteria proposed by Wilson and Jungner. One example is 

congenital hypothyroidism (CH), which can be caused by a variety of factors, most of which are 

not genetic. However, CH is one of the most common disorders related to mental impairment 

and growth retardation in newborns, and newborn screening for CH is another example of a 

successful screening strategy in preventive medicine [3, 4]. 

During the 1970’s Tay-Sachs and Sickle cell disease were amongst the first monogenic 

diseases selected for targeted for carrier-screening programmes with the aim of prevention. 

file:///E:/1Julie%20Jin/7%20SI%20Book%20制作/2%20Genetic%20Screening/obm-genetics-0672-20190911-Julie.docx%23_ENREF_1
file:///E:/1Julie%20Jin/7%20SI%20Book%20制作/2%20Genetic%20Screening/obm-genetics-0672-20190911-Julie.docx%23_ENREF_2
file:///E:/1Julie%20Jin/7%20SI%20Book%20制作/2%20Genetic%20Screening/obm-genetics-0672-20190911-Julie.docx%23_ENREF_3
file:///E:/1Julie%20Jin/7%20SI%20Book%20制作/2%20Genetic%20Screening/obm-genetics-0672-20190911-Julie.docx%23_ENREF_4
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The screening test for Tay-Sachs was facilitated by the identification of the underlying 

biochemical defect and the development of a test for the enzyme analysis [5] and screening for 

sickle-cell carriers was based on red blood cell morphology testing [6]. 

Carrier screening programmes for Tay-Sachs, with the option of prenatal diagnosis, were 

widely established in many Jewish communities in the United States in the early 1970’s [7]. The 

success of these pioneering carrier-screening programmes for Tay-Sachs highlighted that 

effective programmes not only require appropriate medical and technical infrastructure, but 

also must be acceptable to the population targeted. To achieve the latter there should be 

appropriate community education, access to information and genetic counselling, along with 

acceptable reproductive options (such as prenatal diagnosis and pregnancy termination).  

In contrast, the carrier-screening programmes for sickle-cell disease, which were also 

initiated in the early 1970’s in the African-American communities in United States, were not 

successful and were withdrawn. In many of the communities the sickle-cell screening 

programmes were initiated without community involvement and consensus, with inadequate 

infrastructure and information, and at that time, no option of prenatal diagnosis.  

Concurrent with carrier screening programmes in the early 1970’s, prenatal detection of 

trisomy 21 was also introduced. It was based on cytogenetic analysis of fetal cells derived from 

amniotic fluid cells [8]. At around the same time it was observed that elevated alpha-

fetoprotein levels in the blood of pregnant women were associated with an increased risk of 

fetal neural tube defects. Subsequently, reduced levels of alpha-fetoprotein in maternal blood 

were associated with an increased risk of fetal trisomy, adding another rationale for introducing 

the testing of maternal serum markers for screening fetal abnormalities, a strategy that has 

become widely accepted and applied.  

Thus, from the early 1970’s we have examples of first applications of genetic screening for 

presymptomatic disease detection, for carrier screening and for prenatal screening. 

3. Recruitment Strategies 

Once a disease has been identified as fulfilling the basic criteria for genetic screening, the 

problem arises of ensuring that all individuals that would benefit from the test are screened. 

With mass screening, recruitment aims to include all individuals in the defined population, 

supported by a systematic policy and strategy. With opportunistic screening only those 

individuals that consult the health system are recruited. And finally cascade screening involves 

the screening of (asymptomatic) relatives of individuals previously identified as having or 

carrying a genetic disorder. 

4. Timing and Strategy of Genetic Screening 

When selecting the most appropriate time during life to apply genetic screening, the main 

consideration should be to optimize overall health benefits relative to the specific disease 

file:///E:/1Julie%20Jin/7%20SI%20Book%20制作/2%20Genetic%20Screening/obm-genetics-0672-20190911-Julie.docx%23_ENREF_5
file:///E:/1Julie%20Jin/7%20SI%20Book%20制作/2%20Genetic%20Screening/obm-genetics-0672-20190911-Julie.docx%23_ENREF_6
file:///E:/1Julie%20Jin/7%20SI%20Book%20制作/2%20Genetic%20Screening/obm-genetics-0672-20190911-Julie.docx%23_ENREF_7
file:///E:/1Julie%20Jin/7%20SI%20Book%20制作/2%20Genetic%20Screening/obm-genetics-0672-20190911-Julie.docx%23_ENREF_8
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and/or aims. Thus there is presymptomatic screening, preconception screening and prenatal 

screening.  

The best-established strategy for presymptomatic screening is neonatal screening and it is 

traditionally considered most appropriate for relatively common early onset severe conditions 

that benefit from prompt detection and clinical management.  

Preconception screening generally involves carrier screening to identify couples that are at 

higher risk of transmitting a serious recessive disease to their off-spring. Traditionally, carrier 

screening has been directed at populations with an increased prevalence of recessive 

monogenic diseases, for example Tay-Sachs in the Ashkenazi and French-Canadian populations 

or hemoglobinopathies in the populations of the Mediterranean basin, the Middle East and Asia. 

The most appropriate time (or age) at which to offer preconception screening is still debated, 

since often couples are unaware of their reproductive risks before they conceive. Thus various 

communities have attempted to apply mandatory carrier-screening to school-age children or 

premariatal screening. However, mandatory screening is not always as it is perceived to 

“stigmatize” individuals who are identified as carriers. Thus, in clinical practice carrier-screening 

is often performed during an on-going pregnancy, which imposes limitations to the time 

available for test-completion, as well as on the choice of reproductive options. As the 

technologies available for identifying DNA variants improve and as the costs of genetic tests 

drop, carrier screening is moving away from ethnically-based and targeted towards screening 

all individuals/couples for a much broader range of Mendelian conditions irrespective of ethnic 

background. However, there are many challenges that need to be overcome both relative to 

the knowledge gaps about the natural history of conditions screened for (unknown or 

overestimated penetrance, age of onset, clinical utility of screening, cost-effectiveness, etc.) 

and to social acceptability and other ethical, social and legal issues. The public healthcare 

coverage of screening programs is also usually more parsimonious than the commercial offer 

where the patient pays for testing and follow-up.  

Finally prenatal (or antenatal) screening is applied during pregnancy to investigate whether 

the fetus is affected by, or at risk for, a congenital condition such as Down’s syndrome. 

5. Types of Genetic Screening Tests and Predictive Value 

Genetic screening tests may include analysis of genomic DNA or biochemical markers and, 

sometimes, other tests, such as fetal ultrasound. Additionally, the personal, family and in some 

cases, reproductive history of the case may contribute to the risk prediction. However, the 

predictive value of genetic tests varies according to many factors. Generally, the predictive 

value of genetic tests for single-gene defects or defined chromosome abnormalities will depend 

upon the penetrance of the disease phenotype associated with the genetic abnormality. Some 

genetic diseases are caused by defects with a strong genotype-phenotype correlation, and thus 

a positive result has a high predictive value. However, genetic screening tests for most 

hereditary cancers are not presymptomatic tests, but rather predict a risk of predisposition. 

Finally, for complex conditions, the onset of which are influenced by the interaction of many 
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genes and environmental factors, genetic testing is considered a susceptibility test, with low 

predictive value. 

6. Topics to Be Covered in the Present Special Issue 

We have invited well known authors in the field to provide a series of papers that will cover 

selected topics that highlight the progress, the state-of-the-art and future potential of genetic 

screening, ranging from practical and technological aspects through to social and ethical issues. 

Our aim with this issue is to provide information to promote and support optimal quality in 

standards of genetic screening in medical practice.  

As mentioned, Wilson and Jungner’s WHO criteria for population-based screening have 

allowed to establish the contours of screening programs worldwide. The translation of these 

criteria for genetic screening, and possibly their adaptation for genetic and genomic 

applications are reviewed by Dr Anne-Marie Laberge (Montréal, CA) and Dr Wylie Burke 

(Washington, USA) in their paper entitled “Avoiding the Technological Imperative: Criteria for 

Genetic Screening Programs. In this manuscript, they review criteria for screening developed in 

public health practice, applications of screening in genetics, and particular challenges posed by 

genetic screening. They highlight the fact that criteria for screening were developed to 

minimize potential harms such as overdiagnosis, a false positive finding, inappropriate costs to 

the healthcare systems and the risk of iatrogenic harms.  

The next paper from Dr Karen Sermon (Brussels, BE) reviews “Preimplantation Genetic 

Screening” and review the aims of PGS, the technologies employed for in vitro preimplantation 

embryo development after IVF and ICSI, biopsy methods and timing, methods for genetic 

analysis. Then she reviews the efficacy of PGS and the biological and technical variables 

influencing it to finally discuss the troubled relationship between PGS and evidence-based 

medicine. 

The issue of expanding screening programs for genetic diseases has emerged in recent years, 

in part due to the technical advancements that allow multiplex testing at ever lowering costs. 

Dr Martina C. Cornel (Amsterdam, NL) discusses various aspects of expanded screening in her 

opinion entitled “Responsible Implementation of Expanded Screening Programs for Genetic 

Diseases at the Beginning of Life”. Among other issues she underscores the necessity to 

evaluate the pros and cons of screening programs, including the cost-effectiveness, before 

expanding the scope of genetic screening. The goals of offering health benefits and greater 

reproductive choice can become blurred when too many different conditions are part of a 

screening panel. 

Prenatal screening for fetal aneuploidy is witnessing a technological revolution with the 

advent of non-invasive prenatal screening (NIPS) and which is drastically lowering the number 

of invasive prenatal procedures such as amniocenteses and CVS. The advances and challenges 

surrounding this revolution is reviewed by Dr Sylvie Langlois (Vancouver, CA) and Dr R Douglas 

Wilson (Calgary, CA). In their review “Prenatal Screening for Fetal Aneuploidies” these two 

authors, who are involved in developing Canadian guidelines for prenatal screening, review 
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traditional (biochemical and ultrasound markers) screening protocols as well as those involving 

cell-free DNA analysis in maternal plasma (NIPT). They also discuss the issue of screening for 

other fetal chromosomal anomalies than common aneuploidies and the need for pre-test and 

post-test counselling prior to any screening test, as well as for development and 

implementation of quality control and quality assurance guidelines for cfDNA screening.  

Since the 1970, as mentioned earlier, newborns are also screened for specific genetic and 

metabolic conditions. There also have been important revolutions in this field and it is expected 

that the new capacities of applied genomics may also revolutionise again the field of neonatal 

screening, which are reviewed by Dr Damien Bouvier (Clermont-Ferrand, FR) and Dr Yves 

Giguère (Québec City, CA). In their review “Newborn Screening for Genetic Diseases: An 

Overview of Current and Future Applications », the authors report on the technological 

evolution in prenatal diagnosis which has allowed to expand neonatal screening to various 

inherited disorders. They also report on the international variation in neonatal screening 

programs and the fact that, while NBS is considered as a major public health success of the 20th 

century, about two-thirds of neonates born in low-resource areas are still waiting to have 

access to newborn screening. 

Carrier screening for hemoglobinopathies has been the theatre of failures but also successes. 

The following paper by Drs John Old (Oxford, UK) and Cornelis Harteveld (Leiden, NL) will 

review “Carrier Screening for the Haemoglobinopathies: Past, Present and Future”. In their 

paper, they present current prospective screening programmes and discuss such screening in 

the antenatal and neonatal contexts. Screening algorithms are also presented as well as the 

various markers and techniques that are used in these algorithms for screening and diagnosis of 

alpha-thalassemia, beta-thalassemia and other forms of thalassemias. They further discuss the 

latest developments such as arrayCGH, Next Generation Sequencing and the use of maternal 

cfDNA.  

Screening for cystic fibrosis has been considered for a long time and has taken various forms 

over the years. After neonatal screening programs have implemented CF screening successfully, 

earlier identification of couples at risk through carrier screening will be reviewed by Drs Myrtoi 

Poulou and Maria Tzetis (Athens, Greece) in their review entitled “Carrier Screening for Cystic 

Fibrosis: Past, Present and Future”. Here they review the history of population-based carrier 

screening for CF, focusing on screening guidelines, the current requirements and the difficulties 

of implementation, considering the very large heterogenity of CF-causing mutations.  

Finally but not the least, genetic screening raises many questions within the public, the 

society and for families as well, in terms of ethical and social issues and impacts. Two 

manuscripts discuss these under different angles. A first manuscript led by Prof. Bartha M. 

Knoppers (Montreal, CA) is entitled “Newborn Screening Programs: Next Generation Ethical and 

Social Issues” and explores the key challenges associated with the use of genomic sequencing 

technologies into the public health umbrella of newborn screening programs. Secondly, the 

authors discuss the positions and statements published in the last decade in this field and 
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propose critical steps for addressing the policy challenges raised by genomic sequencing in 

newborn screening. 

A manuscript entitled “Moving Towards Routine Non-Invasive Prenatal Testing (NIPT): 

Challenges Related to Women’s Autonomy» led by Prof. Vardit Ravitsky (Montreal, CA) 

discusses some longstanding ethical concerns regarding prenatal screening and what makes 

NIPT different from earlier technologies. From there, future uses of NIPT are examined while 

examining ethical and social implications particularly as they relate to reproductive autonomy. 

We hope the readers will find this special issue on genetic screening instructive and useful. 

Over the past half a century, genetic screening has steadily been gaining ground and use in 

clinical practice, with technological advancements, have led to the potential to detect more and 

more diseases. However, there remains a need for a formal evaluation of new health care 

services proposals to ensure that new genetic screening programs will be beneficial to couples’ 

informed choices, to patients’ outcomes and the society. 
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Abstract 

Newborn screening (NBS) for inborn errors of metabolism (IEM) was introduced more 

than 50 years ago with the testing of phenylketonuria (PKU) using blood spots deposited 

on a filter paper after heel prick. NBS aims to identify early after birth inherited disorders 

for which clinical management and pre-symptomatic treatment will significantly decrease 

morbidity and mortality. While NBS for a few other disorders was implemented in some 

specific jurisdictions over the following decades, it is with the introduction of tandem 

mass spectrometry (MSMS) by the end of the 1990’s that NBS expansion really took 
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place. MSMS has had a tremendous impact on NBS, but led to heterogeneity in NBS 

disorders panel between jurisdictions that have introduced new conditions at various 

rates using different decision-making processes. In addition to disorders tested by MSMS, 

many programs have included other inherited disorders using various testing 

methodologies, including cystic fibrosis (CF), sickle cell diseases (SCD), while some others 

have been recently introduced in some jurisdictions or are under considerations, such as 

severe combined immunodeficiency (SCID), lysosomal storage disorders and X-linked 

adrenoleukodystrophy (X-ALD). As the cost of DNA testing decreases, the future of NBS 

will inevitably include genome sequencing, which will represent an opportunity to detect, 

treat and prevent more serious early-onset health conditions in the best interest of 

newborns, provided that public health authorities rule on ethical and policy issues, such 

as the identification of variant of unknown significance and the disclosure of incidental 

findings. Finally, despite the current exciting technological advances in the field of NBS in 

the Northern hemisphere, we should not be blinded that despite various initiatives, about 

two-thirds of neonates born in low-resource areas are still waiting to have access to NBS. 
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1. Newborn Screening Then and Now: An Overview 

In 1961, Dr Robert Guthrie described a method of testing newborns for Phenylketonuria 

(PKU). The first disorder screened for, PKU, is a rare, recessively inherited enzyme deficiency of 

the phenylalanine hydroxylase that generally results in severe mental retardation unless 

treated from early infancy [1]. Dr Guthrie proposed a simple blood sampling method that 

involved phenylalanine measurement from heelstick blood samples dried on a filter paper. The 

advantages of dried blood spots on filter paper are that sample collection is easier and that 

logistic aspects related to sample storage and shipment through postal services to a central 

laboratory for testing can be relatively limited, without the need of a refrigerator or dry ice [2]. 

Rapidly, US states collaborated to the implementation of universal screening, and already in 

1963 over 400 000 newborns from 29 states were screened, which revealed 37 cases of PKU. All 

affected children were on low phenylalanine dietary treatment by the age of 1 month, and the 

feasibility of mass screening was clearly shown [3]. By 1965, 32 states performed newborn 

screening (NBS) in the USA, including 27 states enforcing mandatory screening [4]. In the 

following years, many other countries from the western world implemented newborn screening 

for PKU. The next breakthrough in newborn screening came in 1975 when Jean Dussault 

published a method of newborn screening for congenital hypothyroidism (CH) using the same 



OBM Genetics 2019; 3(3), doi:10.21926/obm.genet.1903093 
 

Page 3/155 

filter paper in use for PKU [5]. Most developed countries had adopted screening for PKU and CH 

in the 1970’s.  

In the next two decades, there were a very few initiatives to add other disorders to NBS 

programs, such as congenital adrenal hyperplasia (CAH), haemoglobinopathies, biotinidase 

deficiency and cystic fibrosis (CF) [6]. Some of the additional disorders added to the limited NBS 

panel included those for which there was a high prevalence in the related jurisdiction. As an 

example, NBS for hereditary tyrosinemia type 1 (HT1) due to fumarylacetoacetate hydroxylase 

deficiency, was added in 1970 in Québec where a genetic founder effect in the French-Canadian 

population led to an increased prevalence of the disorder [7]. HT1 was first screened by 

tyrosine measurement, but eventually succinylacetone, a byproduct, which showed to be more 

sensitive and specific and became the 1st tier screening test for HT1. 

In the 1990s the development of electro-spray ionisation tandem mass spectrometry 

(MSMS), a multiplex platform technology allowing multianalyte screening from one blood spot, 

and thus the simultaneous detection of many rare inherited disorder after only one single 

injection into the instrument, led to the massive expansion of NBS [8]. Since then, many 

jurisdictions have progressively performed their own decision-making process for the expansion 

of NBS, which led to heterogeneous NBS disorder panels. Some countries adopted a very 

conservative approach including only a few disorders, while others have increased significantly 

the number of conditions screened to more than 30 in their NBS panel. To add to the 

complexity, some countries such as the United States and Canada do not have nationally 

mandated NBS programs, as they fall under territorial (states, provinces,…) jurisdictions, each of 

which may follow their own processes of NBS expansion. In the United States, however, to 

decrease state-to-state heterogeneity between NBS disorders panels, which raised equity 

concerns of advocacy groups [9], the Secretary of Health and Human Services’ Advisory 

Committee on Heritable Disorders in Newborns and Children (SACHDNC) mandated the 

American College of Medical Genetics to provide the Secretary with national NBS 

recommendations for a Recommended Uniform Screening Panel (RUSP): out of 88 conditions 

assessed, this led to the adoption of a core of 29 conditions to be screened and 25 secondary 

target conditions [10]. The adoption of the RUSP in the United States led to significant 

harmonization, although the methodology used was debated [11, 12]. Since the initial version, 

other conditions, such as severe combined immunodeficiency disease (SCID) [13] [14], X-linked 

adrenoleukodystrophy, critical congenital heart disease (CCHD)[15](performed by pulse 

oximetry), Pompe disease, and Mucopolysaccharidosis type I (MPS I), as well as spinal muscular 

atrophy due to homozygous deletion of exon 7 in SMN1 and newborn hearing screening [16] 

have been included in the core conditions of the RUSP, which now represents 35 conditions 

[17].  

Of note, screening techniques for lysosomal diseases are also rapidly developing. A tandem 

mass spectrometry assay in which the enzymatic activities of 9 lysosomal enzymes (-

glucosidase, -galactosidase A, -I-iduronidase, acid sphingomyelinase, acid -

glucocerebrosidase, galactocerebrosidase, iduronate-2-sulfatase, N-acetyl-galactosamine-6-
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sulfatase, N-acetyl-galactosamine-4-sulfatase) was developed to screen Pompe disease, Fabry 

disease, Hurler disease, Niemann-Pick-A/B disease, Gaucher disease, Krabbe disease, 

mucopolysaccharidosis II, IVA and VI, respectively [18]. Peroxisomal diseases as X-linked 

adrenoleukodystrophy are also studied using LC-MSMS [19]. Some conditions, such as 

Duchenne muscular dystrophy are not included in the core conditions of the RUSP but are 

screened in newborns in some jurisdictions [20]. Approved treatments for Duchenne muscular 

dystrophy may change the natural history of this disease [21]. To avoid diagnostic delay and 

provide optimal treatments, early identification of patients through NBS will be necessary.  

If the ACMG recommendations had some influence in the decision-making process outside 

the United States, they did not receive worldwide support, most probably because different 

jurisdictions evaluate relevance of conditions to be introduced in their NBS programs using 

different angles, which leads to various interpretations of similar criteria. In their 1968 World 

Health Organization report, Wilson and Jungner identified 10 principles and practice of 

population screening to guide the selection of conditions that would be suitable for screening 

(Table 1) [22]. Population screening aims to identify disorders that fulfill those criteria that are 

mainly based on the severity and natural history of the disorder, the capacity to detect the 

condition at an early pre-symptomatic stage using an acceptable test, and the availability of an 

acceptable treatment. Also, they considered the impact of screening on the cost of case-

finding, which should be economically balanced in relation to medical costs. Considering the 

many technological advances that were introduced since, which made screening a topic of 

growing importance and controversy, an updated WHO report was published forty years after 

the classic Wilson and Jungner criteria were outlined [23]. The WHO criteria were not 

specifically directed for genetic application and newborn screening, but they have stood the 

test of time. While there is a broad consensus on these population-based screening criteria, 

there is variability in how they are interpreted. As mentioned by Wilcken and Wiley regarding 

NBS, there is in fact little hard evidence about the benefits of screening [6], which probably 

explains, as least for a significant part, the differences in the evaluation of the relevance of 

conditions to be screened between the different territories [24]. One must not only consider 

the benefits, but also the potential harms for each condition added to a NBS panel, namely the 

increase of false positive results leading to unneeded interventions, as well as the potential 

parental psychological distress and potential distortion of parental perception about the child, 

while expanded screening may give rise to so called “patient in waiting”, i.e. individuals with a 

genetic diagnosis who remain asymptomatic for years or decades [25]. After performing a 

systematic review of the literature on NBS criteria worldwide, Jansen et al. concluded that 

despite commonalities, NBS programs are using different approaches to explore the same 

policy issues, including: the beneficiary of NBS, definition of criteria, the way conditions are 

assessed, level of evidence required, and recommendations after assessment, which potentially 

results in increased disparity across NBS programs internationally [26].  
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Table 1 Summary of the 1968 Wilson and Jungner criteria for screening, [22] 

(updated by Andermann et al. in 2008 [23]). 

Principal Wilson and Jungner Criteria for Screening 

• Condition is an important health problem 

• Acceptable treatment available  

• Facilities for diagnosis and treatment available  

• Knowledge of the natural history of the disorder 

• Presymptomatic intervention improves outcomes 

• Simple and low cost test with excellent performance 

• Resources available for follow-up of positive individuals 

• Program acceptable to the population 

• Development of a program policy 

• Cost of case-finding is acceptable 

 

2. Next Generation Sequencing in the Field of NBS: Potential and Concerns 

With the recent sequencing of the entire human genome [27, 28], genetic screening is being 

proposed as a major opportunity for translating genetic and genomic advances into population 

health gains [29, 30]. Next generation sequencing (NGS) has already started to transform 

genetics, and clinical application of whole sequencing genetics has already shown to decrease 

the diagnostic odyssey in both adults and children [31, 32] and shortening intensive care units 

stay in critically ill children [33]. With decreasing costs and novel genotyping and sequencing 

technological platforms, interest in the use of molecular testing for NBS is increasing. However, 

DNA testing has already been introduced in NBS for several years for some disorders. As an 

example, most programs performing NBS for cystic fibrosis have implemented a CFTR mutation 

panel as a second-tier test following increased immunoreactive trypsin level. Considering the 

capacity to perform DNA testing from filter paper combined with the decreasing costs of DNA 

testing, there is growing interest for including more widely DNA testing technologies to NBS, 

which would greatly increase the capacity to identify rare but devastating disorders, but which 

also raises some ethical concerns.  

Again, gene testing is used as a 2nd tier test following a positive biochemical screen (i.e. cystic 

fibrosis in most NBS programs offering NBS for CF) and as part of the diagnostic confirmation 

workup of many conditions. However, there is yet no genetic conditions screened using 1st tier 
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gene sequencing. Theoretically, 1st tier targeted NGS would allow the systematic sequencing of 

a panel of genes for detecting all the conditions of a NBS panel to be detected at birth. As an 

example, without taking into account 3 pathologies, newborn hearing screening, critical 

congenital heart defect and congenital hypothyroidism (for which there is great genetic 

heterogeneity)[34], this would represent a panel of 57 genes when applying the ACMG 

recommended “core panel” (Table 2). However, the more a condition is genetically complex, 

the more a biochemical approach would be favored, provided that the latter is highly sensitive 

and specific. Also, some biochemical tests and markers can detect more than one condition. For 

example, an increase in the phenylalanine level may be caused by classical phenylketonuria due 

to a defect in phenylalanine hydroxylase, but may also unravel a deficit in the metabolism of 

tetrahydrobiopterin [35]. Similarly, an elevation of the 17 hydroxy progesterone may be caused 

by a 21-hydroxylase deficiency but also other steroidogenesis enzymes. 

Table 2 Main genes involved in core panel of diseases to be detected at birth 

according to ACMG newborn screening expert group (HGNC, HUGO Gene 

Nomenclature committee). 

Group of conditions Condition 
HGNC approved gene symbol 

(OMIM) 

Organic acidemias 

Isovaleric acidemia IVD (607036) 

Glutaric acidemia type I GCDH (608801) 

3-OH 3-CH3 glutaric aciduria HMGCL (613898) 

Holocarboxylase synthase deficiency HLCS (609018) 

Methylmalonic acidemia (mutase 

deficency) 
MMUT (609058) 

3-Methylcrotonyl-CoA carboxylase 

deficiency 

MCCC1 (609010), MCCC2 

(609014) 

Methylmalonic acidemia (cobalamin 

disorders) 

MMAA (607481), MMAB 

(607568), MMADHC (611935) 

Propionic acidemia PCCA (232000), PCCB (232050) 

-Ketothiolase deficiency ACAT1 (607809) 

Biotinidase deficiency BTD (609019) 

Disorders of fatty 

acid metabolism 

Medium-chain acyl-CoA dehydrogenase 

deficiency 
ACADM (607008) 
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Very long-chain acyl-CoA dehydrogenase 

deficiency 
ACADVL (609575) 

Long-chain L-3-OH acyl-CoA 

dehydrogenase deficiency 
HADHA (600890) 

Trifunctional protein deficiency HADHB (143450) 

Carnitine uptake defect SLC22A5 (603377) 

Carnitine transport defect 
CPT1A (600528), SLC25A20 

(613698), CPT2 (600650) 

Disorders of amino 

acid metabolism 

Phenylketonuria PAH (612349) 

Maple syrup (urine) disease 

BCKDHA (608348), BCKDHB 

(248611), DBT (248610), PPM1K 

(611065) 

Homocystinuria (due to CBS deficiency) CBS (613381) 

Citrullinemia ASS1 (603470) 

Arginosuccinic acidemia ASL (608310) 

Tyrosinemia type I FAH (613871) 

Hemoglobinopathies 

Sickle cell anemia (Hb SS disease) 

HBB (141900) Hb S/-thalassemia 

Hb S/C disease 

Endocrinopathies 

Congenital hypothyroidism 

DUOX2 (606759), DUOXA2 

(612772), PAX8 (167415), TG 

(188450), TPO (606765), TSHR 

(603372), IYD (612025)… 

Congenital adrenal hyperplasia (21-

hydroxylase deficiency) 
CYP21A2 (613815) 

Others metabolic 

conditions 

Glycogen storage disease type II (Pompe) GAA (606800) 

Mucopolysaccharidosis type 1 IDUA (252800) 

X-linked adrenoleukodystrophy ABCD1 (300371) 

Classical galactosemia GALT (606999) 

Others 
Spinal muscular atrophy due to 

homozygous deletion of exon 7 in SMN1 
SMN1 (600354) 
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Newborn hearing screening / 

Cystic fibosis CFTR (602421) 

Critical congenital heart disease / 

Severe combined immunodeficiencies 

ADA (608958), CARD11 

(607210), CD247 (186780), 

CD3D (186790), CD3E (186830), 

CORO1A (605000), CTPS1 

(123860), DCLRE1C (605988), 

IKBKB (603258), IL2RG 

(308380), IL7R (146661), JAK3 

(600173), LAT (602354), LCK 

(153390), PRKDC (600899), 

PTPRC (151460), RAG1 

(179615), RAG2 (179616) 

 

In a recent report, Yang et al. performed systematic NGS in biochemically screened-positive 

neonates by MSMS from three areas of the Jiangsu Province performing NBS for 27 inborn 

errors of metabolism (IEM). Over a period of four years, 536,008 neonates had positive 1st tier 

tandem MS screen followed by MSMS retesting and targeted sequencing of 306 IEM-related 

genes from an extended panel of inherited metabolic diseases. A total of 1033 neonates were 

tested by NGS, followed by validation analyses by Sanger sequencing of positive findings. They 

identified the disease-causing genes of 194 cases for an overall incidence of 1:2763, which was 

higher than previously reported and suggesting that NGS allowed to identify additional cases 

[36]. Aminoacidopathies accounted for 43.5% of case findings, while 34.8% were organic 

acidemias and 21.7% were fatty acid oxidation disorders. Most cases needed clinical 

intervention and regular follow up, while only a few cases appeared to be asymptomatic at the 

time of publication. Long term follow up should allow to adjust conditions and genes to be 

included as part of the gene panel in routine NBS. 

The high throughput of NGS technology, which can carry out parallel sequencing of millions 

of DNA molecules, has the potential to increase the number of congenital disorders to be 

screened, in fact to a much higher order of magnitude seen with the introduction of tandem 

MS. In this context, methods for the selection of appropriate conditions to be introduced as 

part of a NGS NBS-panel must be developed and tested. With this in mind, Milko et al. recently 

developed an aged-based semi-quantitative scoring method for evaluating the relevance for 

the introduction of new genetic conditions to NBS panel using genomic sequencing [37]. Their 

model was mostly based on major screening criteria to evaluate clinical actionability (severity of 

the disease, likelihood of clinical manifestation, acceptability and efficacy of intervention, 

overall knowledge of the gene-disease association) [38]. This allowed them to identify 822 
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gene-disease pairs, with 466 classified as being children-onset with high clinical actionability, 

while another 245 gene-disease pairs were considered as low to no childhood actionability. Of 

note, validation of their method to reliably identify pediatric clinical actionability was 

performed by comparing how the 1ry and 2ry conditions of the RUSP [39] and conditions curated 

by the BabySeq project [40] performed with their approach. As expected, the correlations were 

not perfect, but they reflected the lower clinical actionability of 2ry compared to 1ry RUSP 

conditions, more of the latter being classified in the high clinical actionability category. 

Comparisons with the BabySeq projects, which categorized their gene-disease pairs on the 

validity of the gene-disease association, earliest reported age of onset, and penetrance, allowed 

to reach to a consensus for the identification of 292 conditions to be potentially introduced to a 

NGS NBS-panel, and another 125 optional for disclosure [37].  Considering that the benefit of 

NBS for many of the 466 disease-pairs is yet to be proven, it would be wise to apply a stringent 

classification restricting NGS NBS only for disorders showing definitive or strong clinical validity 

based on the ClinGen framework [41]. Of note, such genomic-based approaches may allow to 

help decision process about the debatable relevance of conditions such as 3-

methylcrotonylglycinuria that are already part of the NBS panel of many jurisdictions. 

The gap between what is technologically possible by NGS and the capacity to offer 

appropriate services by public health systems is creating pressure to expand screening 

programs, often before adequate regulatory frameworks are in place [42-44]. Indeed, concerns 

are mainly related to psychological and physical consequences of broad genetic testing in 

asymptomatic children, such as parental anxiety in the presence of indeterminate findings, loss 

of confidentiality, and social stigma [25, 45-48]. This is thus the subject of intense debates, 

especially in the absence of an appropriate medical intervention to offer. The generation of 

genomic information, not all of which is understood, potentially leads to significant risks 

associated with the release of incidental findings and variant of unknown significance (VUS). 

This new paradigm generated by the introduction of NGS in NBS must be taken into account by 

an appropriate public health framework, as recommended by Friedman et al. [44]. While some 

are already proposing that NBS programs incorporate, or even replace their current approach 

with genomic sequencing [49, 50], evidence-based methods should be implemented to inform 

the decision-making process and consider parameters such as prevalence and penetrance of 

the condition, false-positive findings, clinical outcome following the interventions, psychological 

impacts on families, and costs. In the case of NBS, the focus should be the best interest of the 

child, and thus the identification of conditions where timely interventions or prevention would 

prevent significant health harms to the child, not on genetic information that may potentially 

identify later-onset disorders which might need medical attention. Otherwise there would be a 

denial of the autonomy of the individual. The introduction of NGS in NBS carries an immense 

potential to better identify children with genetic disorders and improve outcomes, but also 

poses important ethical issues. It is not surprising that it is the subject of active discussions and 

debates. 
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3. NBS in Low-Resource Areas: An Overview 

Even if NBS is a considered as one of the major public health realization [51], unfortunately 

many countries in low resource-areas do not have a structured national program. While the 

incidence of congenital disorders is estimated at 8 million of annual birth worldwide, only one-

third of neonates are receiving NBS for at least one inborn disorder [52]. In addition to the lack 

of funding and of specialized human resources, NBS advocates face many barriers to NBS 

implementations. Also, the centralized model of NBS based on the shipment of collection 

papers to a central NBS laboratory may not be suitable in these areas. In the absence of a 

structured public health system that can insure effective care and follow up of screen-positive 

neonates, NBS may not be viable.  

Indeed, NBS includes a whole series of activities and a sequence of actions, it is not only a 

testing laboratory. Blood collection and transport to a central laboratory, follow up investigations 

and treatments of those with an abnormal result requires a structured public health system and 

adequate infrastructure. In addition, the different realities of outlying and urban areas make it 

difficult to implement a uniform NBS program. This was emphasized in India where it was 

suggested that NBS for congenital hypothyroidism only be introduced in the countryside, while 

screening should be implemented for congenital hypothyroidism (CH), congenital adrenal 

hyperplasia (CAH) and G6PD deficiency in urban areas, tandem mass spectroscopy being reserved 

only for investigating the high-risk cases. This must hold true for most of the developing countries 

[53].  

In addition, health care authorities may not see NBS of rare conditions, sickle cell diseases 

aside for some territories, as a priority. This will possibly be attenuated as more neonatal and 

children’s suffering from more common disorders are being taken care of. Apparently, 

screening for genetic disorders and birth defects becomes relevant when infant mortality rate 

falls below 40 per 1000 live births [54], and become a public health priority when national 

infant mortality rate drops into single digits, i.e. below 10 per 1000 live births [54, 55]. 

However, differences in the population genetic background will inevitably lead to differences in 

the NBS panel. Indeed, if NBS for CH and some inborn errors of metabolism were found to be 

cost-effective in countries from the northern hemisphere, screening for disorders as 

hemoglobin disorders and glucose-6 phosphate dehydrogenase deficiency may eventually 

prove to be cost-effective in sub-Saharian Africa, India and South-East Asia where these 

disorders are prevalent.  

Finally, as proposed by Therrell and Padilla, there should be increased emphasis on point-of 

care (POC), taking advantage of newborn hearing screening and screening for critical congenital 

heart defects performed at the bedside [56]. Clear benefits should be achieved by the 

integration of these NBS modalities into a more comprehensive NBS infrastructure. Pilot 

projects should continue to be implemented in low-resource areas using a strategy that is 

integrated with current clinical care, possibly starting with hemoglobin disorders, with 

specialized expertise centered around one genetic service, and with the objective to evaluate 
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the reduction of the genetic burden, cost-benefits, and barriers to implementation to help 

provide efficient NBS. However, it is unfortunate that the latest WHO recommendations on 

newborn health guidelines published in May 2017 did not identify NBS in the promotion of 

newborn health [57]. Progresses in the implementation of NBS in developing countries 

worldwide was thoroughly reviewed recently [56].  

4. Conclusion and Perspectives 

NBS is considered as a major public health success of the 20th century. NBS performed during 

the 1st few days of life through blood spot sampling on a filter paper followed by blood testing 

can prevent morbidity and mortality from severe conditions. NBS programs evolved from 

screening for one or a few disorders to potentially more than 50 conditions, thanks to the 

enhanced capacity of mass spectrometry to identify simultaneously multiple disorders with 

high sensitivity from only one sample injection into the instrument. However, there is still 

significant heterogeneity in the NBS panel offered by the different jurisdictions, in part due to 

variations in population genetics, but also in the various approaches and interpretation of the 

WHO screening criteria and decision-making process in the face of scarce data on disorders that 

are individually rare.  

Following the wave of large-scale NBS expansion around the 2000’s in many jurisdictions 

triggered by the introduction of MSMS, the implementation of high throughput NGS, which has 

already started to transform clinical genetics, has the potential to bring the NBS area to another 

level. Used on a large-scale, whole genome sequencing will identify another set of rare 

neonatal but devastating disorders for which presymptomatic interventions are available. It 

also has the potential to prevent misdiagnosis, shorten delay in diagnosis, facilitate early 

intervention, and improve diagnosis. However, there is a scarcity of data on most IEM, which 

may have highly variable clinical manifestations. The incorporation of NGS technology in NBS 

panels will need a stringent decision process that will consider evidence-based reliable methods 

from large-scale studies. Importantly, ethical concerns related to the generation of genomic 

information, a large proportion of which we still don’t understand the clinical significance, will 

need to be addressed. As “too much screening is bad screening”, the balance between benefit 

and harm must still be taken into consideration when evaluating the capacity of NGS to 

improve child’s care. It should not be damped by precipitous, lax, and potentially harmful 

decision processes. 

Finally, while about two-thirds of infants worldwide are born in limited-resource areas that 

still do not have any NBS infrastructure, several initiatives worldwide show promises, but are 

also faced with many barriers of implementation and sustainability. It would be a pity to come 

to the realization that the northern hemisphere continues to apply technological advances for 

the benefit of neonates and children, and the population at large, while low-resource areas are 

still struggling to implement a basic NBS infrastructure. 
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Abstract:  

The benefits of neonatal screening programs are undeniable: children’s lives are saved, 

and disease burden and morbidity alleviated. Without a doubt, « classical » neonatal 

screening programs are in the best interests of newborns. Indeed, those screening 

programs are recognized among the ten most important public health achievements. 

However, newborn screening programs raise ethical, legal and social challenges. For 

example, which criteria should govern whether or not to include a disease in the list of 

screened conditions? Is it equitable that there is great variability in the number and types 

of diseases screened from one neonatal screening program to another? What should be 

the consent procedure and/or the notification process to parents? Should carrier status 

for a recessive disorder be communicated to parents? What are the practices surrounding 
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the collection, retention and potential secondary use of residual blood spots? Are these 

practices ethically sound? Moreover, in recent years, one of the biggest challenges of 

newborn screening programs has become the availability of a new technology: the arrival 

of next-generation sequencing technologies, such as whole genome sequencing, at a 

decreasing cost. This sequencing approach offers the possibility to use genomics tools in a 

public health setting—to provide “precision” public health. However, there remain issues 

related to disease prediction, notably: the identification of certain genetic factors could 

impact other family members. In addition to such medical information, whole genome 

sequencing also has the potential to reveal genetic variations of uncertain or completely 

unknown significance, and information about non-health traits, which may affect the 

parent-children relationships as well as the family dynamic.  

The goal of this manuscript is, first, to describe the key challenges associated with the use 

of genomic sequencing technologies into the public health umbrella of newborn 

screening programs. Secondly, we will discuss the positions and statements published in 

the last decade surrounding genomic sequencing technologies in newborn screening 

programs. We will demonstrate that, given the diversity of positions and stakeholders 

involved, a centralized and unique vision may be premature—albeit needed—at the 

international level. More specifically, we urge for immediate deliberation by the WHO on 

the policy challenges raised by the potential introduction of genomic sequencing in 

newborn screening programs. We believe that now is the time to reach an international 

consensus based on public health ethics and law as well as evidence-based outcomes.  

Keywords  

Newborn screening; public health; screening programs; next-generation sequencing; 

whole genome sequencing; ethics; policies; social issues  

 

1. Introduction 

As a concept, public health ensures the continuous monitoring of the health of populations 

as well as the protection of health and prevention of disease. Along with other surveillance 

measures and programs, public health agencies have adopted a long tradition of screening 

programs for identifying asymptomatic individuals at increased risk or in the early stages of 

disease to reduce potential morbidity or mortality. From the late 1960s, a set of resources and 

activities called newborn screening (NBS) programs (now part of public health) have been 

deployed to: identify asymptomatic newborns affected by a rare metabolic disease, genetic 

disorder or other severe disability; confirm diagnosis, and subsequently, treat those affected. 

Formerly, screening was limited to diseases that were well-known, that required immediate 

medical intervention to avoid irreversible damage, and for which effective treatments were 
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available. NBS programs were consistent with the ethical principles for screening programs set 

out by Wilson and Jungner in Principles and Practice of Screening for Disease (1968) [1]. These 

‘classical’ criteria can be summarized as follows:  

“a population screening program (whether for children or for adults) has been considered 

justifiable only if the targeted condition is an important health problem, whose natural history 

is well-understood, and whose symptoms are amenable to early intervention and effective 

treatment. Accordingly, the mere availability of a reliable test would not justify routine 

screening for a condition, unless such screening could be shown to provide direct medical 

benefit to those who test positive for the condition. In short, the moral focus of newborn 

screening has been what is good for the infant [the best interest of the child]” [2].   

Based on the premise that newborn screening is considered to be in the best interests of the 

individual child, NBS have been carried out for decades worldwide [3]. The Centres for Disease 

Control and Prevention recognized that NBS was among the ten most important public health 

achievements [4]. Nevertheless, despite its benefits, NBS raises some ethical, legal and social 

challenges —notably with regards to the variety of specific disorders screened for, educational 

information and consent practices, genetic counseling, long-term follow-up procedures, as well 

as storage and secondary use of residual blood spots (initially collected). To contextualize, we 

will briefly explain those challenges. NBS programs are being challenged by new, complex and 

contested policy dilemmas regarding the possible introduction of whole genome sequencing 

(WGS) into newborn screening programs (I). We then scope the emergence of differing norms 

to address these challenges (II), and finally, encourage a position statement to be adopted by 

an international organization such as the World Health Organization (III). 

2. Challenges to NBS Programs 

2.1. Expansion of “Screenable” Conditions  

Since the year 2000, technological innovations such as tandem mass spectrometry (MS/MS) 

have expanded the number of screenable diseases, and augmented the feasibility of the 

screening process [3, 5-7]. This was notably the case in North America (e.g. in the United States 

[8] and in several Canadian provinces [3] and in Europe [9]. As a result, debate arose around the 

objectives, rationale and decision making criteria governing NBS [2, 10-12]. In particular, there 

was debate concerning which conditions should be included in NBS programs. Specifically:  

“In 2008, the President’s Council on Bioethics published a report about newborn screening 

scrutinizing the [American College of Medical Genetics and Genomics (ACMG)]’s recommended 

uniform screening panel. While the Council did not explicitly criticize the expansion of screening, 

it did express some doubt about the ACMG’s methods for doing so. The Council noted that the 

ACMG’s loosened screening criteria for the secondary panel effectively expanded the number 

of conditions that could be included in the newborn screening panel in the future. Rather than 

limiting screening to conditions that were treatable, as Wilson and Jungner recommended, the 
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ACMG instead expanded screening to include conditions that simply could be tested for using 

multiplex platforms” [13]. 

Thus, the conventional criteria for assessing the pertinence of screening for a specific 

condition were overlooked, expanding the list and thereby affecting the nature of consent to be 

provided.   

2.2. Consent Challenges 

Originally, consent to NBS was generally implied (i.e. the information about the screening 

was given to the parents, and the screening test was performed in the absence of opposition) 

The implicitness of consent was even mandatory in certain USA states, as it was clearly in the 

immediate benefit of the asymptomatic newborn to be identified before the symptoms and 

harms materialized. Thus, perhaps unsurprisingly, morbidity and mortality were reduced [14]. 

However, the argument justifying implicit consent became less convincing with the expansion 

of the number of conditions included under NBS [13]. In addition, adding screening for 

recessive disorders to the list meant the possible revelation of the carrier status of a child and, 

indirectly, the carrier status of at least one of the parents. Carrier status of the child also has 

implications for the parents and for their own reproductive risks [14], so concerns were raised 

about the type of consent required.  

Indeed, one of the concerns in the ongoing debate is how to involve parents in the consent 

process for NBS [14]. On the one hand, the principle of respect for autonomy is operationalized 

in the process of informed consent, on the other hand, moving away from a notification of NBS 

with possible parental opt-out to an explicit consent in the context of childbirth may decrease 

the number of children screened and so affect their health rights (e.g. United Nations 

Convention on the Rights of the Child, s. 24 [15]. The most serious aspect of NBS that raised 

issues however was that of the retention and the secondary uses of residual blood spots.   

2.3. Storage and Secondary Uses 

Newborn screening involves a needle prick to the baby’s heel, soon after birth. A few drops 

of blood are placed on filter paper (Guthrie card) that preserves the sample for laboratory 

screening. Once screening is completed, the remaining samples are usually stored, to allow 

future confirmatory diagnosis and re-testing as needed, and to ensure quality control within the 

NBS program. The storage of bloodspots for these purposes is generally well accepted, as these 

uses are linked to the primary purpose of the initial collection [16, 17].  The issue resides in 

further storage and use for purposes unrelated to the initial collection.   

The Guthrie cards represent an unmatched and unbiased resource for genetic research and 

public health surveillance, and sometimes for non-medical purposes (e.g. for the identification 

of disaster victims [18, 19] and for forensic uses) [20]. Genetic research using residual blood 

specimens (RBSs) is limited only by the amount of residual dried blood remaining on the card 

[21]. Even today, NBS programs are best characterized as either lacking policies or as 
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inconsistent regarding the storage for other uses or research use of RBSs and the need to 

obtain consent or not [22] for these additional purposes. Additionally, there is inadequate 

transparency and communication about informed consent to such storage and potential future 

uses, as we will see in the next paragraphs, to say nothing of public health emergencies.   

Since traditional NBS programs are usually operated in the best interests of the child without 

explicit written consent, storage and secondary uses of RBSs are now subject of intense debate 

[21], as evidenced by a series of lawsuits in 2009, 2010 and 2012 in the United States (Texas, 

Michigan, and Minnesota) and Canada (British Columbia). The underlying motive for these 

lawsuits was the fact that parents were unaware of storage for uses beyond the needs of the 

NBS program, that there was violation of privacy, failure to obtain adequate informed consent 

and misrepresentation [20]. In the same period, the ACMG published a 2009 Position 

Statement on Importance of Residual Newborn Screening Dried Blood Spots [22]. In 2010, the 

Institute of Medicine of the National Academies of the USA followed with a report entitled 

“Challenges and opportunities in using residual NBS samples for translational research” [21]. 

The latest report underscored concerns about current practices regarding the storage and 

secondary research uses of RBSs [23].  

In some cases, future use in research and the possibility of opting-out for long-term storage 

or such future research are not reported for NBS programs. As Gene Watch UK summarized: 

“[t]he system now used [in UK] for consent, which is proposed to continue, involves gaining 

broad consent from the mother to all future use when the blood spot is taken. This means that 

if a mother agrees to (one or all of) the tests to protect her baby’s health, she cannot refuse the 

permanent retention of the blood spot or its use for any type of research in the future. This is 

unethical because it effectively forces mothers to agree to research on their child’s behalf, 

knowing that refusal could jeopardise their baby’s health” [24].  

Thus, implied or presumed consent to this NBS program becomes the functional equivalent 

of consent to storage and possible research use.  In that sense, the lawsuits concerning storage 

and further secondary uses, as well as the expansion of the number of screened diseases, 

provide an opportunity to revisit the practices on information given to parents about screening 

and their consent, if appropriate, for storage. Moreover, international organizations determine, 

harmonize or at a minimum should take a position on the approaches regarding the 

information to be given to parents. 

In addition to storage and future research use of RBSs, another challenge is the issue of the 

current practice regarding consent to the use of the next-generation sequencing technologies, 

such as WGS, as costs decrease. As stated by Laberge and Burke in this special issue, “this 

growing technological capacity drives interest in new opportunities for genetic screening” [25]. 

The introduction of WGS raises the possibility to use genomics tools in a public health setting 

and to offer a “precision” public health. 

  



OBM Genetics 2018; 2(3), doi:10.21926/obm.genet.1803027 
 

Page 21/155 

3. Whole-Genome Sequencing in NBS? 

Next-generation sequencing reveals the sequence of nucleotides of part or of the entire 

genome of an individual [26]. Its rapid development has considerably reduced the cost and the 

time required to sequence the whole genome (WGS). Reportedly, sequencing an individual’s 

complete genome will eventually cost under one thousand dollars [27]. The availability of WGS 

is changing the current practice of medicine and public health by facilitating more accurate and, 

while at the same time, cost-effective genetic testing [28]. Some commentators predict that the 

earliest applications of WGS will be restricted to public health settings, such as NBS programs 

[29]. Others estimate that in ten or twenty years from now, all newborns will have their 

genomes sequenced [30]. However, this positive perspective is not unanimous. Indeed, many 

authors emphasize the challenges associated with the potential use of WGS in NBS and have 

underlined “some major concerns such as clinical analysis, result, storage of sequencing data, 

and communication of clinically relevant mutations to pediatricians and parents, along with 

their ethical, legal, and social implications” [31]. There are also concerns about the lack of 

evidence of benefit of screening for most disorders that could be screened for with WGS. Many 

of the “results” generated by the WGS will be variants of uncertain or unknown significance. 

What can be done with this kind of “result”? What will be the effect of revealing this kind of 

information, for example, in the relationship between the parent and their child, and other 

societal risks such as employment or insurability? As a result, several academic and professional 

organizations have begun discussing the issues raised by the possible introduction of WGS into 

NBS programs [32, 33]. 

3.1. Benefits and Risks  

A 2008 report by the United States President’s Council on Bioethics describes the use of 

WGS in NBS programs as an appropriate and “inevitable end-point in the development of 

personalized medicine” [34]. Indeed, some have argued that every (or almost all) detectable 

conditions should be screened for at birth. For them, such screening would be the most 

effective way to increase the understanding for diseases that are rare, poorly understood, and 

currently untreatable, to find eventually treatments [2, 34]. The USA National Institutes of 

Health launched a funding opportunity in 2012 and invited applications to explore the 

implications, challenges and opportunities associated with the possible integration of genomic 

sequencing in NBS [35]. Included among the research projects that have been financed is a pilot 

that, amongst other objectives, explores the potential of genomic sequencing (whole-exome 

sequencing - WES) as a method of NBS for disorders currently screened for, as well as others 

not currently screened for but may benefit the newborns. The value of additional information 

provided by WES in NBS was studied by researchers, as well as the interest of parents in 

receiving such more broad information than the results usually available from NBS programs 

[36]. These indicators suggest that there is a real possibility that WGS or other genomic 

sequencing approaches could eventually be used in NBS programs. Moreover, it has been 
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proposed that the NBS would be the best setting for WGS, as everyone could benefit from 

personalized medicine (i.e. prevention and treatment) during their live time [34]. However, this 

prospect raises many ethical, legal, social issues, as well as policy concerns [37].  

The National Institutes of Health–funded “The Genome Sequence-Based Screening for 

Childhood Risk and Newborn Illness Project”, referred to as the BabySeq project, a randomized 

controlled trial evaluating the benefits and potential harms of providing WES or WGS results to 

families of newborns and their physicians. More specifically, the researchers studied the 

psychological and social impact of WES or WGS and compared it with standard care (i.e. 

“standard” NBS programs), with parents of newborns who are placed into the intensive care 

unit and parents of newborns who did not need placement in the neonatal intensive care unit. 

Newborns within each cohort were randomly assigned to receive standard NBS or NBS and 

genomic sequencing. BabySeq explored the psychosocial impact on the family in taking into 

consideration the perceptions of child vulnerability, parent–child bonding, and self and/or 

partner blame.  Although using WGS may be especially useful for the diagnosis of sick newborns, 

the BabySeq Project explored the interest and outcomes of sequencing newborns and found 

that while sequencing has utility for diagnosing sick infants, it may not yet be ready to replace 

standard tests for broad population screening.  

Researchers and others have described other challenges beyond the technical aspects of 

WGS testing. Such challenges include participant recruitment, dealing with unexpected findings, 

and returning information about carrier status [38]. Thus, in addition to amplifying the 

traditional issues raised by screening programs, and NBS programs more specifically [39] (e.g. 

notably with regards to consent, counselling, storage, and future uses of dried blood spots), 

WGS in NBS also raises additional policy concerns about willingness to participate in this kind of 

screening, the challenges associated with return of results and secondary findings (or variants 

of unknown significance) to family and (eventually) to children as they grow, the duty to 

reanalyze the data with the development of new knowledge. 

3.2. Return of Results and Secondary Findings 

Were WGS to be applied in NBS programs, one of the challenges would not only be to digest 

and properly interpret the large amount of genetic data generated by WGS (a “genomic 

tsunami”), but also to delineate which information should be communicated or not to the 

parents. As Goldenberg and Sharp emphasize, “returning genetic results that do not require 

immediate medical action or results for which clinical implications are unclear may create 

unwanted psychosocial burdens on parents”. Professional guidelines (such as national pediatric 

society or genetic association) generally recommend genetic testing in minors only when it 

provides health benefits during childhood; for example when established, effective and 

important medical treatment can be offered before the child reaches adulthood [40, 41]. The 

reason justifying this position is that genetic testing of minors should usually wait until the 

person is mature enough to make an informed decision. This reflects the conscientious 
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attention given so far in the clinical setting before offering genetic tests, where special 

attention is paid to respect of personal autonomy, the importance of pre- and post-test 

counselling, and the confidentiality of genetic information. If all children were screened in the 

context of NBS programs, how would their data be treated? Should the data be given to their 

parents or paediatricians? Should the data be stored and given to them when they reach legal 

majority (however defined) [42]? As the Presidential Commission for the Study of Bioethical 

Issues points out in their October 2012 report, “whole genome sequencing in children raises a 

number of unique issues with regard to fully informed decision making” [43]. Dealing with such 

a huge mass of sequence data raises a new set of ethical and legal challenges relating to: the 

rights of parents to access the genetic information of their children, the best interests of the 

child, the right to know and not to know, privacy rights, the informed consent and counselling 

issues, psychological impact of knowing information that could only become relevant (or not) 

much later in life, impact on family relations, responsibility towards blood relatives, the duty to 

recontact, and the duty to follow of healthcare professionals as well as the possible liability of 

government or physicians. In order to meet these challenges, several groups or organizations 

have adopted position statements on the potential use of WGS in NBS programs.   

4. Policy Positions on the Potential Use of WGS in NBS 

4.1. International Position Statements 

To date, two Recommendation documents have been published at the International level. 

Both of them have been written by groups of experts and subsequently endorsed by 

professional groups in the international and European arena. First among these documents was 

the “Genomic Newborn Screening: Public Health Policy Considerations and Recommendations” 

(2017) of the Paediatric Task Team of the Global Alliance for Genomics Health. The second 

document, titled “Statement on the Continued Importance of Targeted Approaches in NBS 

Programs”, was published in 2015. It was endorsed by several international organizations (i.e. 

the European Society of Human Genetics, the P3G International Paediatric Platform; the Human 

Genome Organisation; and the PHG Foundation). These two documents adopted a similar 

approach with regards to the possible integration of WGS in newborn screening programs: they 

both recommended that, at this time and to the extent possible, screening methods remain 

targeted to minimize secondary findings. Moreover, the 2015 Statement re-emphasized the 

importance of targeted approaches in NBS programs [44]. It stated that the “responsible use of 

genome sequencing within a public health program such as NBS should not be technology-

driven, but rather be adopted on the basis of its public health potential”. Thus, at this time, it 

recommended a targeted approach: the goal of using WGS in NBS should be the identification 

of gene variants bound to a higher risk of preventable of treatable conditions, for which 

treatment has to start in the newborn period or in early childhood. Regarding the storage of the 

WGS information of newborns for future health care purposes, this prospect was ruled 

premature in the 2015 Statement of Principles. However, it also recognized that policy makers 
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need to consider uses of WGS informations to improve public health and research, and the 

issue of the potential to identify individuals and their relatives [44]. In addition to this 

Statement, the international normative documents also scored important points concerning the 

potential use of WGS in NBS programs. For example, the GA4GH Pediatric Task Team claims, in 

is Public Health Policy Considerations and Recommendations, that more research is needed to 

resolve outstanding health policy and ethical issues before the use of genomic sequencing 

could be implemented for NBS (recommendations 7-8). A substantial ethical and policy 

concerns raised in the context of populational pediatric screening programs is the return of 

incidental genomic findings. Hence, the 2015 Statement already mentioned had argued that 

even in the case of a targeted approach, there remains a need for new models of informing 

parents [44]. Information should be included about the possibility of finding unsolicited results 

and give appropriate explanation on which kind of information to report to the newborn’s 

parents, the potential storage and research uses of the RBSs and data.  

Although it is interesting to see that the recommendations adopted a similar approach, both 

policy documents were developed by a group of experts and were circulated and endorsed by a 

variety of organizations. It would be useful if other organizations in the international scene 

evaluate the benefits and risks associated with the possible use of WGS in NBS programs. States 

will require advice from international organizations in order to adopt reasonable and 

harmonized positions. 

4.2. European Position Statements 

At the European level, caution is also in order. In this regard, the European Union Network of 

Experts on Newborn Screening (EUNENBS) [45] warns against over-optimistic expectations or 

premature decisions based on partial evidence with regards to new technical possibilities for 

screening. The EUNENBS considers that a “major challenge when facing the possibilities to 

expand NBS programs is the balancing of pros and cons. All forms of screening raise certain 

social and ethical concerns” [45]. According to the Network, screening should only occur when 

it is clinically relevant, and a responsible per-disease evaluation is needed. However, it also 

recognizes that it is difficult to define the threshold for whether screening of a disorder is 

clinically relevant or not. Similarly, the European Society of Human Genetics (ESHG) had already 

adopted (in addition to the 2015 international Statement on the Continued Importance of 

Targeted Screening document [44]), other principles relevant to the potential use of WGS in a 

population screening context. Indeed, its earlier 2013 Recommendations on “Whole-genome 

Sequencing in Health Care” [28] declared that the issue with genomic sequencing will soon no 

longer be which target-diseases to include in the test panel, but which should be excluded by a 

selective analysis of WGS.  Presumably, the challenge will be to avoid a broader scope not 

based on the rigorous evaluation of clinical utility and other screening criteria. The ESHG takes 

the position that using WGS requires “a justification in terms of necessity (the need to solve a 

clinical problem) and proportionality (the balance of benefits and drawbacks for the patient)” 
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[28]. It defines a screening program “as the offer of medical testing to persons without 

symptoms or other indications that would make such testing clinically necessary” [author’s 

emphasis] [28], NBS clearly falls within this definition. The prospect of the introduction of the 

WGS into the NBS clearly does not meet these criteria. In the same vein, the European 

Commission and the EuroGentest adopted in 2013 a Joint Research Centre Scientific and Policy 

Report on Genetic Testing Offer [46]. According to this report, the use of genomic sequencing 

to analyse an individual’s complete genotype or predisposition to disease should not be a tool 

for NBS programs or other populational screening programs at this stage. Finally, the ESHG 

underlined another issue: the use of genomic sequencing in NBS programs may reveals 

information that will only be relevant later in life, and so jeopardizes the right of the child’s to 

decide if he or she want to know this information, when he or she will be mature enough to do 

so [28].  

In short, in both the international and European arena, a relatively uniform consensus is 

emerging according to which it is not justified to use WGS or other genomic sequencing 

methods in NBS programs. However, many of those organizations also recognized that while 

this position is valid now, it may change with time. Some go further and identify key issues that 

should be addressed before genome sequencing could potentially be incorporated into NBS 

programs. Are those international normative and European position statements adequate to 

guide national positions? As we will see in the next section, national positions—like the 

international and European positions described above— have adopted “at this time” position 

indicating possible future revisions. As recently demonstrated by the authors of a systematic 

review and a Delphi consensus process [47] with regards to the transformation of screening 

principles (articulated by Wilson and Jungner in 1968 about wide-population screening 

programs), there is “a lack of coordinated progression among subsequent sets of screening 

principles and limited acknowledgement of other related work” [47]. Perhaps it is time for 

international guiding organizations like the World Health Organization, UNESCO and the 

International Newborn Screening Organization to articulate consistent minimum criteria or 

principles to guide the eventual implementation of genomic sequencing in national newborn 

screening programs. 

4.3. National Positions 

Similar to the international and European initiatives, several countries have made 

recommendations in regard to the potential use of WGS in NBS programs. For example, the 

United Kingdom [29, 48], The Netherlands [49, 50], Italy [51] as well as the United States [2, 26] 

have produced reports that also reject the implementation of WGS in NBS programs, although 

some specify that this position is only valid for now and likely to change over time [26, 29, 48].   

As early as 2005, the UK’s Human Genetics Commission issued a report, entitled “Profiling 

the Newborn” [48]. It discarded the implementation of large scale genetic profiling in NBS 

programs; mainly due to lack of cost-effectiveness of this approach.   
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Five years later, a monitoring report of the Health Council of Netherlands of 2010 also took 

position on genomic sequencing and explained that: “genome-wide screening appears to have 

more disadvantages than potential advantages for the parties involved at this time. Offering 

such screening as part of standard healthcare cannot currently be justified” [49]. Addressing 

more specifically the question of the potential use of WGS in NBS programs, the authors of the 

Netherlands report emphasized that “the question becomes not only whether parents can 

oversee the Pandora’s box they are opening, but also whether they have the right to make that 

decision for their children” [49].   

Yet, in 2015, the Health Council of The Netherlands published a new set of 

recommendations for Neonatal Screening [50]. Generally speaking, this Committee emphasized 

the health gains for the newborn as the goal of screening programs and states thereby is 

justifying a proactive approach to screen newborns if an effective treatment exists. The 

Committee also underlined the disadvantages of NBS screening for untreatable conditions: 

“screening for untreatable conditions in children can be considered an infringement on their 

right to an open future earlier knowledge of a condition may overshadow the first period with 

the newborn; the literature describes this as loss of the ‘golden years’” [50]. Irrespective, the 

Committee stated that targeted screening at the level of DNA is recommended for actionable 

conditions that couldn’t be diagnosed on the basis of the concentration of a specific metabolic 

product in the heel prick card. Finally, as with the international and European positions 

presented above, the Health Council of The Netherlands will review the possibility of expanding 

the neonatal screening program over the upcoming years, while considering both its scientific 

and social aspects [50].  

In Italy, a 2017 Position statement on exome sequencing of infants in critical condition [51] 

details the criteria for possible genomic sequencing in NBS programs:  

“Currently, integration of [next-generation sequencing] NGS in newborn screening is not 

feasible due to the high cost of genomic sequencing and difficulties in interpretation of the 

results. It takes weeks to report the results of NGS and NGS has to be reliably performed with 

DNA extracted from the dried blood specimen necessary for newborn screening. Moreover, a 

major challenge would be the bioinformatics required, analyzing the vast amount of data in the 

context of rare or novel nucleotide changes. However, with the further decrease in costs for 

WES or WGS, the improvement of bioinformatic techniques and once the technical issues 

(analytical and bioinformatics), ethical and legislative issues (e.g. communication of results, 

data ownership), economic issues (cost of analysis and computational, costs for data storage) 

and data security (adequate encryption systems) are resolved, it is expected that the NGS 

method can be utilized in neonatal screening programs” [unofficial translation] [51].”  

In the USA, the potential use of WGS into NBS programs has garnered less consensus. In 

2008, the President’s Council of Bioethics foresaw the use of WGS in NBS programs as an 

inevitable endpoint. However, it recommended that “when differential diagnosis of some 

targeted disorders entails detection of other poorly understood conditions that would not 

otherwise be suitable candidates for NBS , such results need not be transmitted to the child’s 
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physician and parents” [2]. Also, it added that we should “[r]eject any simple application of the 

“technological imperative,” i.e., the view that screening for a disorder is justified by the mere 

fact that it is detectable via multiplex assay, even if the disorder is poorly understood and has 

no established treatment. There should be no presumption that multiplex screening platforms 

are to be used in full profile mode” [2].  

Similarly, current guidelines are also divergent or, at least, unclear. On the one hand, the 

2013 American Academy of Pediatrics (AAP) and ACMG Policy Statement on Ethical and Policy 

Issues in Genetic Testing and Screening of Children [40] did not mention WGS. Yet, in 2012, the 

ACMG had explicitly stated that WGS should not be used as a first-tier approach for NBS [26]. It 

is surprising that this position was not reaffirmed in the later Joint Statement that specifically 

addressed the subject of NBS [40]. More surprising still is the fact that such an influential 

organization as the AAP has not considered WGS, even though this technology is now used at 

many levels (clinic, research, direct-to-consumer, etc.). In contrast, the National Institutes of 

Health (NIH) funded various studies under the Genomic Sequencing and Newborn Screening 

Disorders research program in 2013 [33] in regards to: i) genomic sequencing and analysis; ii) 

research related to patient care; and iii) the ethical, legal and social (ELSI) implications of using 

genomic information in the newborn period. 

5. Conclusion 

While there has been some clarification concerning the need to obtain parental consent for 

the ongoing storage or research uses of NBS [50], there is little doubt that newborn screening 

programs around the world are in flux. Indeed, together the issues of the implicit consent of 

parents to collection founded on the best interests of the child, the number of conditions being 

screened for, storage and research uses, the gradual introduction of NGS technologies and the 

issue of the return of results and secondary findings, all lean towards a united effort to revisit 

the Wilson and Jungner WHO criteria – soon to be 50 years old! Although these criteria were 

revisited for the genomic age in 2008 by certain authors attempting to adapt the criteria to 

better fit the genomic era [12], the advent of NGS mandates revisiting the principles and 

practices that govern genetic screening in the international arena. To date, they have served us 

well but renewed international consensus on the basic tenets is critical. We can also learn from 

some of the current pilot studies on WGS as well as from the use of WGS in paediatric intensive 

care or in families with children with rare disorders—in these recent contexts did the 

introduction of WGS in NBS create insurmountable ELSI barriers?  

Despite the challenges raised by the use of WGS in paediatrics [52], it is primordial to 

continually assess the risks and benefits for newborns, parents, the family and society as a form 

of anticipatory governance [53]. We also need to take into consideration the potential impact 

on the resources of public health systems and that genetic screening test for newborns are now 

being offered by private companies directly to the consumer [54]. As explained by Laberge and 
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Burke in this special issue: “interest in commercially available tests by patients and prospective 

parents drives the use of these tests, which in turn may influence professional practice” [25].  

In short, we have seen that various stakeholders are beginning to provide recommendations 

regarding the use of WGS in paediatrics. Now is the time to: 1) reach an international consensus 

based on public health ethics and law, as well as evidence-based outcomes; and 2) distinguish 

the use of WGS in the clinical/research setting from that of public health programs. It is also 

important to better understand the potential risks and benefits of sequencing newborns in 

public health, by studying for example its psychosocial risks for family dynamics over time [52]. 

Although the public health benefit of newborn screening programs is irrefutable, psychosocial 

aspects, equity and programmatic challenges need to be addressed, to say nothing of quality 

assurance. How to ensure we act in the best interests of all newborns in shaping the 

international paediatric norms for the next 50 years? We call on the WHO to convene and to 

act! 
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Abstract:  

Women’s reproductive autonomy, and its translation into informed free choice regarding 

prenatal screening, is a dominant concept in the bioethical discourse concerning prenatal 

screening. This discourse is based on the premise that access to information regarding the 

pregnancy promotes autonomous decision-making. However, studies show that the offer 

of prenatal screening as a routine part of pregnancy care is not supported, to a large 

degree, by appropriate informed consent mechanisms. This means that the 

implementation of the concept of autonomy faces significant challenges. On the backdrop 

of these ongoing challenges, the introduction of Non-Invasive Prenatal Testing (NIPT) 

offers numerous benefits for pregnant women. The main advantages of NIPT are early 

availability of results, non-invasiveness and absence of risk for the fetus, as well as 
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increased accuracy compared with earlier screening technologies. These advantages may 

lead to routinization of the test, which will have the advantage of facilitated access to the 

test. However, such routinization also raises unique issues and challenges regarding the 

respect of women’s autonomous decision-making. To shed light on the developments in 

the implementation of NIPT, this paper presents some longstanding ethical concerns 

regarding prenatal screening and examines what makes NIPT different from earlier 

screening technologies. It also charts possible future uses of NIPT, such as first-tier 

screening, diagnosis, expanded targeted use, and whole-genome sequencing, while 

anticipating the ethical and social implications of the various signposts potentially 

encountered, particularly as they relate to reproductive autonomy. 

Keywords 

NIPT; prenatal screening; prenatal test; autonomy; informed consent 

 

1. Introduction 

Innovation in prenatal screening re-opens and re-frames old ethical debates in this area [1]. 

Since the introduction of amniocentesis in the mid-20th century, questions surrounding access 

to prenatal genetic information and its effect on society have been raised [2]. However, the 

translation and implementation processes for such prenatal testing technologies have 

encouraged broad uptake before their clinical, ethical and social ramifications have been 

thoroughly considered [3, 4]. Therefore, as cell-free fetal DNA, or non-invasive prenatal testing 

(NIPT), gradually establishes itself, with the potential to perhaps someday completely replace 

traditional methods of screening, it is essential to reassess classic ethical and social debates in 

view of the technology’s new clinical attributes. This paper briefly presents some longstanding 

ethical concerns regarding prenatal screening, examines what makes NIPT different from earlier 

screening technologies, and charts the possible future courses of NIPT while anticipating the 

ethical and social implications of the various signposts potentially encountered, particularly as 

they relate to reproductive autonomy. 

Prenatal screening refers to any technology that identifies pregnancies with a high 

probability of being affected with a certain condition. Prenatal screening differs from prenatal 

diagnosis in that screening only yields probabilistic result such as 1:100, 1:10 000, and thus 

never completely rules out the possibility of the disease or condition being present. Diagnostic 

tests do provide a definitive positive or negative result. A diagnostic procedure is thus needed 

to confirm screening results before deciding on a further course of action (e.g., preparation for 

a child with possible special needs, prenatal intervention, or pregnancy termination).  

Non-invasive prenatal screening has had considerable success internationally since its 

introduction in 2011 [5]. It is already being offered as a second-tier screening test for high risk 

pregnancies under public insurance in some Canadian provinces (e.g., Ontario and British 

Columbia) [6, 7]. NIPT is based on the finding that cell-free fetal DNA (originating in the 
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placenta) is circulating in pregnant women’s plasma in quantities sufficient for performing 

genetic testing. What distinguishes NIPT from previously available prenatal screening 

technologies is the fact that it can be performed earlier in the pregnancy (as early as week 10) 

and that the results are more accurate [8, 9]. 

The fact that results can be available earlier provides parents more time to make decisions 

about the course of action and outcome of the pregnancy. Likewise, NIPT’s improved accuracy 

reduces the number of false-positive and false-negative results thereby diminishing the 

drawbacks associated with traditional modes of screening. False-negative results can generate 

a false sense of reassurance, while false-positive results can provoke unnecessary anxiety and 

stress. NIPT also reduces the need for invasive procedures since it has higher detection rates 

and lower false-positive rates compared to any previous prenatal screening tests. NIPT thus has 

the great benefit of reducing the number of fetal losses associated with invasive tests. When it 

comes to a positive NIPT result, professional societies recommend confirming the result with 

invasive diagnostic testing prior to making any decision regarding termination [7].  

The benefits NIPT may offer pregnant women are significant, and therefore, not offering it 

may constitute an infringement on reproductive autonomy. However, it is precisely these 

purported benefits of NIPT that ethicists warn may lead to an exacerbation of some ethical 

issues associated with prenatal testing. While the benefits of NIPT are evident, this paper 

focuses on these less obvious implications of NIPT for reproductive autonomy. 

2. Longstanding Issues Raised by Prenatal Screening 

At its inception in the 60’s and 70’s, prenatal screening was presented as a means of 

preventing disease and “mental retardation” [10]. It is only in the 90’s that the concept of 

reproductive autonomy became dominant in the discourse concerning prenatal screening. 

Following criticism from feminist and disability rights activists, the various professional bodies 

involved in providing prenatal screening services distanced themselves from accusations of 

eugenic practices by framing prenatal screening as a matter of personal choice regarding one’s 

life as opposed to a matter of public health [10]. 

Since then, autonomy and choice have been heralded as the main goals of prenatal 

screening [11], fitting into ‘free-market’ narratives that medical innovations are adopted as a 

result of sufficient demand by free and rational homo oeconomicus [12]. This would mean that 

women of child-bearing age must have demonstrated sufficient interest for market forces to 

drive the development of relevant tests. However, in the case of prenatal screening, this 

scenario has been questioned: “programs were initiated by government organizations, 

interested sectors of the medical profession, and the medical supply industry for their own 

purposes” [11, 13]. This strengthens the argument that autonomy might be used as a fig leaf 

hiding different interests [14].  

Paradoxically, while being touted as enhancing choice, prenatal screening has, from its 

infancy, been criticized for undermining parents’ autonomy [4]. Press and Browner claimed that 
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when screening programs were first introduced by the government (in their case, in California), 

stakeholders had no interest in promoting reproductive autonomy via processes of informed 

consent. Stakeholders included the attending healthcare professionals who feared that if 

women reject screening they may face malpractice liability for “later claims of inadequate test 

explanation,” policy-makers whose interests were in increasing screening for economic and 

public health reasons, and expecting women who wanted access to available services but 

preferred to not engage in complicated deliberations that would involve the possibility of 

pregnancy termination. It is therefore important to contextualize the concept of “choice” that 

allegedly underlies prenatal screening within the broader social context, in order to effectively 

frame these choices (or lack thereof). Prenatal screening has thus been criticized for raising a 

slew of issues that ultimately inhibit reproductive autonomy, precisely the opposite of what it 

was lauded for. 

2.1. Effects of Societal Pressures on Reproductive Autonomy 

Societal pressure to screen, to diagnose or to terminate a pregnancy in case of positive 

results negatively affects the possibility of exercising reproductive autonomy. These are three 

separate, but interconnected, pressures. It is argued that, given the nature of our “performance 

society” [15], prenatal screening for conditions perceived as disabilities is framed as the 

responsible choice. As such, pregnant women often feel obligated to screen for these 

conditions and accede to the “collective silence” that positive results should eventually lead to 

pregnancy termination [16]. Many people, when faced with the decision of whether to pursue 

prenatal screening, may believe that it would be irresponsible to decline participation in a 

publicly funded program seemingly designed for the benefit of society as a whole. After all, the 

implementation of such tests by the medical system “establishes screening as a legitimate use 

of scarce medical resources and thereby surreptitiously underlin[es] its importance” [11].  

Pressures from the medical community also exacerbate the onus felt by parents to screen 

prenatally. There is evidence that medicine and preventive care are playing an increasing role in 

influencing decisions related to personal and social life. Great importance is placed on early 

detection and prevention of diseases and conditions, which has resulted in societal beliefs that 

people should participate in prevention programs and can be “morally blamed” if they fail to do 

so [17]. Pregnancy, essentially a personal life event, has been affected by this social emphasis 

on disease prevention and is often perceived as requiring medical intervention and preventive 

care.  

Furthermore, clinicians are often criticized for being too directive when counselling patients 

regarding prenatal screening options [16]. Logistical constraints, fears of malpractice and 

negligence litigation as well as clinicians’ own perceptions of the value of screening are all 

factors that can lead to clinicians – consciously or unconsciously – placing undue pressure on 

women to undergo prenatal screening. Likewise, when discussing possible future results of 

screening, high-risk results are often framed in ways that do not allow much space for deciding 
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not to continue on the testing pathway. When results become available, problems in 

communicating them clearly, transparently, meaningfully, and in a non-directive manner have 

been documented, with practitioners more often recommending screening, diagnosis and 

pregnancy termination [18, 19, 20]. 

Lippman noted as early as 1986 that “implicit in the model is the acceptance […] that women 

whose fetuses are found to be affected will abort the pregnancy, since for most of the 

conditions for which screening can be done there is, at present, no treatment” in utero [21]. 

Indeed, until today, the vast majority of pregnancies found to be affected with Down syndrome 

are terminated [22]. The lack of social support for those raising children with special needs is 

thought to contribute to this sense of limited choice: “without extensive social support systems, 

termination may be the only viable reproductive option even when women or families may be 

willing or may desire to raise a child with special needs” [23].  

Intimately related to the pressure to terminate are the so-called eugenics concerns, or what 

is often referred to as the “disability critique” of prenatal screening. The disability critique 

claims that not only does the elimination of persons with certain conditions lead to further 

stigmatization of the condition, but that such practices may affect individuals already living with 

the condition. As such, if there is a decrease in the birth rate of individuals with a particular 

condition, the number of public resources and support services may also decrease [24]. In 

attempting to enhance reproductive autonomy, it is important not to decrease the choices 

available to those who may want to pursue a pregnancy diagnosed with a disability or 

condition. 

2.2. Reproductive Autonomy and Informed Choice 

In addition to feeling undue pressure when presented with the allegedly free choice of 

whether to screen, diagnose, and terminate, infringements on reproductive autonomy can 

occur when women do not sufficiently understand the implications of the test. Research has 

revealed that a significant number of women undergo screening without being aware that they 

were being tested [25, 26]. Even if they are made aware that they are being screened and agree 

to it, many women report having received inadequate information about the conditions 

screened for, and what these conditions imply on a day-to-day basis, or having been led to 

believe that screening was mandatory or medically required [27, 28, 29, 30]. Such practices 

reflect the lack of time allowed for counseling: “As almost all results will be reassuring, 

professionals may also find it less important to inform women about the choices they may be 

faced with down the line of a further screening trajectory” [31].  

Disability rights scholars and activists claim that many people make prenatal screening 

decisions based on misconceptions about disability [24], therefore making uninformed choices, 

and that these misconceptions may be reinforced by health professionals who share them [32]. 

Accordingly, the disability rights critique has been making use of the language of informed 

choice in articulating its charges against current practices of prenatal screening [24, 33]. 
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Even if all relevant information regarding screening is made available and precautions to 

avoid any undue pressure are taken, the question regarding whether more information 

necessarily translates into greater autonomy remains. Evidence shows that prospective parents 

may experience bewilderment at the amount of information provided by prenatal screening 

[18]. Information overload can be a cause of anxiety and stress and prospective parents may be 

left feeling perplexed when faced with the subsequent decisions they must make. It is 

important to note that this “burden of choice imposed on women” [34] is difficult because of 

the sensitive nature of the information presented. This type of information can unnecessarily 

increase anxiety for the prospective parents [35], negatively affect the pregnancy experience 

and present parents with difficult reproductive choices – choices that they might not have had 

to face if they had forgone prenatal screening [31, 36].  

Additionally, this “bewilderment” applies not only to results provided by prenatal screening 

but also to information provided about prenatal screening at various stages of the process. 

Hence, while Press and Browner [4] pointed out that prospective parents prefer not to dwell on 

the social and ethical dimensions of prenatal screening, Kukla [37] suggested that parents often 

make a conscious choice to defer decisions to healthcare practitioners as a way of avoiding the 

burdens of information overload and decision-making regarding screening.  

While respecting autonomy necessarily requires doing so throughout the process of prenatal 

screening, the social contexts outlined above create barriers to achieving this goal [14]. 

Seavilleklein [11] concludes that “there is incontrovertible evidence that women are not making 

free informed choices about prenatal screening”, that “whether choice is interpreted narrowly 

as informed consent or broadly as relational, there are reasons to worry that women’s 

autonomy is not being protected or promoted by the routine offer of screening” and that 

“incorporating the offer of prenatal screening into routine prenatal care for all pregnant 

women is not supported by the value of autonomy and ought to be reconsidered.” These 

conclusions regarding prenatal screening were reached before the advent of NIPT. Ultimately, 

the introduction of any new prenatal screening technology into mainstream practice would 

require an attentive assessment of whether its implementation would contribute to or 

conversely undermine reproductive autonomy.  

3. How NIPT Affects the Ethics Landscape 

Prenatal screening is seen by many women as part of routine prenatal care [38]. Although 

NIPT has been rapidly implemented into publicly-funded screening pathways in some countries 

(e.g. the Netherlands, Belgium) [39, 40, 41], in most countries it is still offered only privately [5, 

23] and is not yet considered standard of care, despite strong commercial interests that strive 

to make it a routine part of prenatal care [3, 24]. NIPT offers great benefits and is thus a 

laudable, as well as ethically acceptable, step forward when it comes to enhancing women’s 

access to information they desire. At the same time, issues inherent in prenatal screening 
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concerning reproductive autonomy have not yet been resolved and can now be exacerbated by 

NIPT. 

First, NIPT can provide results earlier in the pregnancy than previous screening tests. This 

provides a crucial benefit to pregnant women and their families, as it allows earlier diagnostic 

testing and – in case of a positive diagnostic result – either more time to prepare for possible 

early therapeutic interventions or just to prepare for the birth of a child with special needs, or 

an earlier pregnancy termination. At the same time, the timing, reliability and safe nature of 

NIPT exacerbate concerns regarding the pressure placed on parents to screen and possibly 

terminate due to positive diagnostic results. Prior to the introduction of NIPT, parents could 

decline screening under the ‘pretext’ of poor performance of conventional screens, the risk of 

miscarriage associated with invasive diagnostic testing and the fact that results are only 

available at an advanced stage of the pregnancy (approaching 20 weeks) even if they actually 

had other reasons for not screening [42]. Such reasons could include a preference for a less 

medicalized pregnancy or an acceptance of the possibility of having a disabled child, reasons 

which they might fear care providers, family members or society would not approve of [43]. 

Second, the non-invasive (i.e. safe for the fetus) nature of NIPT, may lead to further 

undermining of informed consent and reproductive autonomy. Empirical studies have shown 

that some healthcare professionals believe NIPT warrants less formal informed consent 

procedures because it presents no increased risk of miscarriage [44, 45]. In addition, the 

common practice of same day pre-test counselling, directly followed by NIPT, further erodes 

informed consent because it eliminates the reflection period during which patients can discuss 

and decide whether to undergo screening [34].  

Third, the increased accuracy of NIPT results, as compared with previous screening 

techniques, changes the nature of the information the test yields. Whereas previous 

technologies provided a probability that the pregnancy is at high risk, NIPT now yields results 

(at least for trisomy 21) that may be perceived by parents as quasi-diagnostic. If consent is 

lacking or not fully informed, parents may receive results that they are unprepared for, or even 

do not wish to know. It may be argued that disclosure of an unwanted from NIPT result that is 

more reliable violates parents’ reproductive autonomy more extensively than the disclosure of 

more uncertain risk information [14]. 

On the other hand, some may view the disclosure of more reliable results, even without 

appropriate consent, as less damaging than the disclosure of risk information. This is because 

risk information can create much anxiety for no reason (since with previous screening 

technologies most cases ended up being false positives), whereas NIPT results provide more 

certainty and significantly reduce the number of individuals unnecessarily exposed to anxiety 

and stress. This is the rationale behind the recently proposed mechanism of ‘reflex testing’ [46], 

in which two blood samples are taken when women go through conventional serum screening. 

If a woman’s first-tier screen comes back as high-risk, her second blood sample is automatically 

sent for NIPT, and the woman is only informed of the NIPT result, without ever having been 

exposed to the less reliable result of the first-tier screen. The researchers who proposed this 
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model argue that this eliminates the unnecessary anxiety suffered by all those for whom first-

tier serum screening produces false-positive high-risk results. However, there is no assurance of 

women being properly counseled and understanding the testing pathway they have 

unknowingly embarked upon. Thus, the advantage of reduced anxiety is achieved at the 

expense of informed consent and the woman’s right to choose [47, 48, 49]. 

4. NIPT’s Future Expansion 

4.1. NIPT as First-Tier Screening 

As recently as 2015, Dondorp et al. stated that the introduction of NIPT “lead[ing] to 

abandoning two-step screening” was “unrealistic” [31]. This statement is proving to be 

premature since there seems to be a shift in policies and standards adopted by different 

jurisdictions, recommending the use of NIPT as a first-tier screen. For instance, in 2015 and 

2016, the Society for Maternal Fetal Medicine (SMFM), the American Congress of Obstetricians 

and Gynecologists (ACOG), the American College of Medical Genetics and Genomics (ACMG) 

and the International Society for Prenatal Diagnosis (ISPD) all modified their positions on NIPT 

in favour of making the technology available to all pregnant women, regardless of their risk 

status [50, 51, 52]. Likewise, more recently in 2017, the Society of Obstetricians and 

Gynaecologists of Canada (SOGC) and the Canadian College of Medical Genetics (CCMG) 

released a joint guideline stating that NIPT can be offered as an option to all pregnant women 

provided that they understand it may not be provincially funded [7].  

However, the risks NIPT poses to reproductive autonomy as a first-tier screening test are 

substantial. If NIPT becomes an option available to the general population of pregnant women 

and not only to those considered at high-risk, this will have an important impact on the current 

medical practices of general health practitioners, who are rarely specialized in the area of 

genetics. Onus will fall on front-line healthcare providers to discuss screening and testing 

options, along with communicating NIPT results [53], even though it is possible that they may 

not fully understand neither the complexity of the genetic results nor the evolving prenatal 

screening options.  

This is further complicated by the fact that health care providers may believe informed 

consent is even less important when using NIPT compared with diagnostic tests [45]. The 

emerging scenario of NIPT as first-tier screening may mean that, in reality, reproductive 

autonomy will be more difficult to protect through informed consent. This highlights the 

importance of policies aiming to reduce the stigma associated with having children with special 

needs and ensuring that resources are in place to support any reproductive decision women 

and families make [14, 54]. 
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4.2. Non-Invasive Prenatal Diagnosis (“NIPD”) 

If NIPT is further expanded to become a diagnostic tool, replacing classic diagnostic 

techniques such as amniocentesis, this could further exacerbate autonomy-related concerns, 

since women and their partners, as noted above, would no longer be able to use the risk of 

miscarriage as a reason to reject testing. NIPT is currently used as diagnostic for achondroplasia 

and thanatophoric dysplasia [55], but its use to diagnose common aneuploidies is not currently 

foreseeable from a technical point of view. At the same time, it is useful and important to start 

thinking about possible ways to prepare the healthcare system for the autonomy-related 

challenges NIPT may pose as a diagnostic test.  

4.3. Expanded Targeted Use 

In the future, the use of NIPT has the potential to expand to screen for a growing number of 

conditions such as additional and more rare chromosomal aneuploidies (other than those 

currently screened for), fetal CNV detection, paternity testing [56], as well as a host of more 

ethically contentious uses (e.g., late onset diseases or futuristic applications such as non-

medical traits). The currently booming industry for genetic testing, from ancestry to direct-to-

consumer ‘recreational genetics’ [57], attests to the fact that there is great public interest in 

genetic information, even if based on pure curiosity, and that weak scientific reliability is 

therefore no obstacle to marketing efforts [58]. Without proper regulation, future uses of NIPT 

that are ethically contentious, such as non-medical attributes, may end up being marketed 

aggressively. This may increase the pressure women and their families feel to screen for a 

growing number of conditions, providing them with a large amount of unreliable or difficult to 

interpret information that is not actionable and increases anxiety without any benefit. 

Expanding the conditions NIPT screens for will further complicate pre- and post-screening 

counselling, and will likely lead to even more health providers forgoing informed consent 

altogether, thus depriving women of choice. In addition, such expanded screening is 

paradoxically likely to lead to increased invasive diagnostic testing due to the low sensitivity 

and specificity NIPT has when screening for some of the rarer aneuploidies [59]. Moreover, it 

will increase the likelihood of incidental findings regarding health risks for family members, 

either the parents or other close relatives, who may not wish to know such risks [31]. While 

there are frameworks for dealing with such situations [60, 61], this outcome would still add 

layers of challenges and stress in the management of pregnancy.  

The future expanded use of NIPT makes it critical for pregnant women to understand the 

purpose and potential consequences of screening, since the decision to screen can have 

important implications for them, their relatives, and future children. To promote reproductive 

autonomy, policies and guidelines must underscore the need to offer different prenatal 

screening choices, one of which must remain the explicit option to forego screening altogether, 

framed as a reasonable choice [16, 62]. Notably, this was recommended by the SOGC and the 

CCMG in their recent guideline on prenatal screening [7].  
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4.4. Non-Invasive Prenatal Whole-Genome Sequencing (“NIPW”) 

Recent papers explore the possibility of using NIPT to sequence the entire genome or exome 

of the fetus [63, 64], dubbed NIPW (W for “whole”). The ethical and social concerns described 

above regarding the expanded use of NIPT are further aggravated by NIPW since the result 

would be an enormous amount of information, most of which would lack certainty and clinical 

significance [59, 63].  

The highly complex and complicated nature of the information acquired through NIPW 

would necessitate proper informed consent and pre- and post-test education and counselling 

about the interpretation of the results and the possible impact of the information, not only on 

the fetus, but on other family members [65]. This would prove to be a difficult logistical hurdle 

for most clinics offering NIPW. Furthermore, such extensive information about the genetic basis 

of risks to the health of the fetus has the potential to further increase patient anxiety 

surrounding the pregnancy, especially if the reason for undergoing screening is seen as a way to 

satisfy patients’ “desire [for] reassurance that their fetus is healthy” [66].  

Aside from autonomy concerns, routinely offering NIPW would result in “high associated 

costs and increase the burden on the healthcare system” [59]. From a practical standpoint, the 

ways in which implementing NIPW has been proposed by some authors [67] opens the door for 

health professionals and/or parents to set their own severity thresholds and to forego 

nondirective genetic counseling in some cases, thus implicitly encouraging possible eugenic 

practices [59, 68].  

5. Conclusion 

This paper began by examining the ethical and social issues associated with reproductive 

autonomy that are inherent in prenatal screening. It went on to present the significant benefits 

NIPT offers pregnant women and their families, while also explaining why, given its current 

implementation, NIPT poses challenges to respecting women’s reproductive autonomy in the 

context of prenatal screening. It then outlined some probable future uses of NIPT and the 

impact those could have on reproductive autonomy.  

If any of the future uses of NIPT outlined in this paper materializes – and the current 

regulatory landscape suggests that they very well may – they will further complicate the 

amount, nature, and complexity of information women have access to, as well as the 

implications such information may have for others. This may contribute to the challenges 

healthcare professionals face in respecting women’s reproductive autonomy. We thus suggest 

that the future uses of NIPT should consider respect for women’s reproductive autonomy as a 

leading factor in responsible and appropriate implementation. 
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Abstract:  

Technology makes it possible to expand many of the current screening programs. 

Initiatives for preconception screening of carrier status of recessive diseases, prenatal 

screening  of aneuploidies and neonatal screening were initially undertaken by targeting 

one or at most, a few, conditions. Tandem mass spectrometry and genomic technologies, 

such as sequencing and panel testing, make it possible to increase the scope of these 

programs to include more disorders or markers. While inclusion of a larger number of 

conditions with similar characteristics may lead to greater success in the goal of screening, 

the inclusion of non-similar conditions raises new questions. Informed decision-making 

requires adequate and relevant information, which may be a challenge if many more 

conditions are added, especially for non-similar conditions. The goals of offering health 

benefits and greater reproductive choice may become blurred; thus, clear communication 
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of the aims of screening is imperative. Screening for more conditions risks increasing the 

number of false positives. Evaluation of the pros and cons of screening programs, 

including the cost-effectiveness, is needed to ascertain the potential of expanded 

screening. Targeted analysis based on careful evaluation of these pros and cons combined with 

the availability of new technologies represents an important opportunity to devise expanded 

screening programs. 

Keywords  

Expanded screening; panel; prenatal screening; neonatal screening; preconception carrier 

screening; pre-implantation genetic screening 

 

1. Introduction 

While many patients seek healthcare for a specific reason, screening is typically organized as 

an invitation-only program implemented by healthcare professionals. The objective of such 

initiatives is to identify the group of “at risk” individuals among the invited population for 

subsequent diagnostic testing to confirm, or exclude, the existence of the target condition. All 

couples who could become pregnant or are planning a pregnancy are the target group in 

preconception carrier screening, while all pregnant women are the target group in prenatal 

screening and all newborns are the target group in neonatal screening. In cases of fertility 

problems or high genetic risk, a couple receiving in vitro fertilization treatment can also be 

offered pre-implantation genetic screening (PGS), where embryos are investigated to exclude 

aneuploidy before choosing the embryo(s) for implantation. The aims of screening can be two-

fold: on the one hand, the aim is to identify treatable conditions early, thus avoiding irreparable 

damage to health, while on the other hand, the aim is to enable women or couples to make 

informed reproductive choices. These different aims may influence the protocols used to invite 

participants and organize the informed consent. While prenatal screening for Rhesus blood 

groups and neonatal screening are performed almost routinely, prenatal screening for 

aneuploidies where the option to terminate a pregnancy may be at stake, demands more 

extensive counseling to allow informed decision-making. 

The rapid technological developments that have occurred in these fields over the last decade 

have led to the expansion of several screening programs. This has advantages (identification of 

a greater number of treatable conditions) but also disadvantages (a potential for less informed 

decision-making). In this opinion article, we will discuss issues that require careful balancing of 

pros of cons by policy makers. Similar issues associated with the implementation of screening 

programs can also be encountered when healthy people are invited to buy a product to assess 

their risk or to participate in a risk assessment on an individual basis; these settings will not be 

discussed in this article. Instead, we focus on expanded population screening programs in the 

beginning of life. Some issues relevant for responsible implementation appear in more than one 
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screening program setting. In this article, we follow the experience of a couple during 

pregnancy, starting from preconception carrier screening, moving via pre-implantation genetic 

diagnosis (PGD) and prenatal screening to neonatal screening. No ethics approval was sought 

for this work, as we do not report any original research, but only provide the opinion of the 

author on current developments with reference to earlier publications. 

2. Preconception Carrier Screening 

When a child is born with a serious autosomal recessive disorder, parents often ask whether 

they could have avoided this situation. Often the practical answer is “no”, since preconception 

carrier screening is not routinely offered in many healthcare settings. However, such conditions 

can indeed be identified if preconception carrier testing is offered, and parents-to-be can be 

tested for carrier status. Early examples of carrier screening programs include testing for 

thalassemias in some Mediterranean regions [1] and testing for Tay Sachs disease in 

populations of Ashkenazi Jewish ancestry [2, 3]. If both partners are carriers of the same 

autosomal recessive disorder, then each pregnancy is associated with a 25% risk of an affected 

infant. Since many couples plan to have more than one child, the risk of a couple having at least 

one child affected with the condition is 1-(0.75)N, where N is the number of pregnancies. For 

two pregnancies, the risk of at least one affected pregnancy is 44%, and 58% for three 

pregnancies. There are, in theory, several options for family planning available to carrier 

couples: accept the risk, avoid pregnancy, adopt children, use prenatal diagnosis and selective 

termination of pregnancy, use embryo selection after in-vitro-fertilization (pre-implantation 

genetic diagnosis, PGD), use a donor sperm, or find another partner. Different people choose 

different options. The Dor Yeshorim program for orthodox Jewish people tests potential 

partners before they have a relationship, so that a carrier couple can be avoided [2]. In Cyprus, 

couples are required to undergo carrier testing before marriage, but can choose how they 

proceed with their plans to have a family [1]. 

After these early preconception carrier screening programs, techniques became available to 

screen for a larger number of disorders. A panel test for four severe childhood conditions was 

developed in a specific Dutch founder population [4] and panel tests designed for Jewish 

populations now include more than 10 disorders. Commercial providers have started offering 

panel tests for more than 100 diseases [5]. Expanded carrier tests offer the advantage that a 

larger proportion of potentially affected fetuses can be recognized [5, 6]. A disadvantage, 

however, is that the person tested does not know the conditions that they can be tested for; 

therefore, the perceived sense of urgency may be limited and informed decision-making more 

difficult [7, 8]. Furthermore, founder mutations that occur in a specific population may not be 

included in the expanded test [9]. In obstetrics, especially in fertility clinics where people are 

seen before a pregnancy, the question is whether and what to offer in terms of carrier testing. 

Several versions of the Guidelines of the American College of Obstetricians and Gynecologists 

have been published, starting from ancestry-based testing of a small number of genes, to more 
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recent guidelines recommending that (preconception) carrier screening should not be limited 

to people of certain ancestry, especially for cystic fibrosis, spinal muscular atrophy and 

hemoglobinopathies [10]. In Europe, it is has been advised that “governments and public health 

authorities should adopt an active role in discussing the responsible introduction of expanded 

carrier screening” [8]. In many countries, no guidelines have yet been published, leaving 

professionals to decide for themselves whether or not they inform couples they see before a 

pregnancy about the availability of carrier screening. In the absence of a professional stance, 

many obstetric care providers decline to inform couples of this service. However, identification 

of a carrier couple before pregnancy automatically raises the question of reproductive options, 

such as whether the couple wants to start a family and the availability of testing that may help 

to avoid the birth of infants affected by these serious conditions. If a risk of a specific 

monogenic disorder has been recognized, the couple could use PGD, or prenatal testing for that 

specific disorder to help in their decision-making. 

3. Pre-implantation Genetic Screening (PGS) 

A couple with a 25% risk of having an infant with serious recessive disorder can apply for 

diagnostic testing, for instance, in the pre-implantation embryo. Some authors and companies 

advocate more than diagnostic testing of the embryo. If all embryos were tested for aneuploidy, 

one could speculate that pregnancy outcomes would improve. However, 11 randomized 

controlled trials of screening using this technique showed no improvement in in vitro 

fertilization delivery rates [11]. Subsequent trials assessed different techniques, , so the 

potential of PGS for aneuploidies to contribute to better pregnancy outcomes is still open for 

debate. It may become possible to expand screening in this pre-implantation setting, especially 

by screening one cell of the embryo for many conditions, a new approach that has been found 

to show promise in single cell sequencing trials [12]. Expanded pre-implantation screening is 

also conceivable in terms of including monogenic conditions. This raises issues that are similar 

to those we have highlighted already in that the couples involved may not always know the 

conditions for which the embryo is tested and therefore, may not be able to make an informed 

decision regarding their options. Furthermore, the phenomenon of genetic mosaicism raises 

the issue of the positive and negative predictive value of anomalies found (or not found) in the 

embryo. For the moment, expanded pre-implantation genetic screening is only relevant in 

research settings. 

4. Prenatal Screening 

Prenatal screening is performed for blood groups and Rhesus factors, infections and 

ultrasound anomalies. Improved techniques have led to gradual expansion of these tests, 

although recent discussions have focused predominantly on non-invasive prenatal testing (NIPT) 

[13]. Using maternal serum, free fetal DNA can be used to test for aneuploidies in the fetus, or 

actually, in the placenta [14]. If no anomalies are found, the negative predictive value is greater 
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than 99%. However, if an aneuploidy is detected, the positive predictive value may be around 

50% or higher, depending on maternal age and ultrasound findings. In contrast, this figure may 

be only a few percent when a combined testing approach is used. After a positive NIPT result, 

diagnostic testing by amniocentesis or chorionic villus sampling is needed, although the number 

of invasive tests has decreased greatly since the introduction of NIPT. 

As the entire fetal DNA is present in maternal blood, one can imagine testing for more than 

just aneuploidies. Some companies have also started offering tests based on what is technically 

feasible in terms of identifying microdeletions. It is conceivable that NIPT could be expanded to 

include monogenic disorders (such as Duchenne muscular dystrophy, cystic fibrosis or 

congenital adrenal hyperplasia) or new mutations that are not present in the parents and might 

cause serious developmental delay. However, both costs and ethical issues should be 

considered. Furthermore, the number of false positives could increase, which may undermine 

the main achievement of NIPT: the significant reduction in the proportion of people undergoing 

invasive testing [13]. If the goal of reproductive screening is to help couples make an informed 

decision about their reproductive choices, it is imperative that we take care to ensure that the 

they are sufficiently “informed” if a screening test is expanded to include many conditions 

about which the couple have no knowledge. 

The goal of prenatal screening is two-fold: apart from enabling couples to make informed 

reproductive choices, the objective is also to identify treatable infections and avoidable 

conditions, such as rhesus antagonism. Moreover, expanded prenatal screening might include 

more conditions that require prenatal treatment, such as congenital adrenal hyperplasia, or 

treatment soon after birth, before the result of neonatal screening is known. Thus, the prenatal 

counseling should be offered taking into account the dual goal of prenatal screening. 

5. Neonatal Screening 

Screening for phenylketoruria (PKU) screening in newborns was first implemented more 

than 50 years ago [15]. If the disorder was recognized, severe developmental delay in the 

newborn could be avoided by dietary intervention. PKU screening is now offered in many 

countries around the world. For PKU, a program was set up to register all newborns and screen 

them using just one laboratory test, to inform the parents and pediatricians of the result and 

initiate treatment. Thus, it was relatively simple to add a second and third laboratory test or 

condition to expand the screening program. Congenital hypothyroidism (CHT) has now been 

added in the programs of many countries around the world [15] and while PKU is treated by 

metabolic pediatricians, endocrine pediatricians manage CHT. Programs have expanded from 

one to two conditions to over 50 different conditions [15]. The recent expansions were driven 

mainly by advances in tandem mass spectrometry (MS/MS), where one test could be used to 

screen for several metabolic diseases. Another driver of expansions was the development of 

treatments, such as stem cell transplantation and enzyme replacement therapy. Countries have 

made different decisions regarding expansion of their neonatal screening programs and further 
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expansions are ongoing. In Europe in 2012 one country (Albania) did not yet screen newborn 

infants, while other European countries screened between one and more than 40 conditions, 

and some American states screened for more than 50 conditions [15]. 

A potential future driver of expansions is sequencing techniques, either whole genome 

sequencing, whole exome sequencing or targeted panels [16]. For the moment, the cost is 

much higher than that for regular neonatal screening programs, and the test properties, such as 

sensitivity and positive predictive value,  are insufficiently characterized; however, it is conceivable 

that these technologies will be used in the near future as a second tier test to limit the number 

of false positives. 

Continuing technical developments repeatedly raise the question of the “target” conditions 

for inclusion in screens [17]. If more disorders can be diagnosed, a decision must be made 

regarding the benefits, or whether the targets should remain those where a clear health benefit 

can be achieved by earlier diagnosis [16]. Some have argued that earlier diagnosis of 

“untreatable” conditions is beneficial by avoiding a long diagnostic odyssey. Furthermore, this 

approach would inform the parents of a potential reproductive risk before the next pregnancy, 

thus allowing for informed reproductive choices. If one child has a serious condition, it may be 

beneficial for the family not to have a second child that also needs special care. So far neonatal 

screening is focused on those conditions where the benefit of the index patient is scientifically 

proven [17]. 

6. Discussion and Conclusion: Is Better? 

Technological developments make it possible to expand many of our current screening 

programs. This may be a positive development, if a greater number of similar conditions can be 

recognized at the same cost, and thus the aim would be better achieved. However, often 

possibilities to expand screening will also generate more costs, more false positives, and may 

make informed decision-making more difficult. Whether or not screening criteria are (still) met, 

whether or not quality and cost increase and the value of the expanded screening program to 

the recipients needs to be investigated for each potential expansion. Overall, screening will be 

improved by the application of available technologies combined with a targeted analysis based 

on careful evaluation of the associated pros and cons. 
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Abstract  

Cystic Fibrosis (CF) is one of the commonest autosomal recessive genetic diseases that 

show a high carrier frequency amongst Caucasian populations. Although there has been 

tremendous progress in the available therapies, compared to the past, the disease is still 

associated with significant morbidity and mortality. Because of the severe clinical 

manifestations and the shortened life expectancy of patients, population based carrier 

screening, to identify heterozygous carrier couples at risk of having affected children, has 

been recommended. We review the history of population based carrier screening for CF, 

focusing on the screening guidelines, the current requirements and the difficulties of 

implementation, considering especially the heterogeneity of CF-causing mutations.  
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Cystic Fibrosis Facts 

Since the discovery of the DNA double helix, 64 years ago, there has been a tremendous 

progress in identifying disease causing genes, especially for the monogenic disorders. For cystic 

fibrosis (CF), the responsible gene, cystic fibrosis transmembrane conductase regulator - CFTR, 

was identified and its coding regions were sequenced in 1989 [1, 2]. Mutation analysis was 

offered to patients fulfilling the criteria for cystic fibrosis diagnosis and that led to the 

identification of disease causing mutations and establishment of mutation frequencies to the 

tested ethnic groups [3, 4, 5, 6]. From these early years of the “mutation-detection era”, there 

was the aspiration of offering population carrier screening to identify carrier-couples at risk of 

having a child with cystic fibrosis [7, 8, 9].  

CF is one of the commonest autosomal recessive disorders in Caucasians, with a carrier 

frequency of 1 in 25-30 and birth prevalence of approximately 1 in 2300. Cystic fibrosis is one of 

the most common, inherited life-shortening diseases of childhood. It affects multiple organ 

systems in the body mainly the respiratory and the gastrointestinal system. The severity of the 

clinical presentations varies greatly among patients from multi-organ involvement in the most 

severe form, which presents in the neonatal period to early childhood, to single organ 

manifestations, such as recurrent pancreatitis or male infertility due to congenital bilateral 

absence of the vas deferens (CBAVD) that could manifest later in adult life [10, 11]. These 

discrepancies are largely due to the different mutations the patients bear but other reasons 

have been recognized to influence the outcome such as mutations in modifier genes, 

environmental factors and even stochastic events [12, 13, 14].  

The disorder has been reported in other ethnic groups aside from Caucasians, but it presents 

with lower birth prevalence. CF is considered uncommon in Africa and Asia although in most 

cases, data on birth prevalence are not available. The lowest reported frequency is in Japan 

with an incidence of 1 in 350000 live births [15, 16, 17]. 

CF occurs due to mutations in the CFTR gene, located in the long arm of chromosome 7 

(7q31.2). The CFTR mutation database, a database that was initiated in 1989 by the Cystic 

Fibrosis Genetic Analysis Consortium to increase and facilitate communications among CF 

researchers and is devoted to the recording of CFTR gene mutations for the international cystic 

fibrosis genetics research community, currently lists almost 2000 mutations, of which the vast 

majority are missense [18]. The CFTR mutation spectrum exhibits a high degree of 

heterogeneity; with some mutations being specific in some ethnic groups and others being 

extremely rare to the degree to be considered private. The mutation heterogeneity in Europe 

increases as we move from the more homogeneous, population wise, north to the less 

homogeneous south of the continent [19].  

However the commonest mutation in almost all ethnic groups is p.Phe508del (legacy name 

F508del, ΔF508) reaching almost 100% in the isolated Faroe Islands of Denmark and 25% in 

Turkey [19]. Besides p.Phe508del there are at least 3 mutations that are common in all ethnic 

groups, with varying frequencies, namely p.Gly542X (legacy name G542X), p.Asn1303Lys (legacy 
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name N1303K) and p.Gly551Asp (legacy name G551D). The great mutational heterogeneity in 

CF poses serious issues to the implementation of a general population screening program. In 

order to achieve maximum benefits of such programs, the mutations and their frequencies in 

the screened populations should be known beforehand [19, 20, 21]. 

Definition of Carrier Screening 

“Screening is the systematic application of a test or enquiry to identify individuals at 

sufficient risk of a specific disorder to warrant further investigation or direct preventive action, 

amongst persons who have not sought medical attention on account of symptoms of that 

disorder”[22]. In order to judge if a disorder is suitable for screening, specific criteria should be 

fulfilled. To name some, the condition should be well defined and the prevalence should be 

known, the program should promote equity and access to screening for the entire target 

population, the program evaluation should be planned from the outset and the overall benefits 

of screening should outweigh the possible harm, which refers mainly to psychological impact of 

being informed of a carrier status [23, 24, 25, 26, 27, 28].  

Genetic screening for cystic fibrosis can be performed in two different settings, achieving 

different goals: a) Newborn screening, aiming at recognizing disease state and b) Carrier 

screening, aiming at recognizing unaffected individuals at risk of having an offspring with CF, 

the latter being the scope of this paper [29]. 

At this point a clear distinction should be made between carrier testing and carrier screening. 

Carrier testing refers to detecting CF-causing mutations in individuals who have an a-priori 

increased risk of being carriers, due to family history of CF or personal history of a CFTR related 

disease (CFTR-RD). A CFTR-RD is “a clinical entity associated with CFTR dysfunction that does 

not fulfill diagnostic criteria for CF” [11]. If there is a family history, the mutation detection 

protocol used should include the mutations present in the family.  

Carrier screening on the other hand refers to detecting CF-causing mutations in individuals 

with no a-priori increased risk of being carriers (general population) or individuals whose 

partners are not CF carriers or CF patients, and therefore are not at an increased risk of having 

an offspring with cystic fibrosis. Carrier screening should be voluntary and performed only as an 

informed decision. Therefore carrier screening of minors or individuals unable to provide 

informed consent should be discouraged. Pre- and post-testing counseling is essential, so that 

the individuals understand the procedure, the meaning of a positive test result and the 

implications for a subsequent pregnancy if the partner is also tested positive as well as the 

meaning of a negative test result and the residual risk of being a carrier.  

The best time to perform carrier screening is in the preconception period, when the couple 

is planning a pregnancy. At this time all reproductive options are open for the couples that test 

positive, including prenatal diagnosis early in the pregnancy, in vitro fertilization (IVF) followed 

by pre-implantation genetic diagnosis (PGD) or IVF using donor gametes, adoption and even 

decision against having children. Often the occurrence of pregnancy is not planned and in such 
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cases carrier screening should be performed, at the earliest time possible. In this case the 

choices of a carrier couple are limited and anxiety during the test period increases substantially.  

There are different strategies of pursuing screening. It can be performed only for one 

partner, sequentially to both members of the couple reporting the carrier status of each 

member or simultaneously for both partners, reporting results for the couple as entity. The 

choice for the approach to be used depends on personal choice, time frame and financial issues. 

If the decision is made to screen only one partner, then female testing should be preferred as a 

negative test result offers security in cases of undisclosed non-paternity. In the sequential 

approach, identified carriers are notified of their carrier status giving opportunity for cascade 

screening of other members of the family at increased risk of being carriers. If screening is 

performed during an ongoing pregnancy, testing simultaneously both members of the couple is 

preferred as it is more time effective in relation to the pregnancy. Finally if a pregnancy is 

achieved using gamete donors, it is essential to counsel the couple that screening for CFTR 

mutations should be applied to the gamete donors [21, 29, 30].  

Carrier Screening: the Early Years – the First Guidelines 

Carrier screening for cystic fibrosis has been possible for almost 25 years, but before it could 

be implemented there was a great need to investigate parameters such as: who should be 

tested, which mutations should be included, when was the right time for testing, did the 

benefits outweigh the possible harm, who and how would inform and counsel the participants 

and finally who would cover the cost [31, 32, 33, 34]. Therefore, although carrier screening was 

technically feasible since F508del was identified as the most common causative mutation, the 

first pilot screening programs occurred in the early to mid-90s [35, 36]. 

After the discovery of the gene, diagnostic laboratories mainly in Europe and the U.S. started 

offering genetic testing to CF patients in order to identify the causative mutations. The Cystic 

Fibrosis Genetic Analysis Consortium was formed in order to catalogue the large, and growing, 

number of disease-causing mutations. The purpose of the Consortium was to increase and 

facilitate communications among CF researchers who were working on mutation identification 

in the CFTR gene [37]. This enabled the definition of the mutation spectrum in each distinct 

population. Before CF mutation screening was available for the general population the first 

groups that were offered testing, in the early 90s, were relatives of patients and partners of 

recognized carriers [38, 39]. Carrier testing was also indicated in cases of couples undergoing 

IVF due to male infertility and in cases of pregnancy with sonographic echogenic bowel findings 

during the 2nd trimester [40, 41]. In the late 90s carrier screening for CF started being available 

for the general population and was offered mainly to couples considering having a child or at 

the early stages of an ongoing pregnancy [35]. 

Before guidelines for population based cystic fibrosis carrier screening where made available, 

the choice of which mutations would be included in a screening panel was a decision made by 

the laboratory offering the test. The common practice was to test for the most common 

mutation in all ethnic groups p.Phe508del [42], and 5 of the other common mutations 



OBM Genetics 2017; 1(4), doi:10.21926/obm.genet.1704010 

Page 60/155 

(p.Gly542X, p.Asn1303Lys, p.Gly551Asp, p.Arg553X and p.Trp1282X) [35]. In a study published 

by Grody et al. [43], forty-five US laboratories offering CF carrier testing, were interrogated on 

the number of mutations covered. The answers varied from 1 mutation to 70 with the median 

being around 12-14 mutations [43]. 

 In 1997, the National Institutes of Health (NIH) recognizing the need for guidelines regarding 

carrier screening for CF convened a Consesus Conference on Cystic Fibrosis testing. Following 

that in 2001, a joint statement from the American College of Medical Genetics (ACMG), the 

American College of Obstetricians and Gynecologists (ACOG) and NIH was released 

recommending that CFTR mutation testing was to be made available to all pregnant couples, 

independently of their personal/family history or their ethnicity,  and to all couples planning a 

pregnancy [44]. 

 Specifically the committee recommended that CF carrier screening be offered to non-Jewish 

Caucasians and Ashkenazi Jews, and made available to other ethnic groups, informing them on 

the detection rates applicable to their ethnic origin. Ideally testing should occur in the 

preconception period and should be performed either couple based or sequential depending on 

a) target population (frequency of carriers), b) availability of testing, and c) judgment of the 

referring practitioner. The recommended mutation panel was pan-ethnic, including variants 

with allele frequency ≥0.1% in the general US population. All mutations of this frequency were 

to be included in the recommended panel, regardless of their association with severe or mild 

disease. The committee proposed a panel of 25 mutations (Table 1) that fulfilled these criteria. 

Reflex testing of the benign variants p.Ile506Val, p.Ile507Val, and p.Phe508Cys was suggested 

for unexpected homozygosity in healthy individuals for the CF-causing mutations p.Phe508del 

or p.Ile507del and for determination of the genotype for the polyT track polymorphism in 

intron 9 (legacy intron 8), in case of detection of the mild p.Arg117His mutation was suggested. 

The genotype of the polyT track can vary between 5T, 7T and 9T. Individuals carrying 

p.Arg117His mutation plus the 5T variant in cis (on the same allele) when combined with a CF 

causing mutation can develop CF, but individuals with p.Arg117His and the 7T or 9T variant in 

cis in combination with a CF causing mutation have a highly variable phenotype that can range 

from no symptoms to mild lung disease [45, 46]. 

The committee recommended against the routine use of an extended mutation panel 

following a negative testing result using the standard mutation panel for a partner of a positive-

tested (carrier) individual (positive/negative couple), the rationale being that it couldn’t be 

available in every testing laboratory, it would have an effect of increasing anxiety and it would 

provide low additional yield, increasing the detection rate by only a small fraction. However the 

existence of an expanded mutation panel should be made available to couples requesting it and 

its use should be considered on a case-by case basis [44]. 
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Table 1. Standard mutation panel recommended in 2001 [44]. 

p.Phe508del
a
 p.Ile507del

a
 p.Gly542X c.984delT (1078delT) c.489+1G>T 

(621+1G>T) 

p.Arg553X p.Arg1162X p.Asn1303Lys c.3717+12191C>T 

(3849+10Kb T>C) 

c.1585-1G>A  

(1717-1G>A) 

p.Ala455Glu p.Arg560Thr p.Gly85Glu c.2052delA (2184delA) c.2988+1G>A 

(3120+1G>A) 

p.Trp1282X p.Arg334Trp p.Ile148Thr c.2657+5G>A (2789+5G>A) c.1766+1G>A 

(1898+1G>A) 

p.Arg117His
b
 p.Arg347Pro p.Gly551Asp c.3528delC (3659delC) c.579+1G>T 

(711+1G>T) 

Reflex tests: p.Ile506Val
a
, p.Ile507Val

a
, p.Phe508Cys

a
,
 
5T / 7T / 9T 

b 

* HGVS nomenclature, in parentheses the legacy nomenclature of the mutation is stated. 

Carrier Screening: the Here and Now 

The guidelines issued by ACOG/ACMG/NIH in 2001, were revised in 2004 [47]. The revision 

aimed to clarify three important points. Firstly, had the observed frequency of any CF mutation 

changed significantly; which meant that mutations included in the panel present with a 

frequency <0.1% now had to be removed and mutations not included in the initial panel with a 

frequency ≥0.1% had to be added. Secondly it was important to verify that the prevalence of CF 

mutations in the worldwide general population was as expected, based on predictions made 

using observed frequencies in CF patients. And lastly the revision aimed at recognizing any 

consistent and recurring issues arising with interpretation of specific mutations that needed to 

be addressed.  

The conclusions were that mutation c.984delT (legacy name 1078delT) had to be removed 

since the observed frequency in CF cases was merely 0.03% (well below the inclusion frequency) 

and mutation p.Ile148Thr also had to be removed since it was found in higher frequency in the 

general population than in CF cases. That finding indicated that p.Ile148Thr was not a CF 

causing mutation but rather a rare non-disease associated variant. Indeed, extended mutation 

testing of patients carrying p.Ile148Thr showed that the true CF causing mutation was 

c.3067_3072delATAGTG (legacy name 3199del6) found in cis with p.Ile148Thr. Since the 

frequency of c.3067_3072delATAGTG was considerably lower than 0.1% it was decided that it 

should not be included in the screening panel [48].  

As mentioned in the consensus document from 2001 [44], p.Arg117His was challenging in 

interpretation. This mutation is a mild variant, identified in CBAVD patients and should be 

considered a CF-causing mutation only when it is found in cis with the 5T polymorphism. The 

polyT track genotype (i.e. 5T/7T/9T) should not be reported in the absence of p.Arg117His. Due 
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to the frequency of this mutation, the committee recommended to retain p.Arg117His in the 

screening panel and emphasized the need for testing the polyT track only as a reflex testing. 

Currently the updated panel of 23 mutations is recommended by ACOG/ACMG/NIH [47]. 

In 2010 a European consensus document was published [21] aiming to outline the principles 

of screening. The characteristics of the screening program, namely the voluntary nature, the 

accessibility and the pre- and post- counseling were emphasized. The document states that 

screening should be made available to all couples, ideally in the preconception period and 

especially discourages direct fetal screening, without prior ascertainment of the parental 

mutations. This document does not propose a specific mutation panel but instead recommends 

on adapting the panel that best fits the target population. Since European populations are 

highly heterogeneic, the mutation panel for each distinct population should include only CF 

causing mutations that are present in frequencies above 0.5-1% in the CF patient population 

from which the individual originates. Recognizing that in the more heterogeneous South of the 

continent a high detection rate is difficult to be attained, the committee recommends aiming at 

a minimally a 70% detection rate to 90% optimally. These guidelines, as the ones from the 

ACOG/ACMG/NIH, recommended against gene scanning/sequencing for the initial screen or for 

the partner of an identified carrier, as this could lead to identification of mutations of unknown 

significance resulting in inability to pass on accurate information for the couple’s risk of having 

a child suffering from cystic fibrosis [49]. However it advises than whenever possible, partners 

of carriers should be tested with a more accurate mutation panel.  

In 2014 the Human Genetics Society of Australasia, published an updated position statement 

on population based carrier screening for cystic fibrosis [50]. In this statement the authors also 

recommend that all couples intending to have children or who are pregnant should be made 

aware of the availability for CF carrier screening. Based on the population composition of 

Australasia a recommended panel of 17 mutations, capable of identifying 80% of carriers was 

proposed. The panel did not include mutations that are associated with an unclear phenotype 

or lead to atypical disease, therefore p.Arg117His and the polyT polymorphisms were excluded 

from testing. Extensive sequencing of the negative partner in a positive/negative screened 

couple was also not recommended, however the identification of a carrier pregnant woman 

whose partner was unavailable for screening should lead to genetic counseling where one of 

the issues could be direct testing of the fetus. 

Overall, international directives for population based carrier screening in CF that apply today, 

recommend that all individuals who are planning or are in the early stages of pregnancy should 

be offered CF carrier screening. The mutation panel used should be specific for the population 

from which the individual originates and the pre- and post- testing counseling should be offered 

in order for the individual to recognize the benefits and limitations of each screening approach.  

However some national organizations, the Society of Obstetricians and Gynaecologists of 

Canada (SOGC), the UK National Screening Committee and the National Consultative Ethics 

Committee for Health and Life Sciences in France, have decided against universal carrier 

screening and recommend carrier testing to be offered only to individuals that are at an 
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increased risk of an affected child due to ethnic background, personal or family history, or 

clinical manifestations of this condition in themselves or the pregnancy [51, 52]. 

Carrier Screening: What Lies Ahead? 

Since the first guidelines, regarding population based carrier screening for cystic fibrosis 

were released, a lot has changed in the context of technological advancements as well as in our 

knowledge on disease causing mutations [12, 44, 53, 54].  

The introduction of Next Generation Sequencing (NGS) platforms has allowed the 

simultaneous mutation testing for more than a hundred genetic conditions at a comparable 

cost as when testing mutations in a single gene or a small number of population specific 

mutations in several genes [55, 56, 57, 58]. In view of the technological advancements the new 

era of preconception screening is moving fast towards an Expanded Carrier Screening (ECS) 

approach. ECS refers to testing for a plethora of genetic diseases; usually the ones with an 

autosomal recessive pattern of inheritance and it can be applied either by sequencing or 

genotyping. Sequencing will reveal any variation (single nucleotide variation or small 

insertion/deletion but not large rearrangements) in the sequenced gene and genotyping will 

only reveal specific, pre-defined, mutations. In the context of population carrier screening, 

genotyping may be the best approach as only pathogenic variants or likely pathogenic variants 

can be included in the analysis.  

As we move from the traditional single gene screening to large panels of genes being 

analyzed, it is very important to set rigorous criteria for the selection of disease causing genes 

to be included in the panel used. The more the merrier should not be the approach used and 

specific guidelines indicating the selection criteria have already been published [55, 59]. Cystic 

Fibrosis is a disease complying with the selection criteria and therefore it should be included in 

any preconception ECS panel.  

An issue that will certainly arise though is which CF mutations should be included. Should we 

continue proposing the 23 pan-ethnic mutation panel suggested by ACOG/ACMG/NIH [47], 

should we test for all pathogenic mutations present in the screened population that appear 

with a frequency even lower to the “gold standard” of 0.1% or should we screen the whole 

gene and report only pathogenic / likely pathogenic variants even if they are novel following 

the “Standards and Guidelines for the Interpretation of Sequence Variants: A Joint Consensus 

Recommendation of the American College of Medical Genetics and Genomics and the 

Association for Molecular Pathology” [60]. This question has no easy answer and has raised a 

lot of debate [61, 62] and we believe that the best approach should be custom-made for each 

distinct population.  

In South Europe, Greece and Italy present high genetic heterogeneity for CFTR mutations 

and the 23 mutation panel reaches a detection rate of less than 80%. For such populations the 

best approach for screening would be the use of an expanded mutation panel [63]. Our 

department offers genetic testing to patients as well as genetic screening for cystic fibrosis 

since 1992. Until now we have tested the majority of Greek patients and more than 20,000 



OBM Genetics 2017; 1(4), doi:10.21926/obm.genet.1704010 

Page 64/155 

members of the general population. From our data-set (unpublished data – manuscript in 

preparation) after screening the whole coding sequencing and applying MLPA analysis we have 

identified 64 mutations with frequencies ≥0.1% and in total 135 disease-causing mutations 

reaching a detection rate of 95%. These data emphasize the need for applying an extended 

CFTR screening protocol to a heterogeneous population in order to achieve a high detection 

rate [64].  

A major issue that needs to be resolved involves the economic considerations. Unfortunately 

the only plausible way to test individuals for cystic fibrosis carrier status is by DNA mutation 

analysis. The fact that there is no biochemical or hematological test available, like when testing 

for thalassemias, skyrockets the cost for such programs. It is true that most international 

guidelines suggest that carrier screening should be made available to all individuals of 

reproductive age, but the cost currently is covered on a user-pay basis. This abolishes the equity 

principle of screening, as only those who can afford it will benefit. Although the cost-

effectiveness of population based carrier screening for cystic fibrosis has been the issue of 

many studies [65, 66, 67, 68, 69], it is difficult to reach a uniform conclusion. 

Implementation of a cystic fibrosis population-based carrier screening program has to 

overcome many obstacles. It is evident that the decision to include CF carrier screening in the 

services that the national health system provide should be based on the health economics of 

each country and the carrier frequency in the tested population.  
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Abstract 

The main aim of PGS has always been to improve IVF outcome, especially in patient 

groups assumed to have higher rates of chromosomally abnormal embryos, such as 

patients of advanced maternal age. In that sense, PGS is quite different from other types 

of screening as discussed in other papers in this issue. Today it bears no doubt that 

blastocysts found to be uniformly aneuploid in a biopsy will fail to implant, or worse, will 

implant and lead to a pregnancy and birth carrying a major chromosomal abnormality, 

such as trisomy 21. However, it has been argued that a cohort of embryos cannot be 

improved, and that PGS is only a selection method for which efficiency has not been 

proven. PGS would never increase the live birth rate for that given cohort, even with a 

100% efficiency rate of embryo cryopreservation. The current debate on whether PGS 

should be applied and to which patients it should be offered has shifted from the effect 

on live birth rates towards other outcomes such as the reduction of transfers and of 

miscarriages. Taking the undeniable higher cost of IVF into account when PGS is included, 

what is the benefit to the patient? The views on this question differ on whether PGS is an 

additional source of income for the IVF clinic and may or may not balance the extra cost 

http://creativecommons.org/licenses/by/4.0/
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for cryopreservation and embryo transfer for the patients, or whether society pays for IVF 

treatments and may decide not to want to invest in a medical act that does not improve 

the primary goal of IVF, i.e. having a healthy child. PGS is also often presented as 

diminishing patient anxiety and stress through decreasing unnecessary embryos transfers 

and miscarriages, although no data on this assertion are available. Whether this 

emotional argument will show to be strong enough to add PGS as a routine part of an IVF 

treatment remains to be seen. 

Keywords 

Preimplantation genetic screening; preimplantation genetic diagnosis for aneuploidy; 

preimplantation genetic testing for aneuploidy; embryo biopsy; embryo mosaicism; aCGH; 

NGS 

 

Introduction 

The aim of preimplantation genetic screening (PGS) is to select against oocytes and/or 

preimplantation embryos, obtained during an IVF cycle, that carry chromosomal abnormalities, 

so that only euploid embryos with a higher chance of implantation are transferred [1]. PGS has 

been developed after it was found that more than half of embryos obtained during an IVF cycle 

display chromosomal abnormalities that are both meiotic and mitotic in origin and are 

incompatible with normal development [2, 3]. The main aim of PGS has always been to improve 

IVF outcome, especially in patient groups assumed to have higher rates of chromosomally 

abnormal embryos, such as patients of advanced maternal age (AMA), with repeated pregnancy 

loss (RPL) or repeated implantation failure (RIF) after transfer of embryos of good morphology 

[4]. In that sense, PGS is quite different from other types of screening as discussed in other 

papers in this issue. This is why PGS has gone by many names: some authors wanted to clearly 

differentiate PGS, applied to patients with a relatively low risk for a live birth with a 

chromosomal abnormality, from preimplantation genetic diagnosis (PGD) applied to patients at 

risk for a monogenic disease or carrying a chromosomal structural abnormality. Others deemed 

that a diagnosis was obtained from the embryo, as clearly non-viable embryos were identified 

and excluded from the cohort of transferable embryos, and therefore argued that the 

procedure should be called preimplantation genetic diagnosis for aneuploidy screening (PGD-

AS) [5] or preimplantation genetic testing for aneuploidy (PGT-A) [4]. 

These two fundamentally different viewpoints explain the controversy that has surrounded 

PGS since its inception. PGS at day 3 of development counting 5 to 9 chromosomes with 

fluorescent in situ hybridization (FISH) in one biopsied cell knew a high flight in the nineties of 

last century, and the early years of this century [6] and was at some point more frequently 

performed than PGD. The practice of PGS was mainly supported by non-randomized studies 
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with poor experimental design and inadequate control groups [7], and by 2010, 11 randomized 

controlled trials (RCTs) had been published that demonstrated that PGS did not increase, and in 

some cases even decreased, pregnancy rates [6]. With hindsight, that first version of PGS may 

not have worked because only a handful of chromosomes were counted, while all 

chromosomes seem to be affected in preimplantation embryos [8]. Moreover, day 3 of 

development seemed particularly affected by chromosomal abnormalities, often in mosaic 

form. Cleavage stage embryos can be mosaic for euploid and aneuploid lineages, and therefore 

the biopsy of one cell is not representative for the status and implantation potential of an 

embryo [9, 10]. The development of comprehensive chromosome screening (CCS) based first on 

single nucleotide polymorphism (SNP) arrays or array comparative genomic hybridisation (CGH) 

and later on next generation sequencing (NGS), and the shift towards biopsy at a later stage of 

embryonic development, the blastocyst, heralded a renaissance in PGS. This was made possible 

by the introduction of a highly efficient type of cryopreservation, called vitrification, which 

allows recovery of nearly 100% of frozen blastocysts. Not only does vitrification allow the 

spreading of embryo transfer over several cycles avoiding the need for embryo selection in the 

fresh cycle, it also gives the molecular biologists extra time for the analysis of the samples [11]. 

However, history repeated and PGS2.0 was widely implemented without the support of well-

designed RCTs [12].  

Technologies Employed in PGS 

In vitro Preimplantation Embryo Development After IVF and ICSI 

During an IVF cycle, the patient receives ovarian stimulation hormones to obtain as many 

oocytes as possible. Final maturation of the oocytes is induced with an hCG injection and 36 h 

later, the oocytes are retrieved by puncturing and aspirating the follicles under ultrasound 

guidance. Fertilisation can then be obtained by incubating the oocytes with sperm, allowing the 

sperm to penetrate the zona pellucida and the oolemma under their own power. This is what is 

usually described as IVF. Alternatively, the sperm can be injected into the oocyte using 

micromanipulation, a procedure called intracytoplasmic sperm injection or ICSI. ICSI was 

originally developed for patients with poor quality sperm that was not able to fertilise the 

oocyte. Nowadays, ICSI is used more frequently than IVF, even for patients with good sperm, 

with the argument that chances of fertilisation are maximized [13]. In case of PGD or PGS, ICSI 

is preferred because it avoids the risk of DNA contamination with sperm cells sticking to the 

zona pellucida [14], although this precaution is not necessary if the embryo biopsy is analysed 

by FISH.  

In case of IVF, all oocytes retrieved are incubated with sperm, as it is not possible to evaluate 

the maturity of the oocytes because they are still surrounded by a layer of corona cells. Before 

ICSI, these cells are removed and only those oocytes that are in the metaphase II stage, i.e. that 

have extruded one polar body and display germinal vesicle breakdown, are selected for sperm 

injection. Fertilisation is assessed the next day by the extrusion of the second polar body, and 
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the presence of two pronuclei at the so-called 2PN stage. The zygote then starts to cleave, and 

by day 3, the cleavage stage embryo should count about eight blastomeres of regular size, and 

few or no acellular fragments. By day 4, the cells of the embryo start to compact and the 

boundaries between the individual cells become indistinguishable. After this morula stage, a 

cavity is formed in the embryo, and the first differentiation into an inner cell mass (ICM), to 

become the embryo proper, and the trophectoderm cells, to become the placenta, takes place. 

Up to the morula stage, the embryo does not increase in volume, but with the formation of the 

blastocoele, the zona pellucida becomes too tight and the embryo hatches from the zona and is 

ready for implantation in the endometrium. Throughout the in vitro development of embryos in 

the IVF lab, the regularity of the consecutive cleavages, the even size of the blastomeres, and 

the number of acellular fragments are monitored. These parameters are predictive of the 

implantation potential of the embryo, which is why standardized grading is used in routine IVF 

care [15]. The different stages of preimplantation development, and how the quality of an 

embryo is assessed, are extensively described in the ESHRE atlas of human embryology 

(http://atlas.eshre.eu/). 

Biopsy Methods and Timing 

Polar body biopsy 

The earliest time point possible to assess the chromosomal content of the oocyte, is after 

fertilisation, when two polar bodies have been extruded. These by-products of meiosis can be 

removed without further damage to the developing embryo, and mirror the chromosomal 

content of the oocyte. This is the main disadvantage of polar body biopsy (PBB): only the 

maternal contribution to the embryo is tested, and therefore PBB cannot be used for instance 

when the father carries a structural chromosomal aberration. Also, mosaicism occurring at later 

stages of development as mentioned in the previous paragraph cannot be assessed through 

PBB, although it can be argued that this is an advantage [7].  

The pioneers of PBB were the late Yury Verlinsky and his colleagues, who were also the main 

practitioners. Originally, they proposed to only biopsy the first polar body, before fertilisation, 

as this is a true preconception diagnosis, but as this led to a number of misdiagnoses (mainly for 

monogenic diseases), the standard method became to analyse both first and second polar body 

[16].  

Polar body biopsy is carried out typically 6 to 12h after fertilisation, after breaching the zona 

pellucida by mechanical means or using a laser. A biopsy pipette is inserted into the hole and 

the PBs are retrieved, either sequentially or simultaneously. The simultaneous biopsy has as 

advantage that the oocyte needs to be manipulated only once; however, it takes some skill and 

training to differentiate the first from the second polar body [17]. This is important to obtain an 

accurate diagnosis: the first polar body normally contains 23 chromosomes and 46 chromatids, 

but can display abnormalities both at the level of the chromosomes, caused by non-disjunction, 
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as of the chromatids, caused by premature predivision, while the second polar body is a fully 

haploid cell with 23 chromosomes/chromatids [18].  

Cleavage stage biopsy 

Until very recently, cleavage stage biopsy was the most popular time point at which to 

biopsy the embryo. At day 3 of development, a normally developing embryo contains eight 

blastomeres. Either one or two blastomeres can be biopsied at this stage, and the choice of 

how many to biopsy depends on several factors. Although the best developing cleavage stage 

embryos can survive the biopsy of two cells and develop into a normal baby, overall two-cell 

biopsy has been shown to be more damaging to the embryo than one-cell biopsy [19] 

Therefore, two-cell biopsy was only performed in PGD for monogenic diseases, where the risk 

for an affected result was 25 or 50% and misdiagnosis carries dire consequences [20]. For PGS, 

most groups would biopsy only one cell [21].  

Technically, cleavage stage biopsy is very similar to PBB. First, a hole is created in the zona 

pellucida using either acid Tyrode’s solution or laser, although the latter has become the 

preferred method as it is much more accurate, leaves smaller holes of controllable size in the 

zona and requires much less training and skill to perform [6]. Second, a biopsy pipette is 

inserted in the embryo and one or two blastomeres are gently aspirated [22].  

Blastocyst biopsy 

Blastocyst biopsy was described already in 1990 [23], but has only recently known a high 

flight and is now introduced in a growing number of PGD centres [11, 24]. The advent of better-

adapted culture systems yielding more blastocysts per treatment cycle paved the way for this 

type of biopsy. Blastocyst biopsy has many advantages: as five to ten cells are biopsied, the 

genetic diagnosis is more accurate. Moreover, an embryo selection already took place during 

the culture, as only about half of fertilized embryos reach the blastocyst stage [25], which 

means that fewer analyses need to be carried out on embryos that have shown to have a better 

implantation potential. It is also believed that blastocyst biopsy is less detrimental to the 

embryo [26]. Finally, blastocysts are less subject to chromosomal mosaicism than cleavage 

stage embryos, although the debate on the biological and clinical significance of this is still 

ongoing [27]. 

Capalbo et al. have given an extensive description of blastocyst biopsy in [28]. Biopsy is 

performed on Day 5, 6 or 7 of preimplantation development on good quality blastocysts. A hole 

is made in the zona pellucida opposite the site of the ICM. Some medium is then blown through 

the hole to detach the TE from the zona and to induce collapse. Three to ten TE cells are then 

gently aspirated, and separated from the rest of the embryo by laser pulses. 

An important factor to facilitate the introduction and widespread use of blastocyst biopsy is 

the vitrification of blastocysts. Genetic analysis as described below is time consuming and the 

high costs can be decreased by pooling samples from different patient cycles. By vitrifying all 
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blastocysts after biopsy, the genetic lab has ample time to complete the analysis and the 

embryology lab to rank the embryos and thaw and transfer them accordingly [29]. 

For the sake of completeness, I also mention here blastocentesis, whereby blastocoel fluid is 

aspirated from the blastocyst and is then analysed using NGS [30, 31]. Whether the blastocoele 

fluid truly represents the chromosome complement of the whole embryo still needs to be 

demonstrated; however, this is an interesting research avenue as blastocysts completely 

recover and regain their original morphology after biopsy, and blastocoele aspiration is 

therefore considered to be less invasive than blastocyst biopsy [32]. Analysis of the culture 

medium in which the embryo was cultured is non-invasive, although here there are reasonable 

doubts whether the DNA present in the medium is coming from the embryo [33-35]. 

Methods for Genetic Analysis of Embryo Biopsy Samples, and the Insights They Brought us 

Fluorescent in situ hybridisation 

The earliest method used in PGS was fluorescent in situ hybridisation (FISH), because it could 

be applied to interphase nuclei from blastomeres from which obtaining a metaphase plate is 

very inefficient. FISH is now considered obsolete as the number of chromosomes that could 

reliably be counted are limited, due to the fact that only five fluorochomes are available and 

that only so many dots can be counted in one nucleus before overlaps make correct 

interpretation impossible. Nevertheless, it was the first method that yielded some insight into 

the cytogenetics of preimplantation embryos, and that drew our attention to the fact that more 

than half of cleavage stage embryos are chromosomally abnormal. Kuliev et al. analysed 3953 

PGS cycles in which the polar bodies of 20,986 oocytes were analysed by FISH for chromosomes 

13, 16, 18, 21, and 22. Forty-seven per cent of the oocytes were shown to be abnormal, with a 

clear correlation between age of the patient and chromosomal abnormality [16]. Investigating 

20 abnormally and 10 normally developing, normospermic embryos for chromosomes X, Y, 18, 

13 and 21, Munné et al demonstrated that only 6/20 of abnormally developing embryos were 

euploid for the chromosomes tested, while only 3/10 of the normally developing embryos 

obtained from patients with a mean age of 40 years were euploid [2]. Five embryos in each 

group showed the same abnormality in every cell, which were therefore most likely of meiotic 

origin. Delhanty and colleagues investigated normally fertilised cleavage stage embryos from 

fertile patients undergoing PGD for monogenic diseases. Although they only investigated 

chromosomes 1, X and Y in spreads of donated embryos, they found that 48/93 embryos (52%) 

were chromosomally abnormal, of which 24 were chaotic, i.e. with nuclei showing randomly 

different chromosome complements [36]. These findings led to the introduction of PGS in the 

clinic, and in 1999 a large retrospective study including 117 women older than 35 years who 

were matched to 117 control patients was reported. The authors stated that PGS reduced 

embryo wastage and increased implantation rates [37]. In order to assess the level of 

mosaicism at different preimplantation development stages, Bielanska and colleagues applied 

FISH for chromosomes X, Y, 2, 7, 13, 16, 18, 21 and 22 on 59 2-to-4 cell embryos, 81 at the 5-8 
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cell stage, 43 morulae and 33 blastocysts or 216 in total [38]. Twenty-nine percent were 

normal, while 22.2 % were abnormal in all cells, either uniformly aneuploid or chaotic with 

every cell carrying different chromosome abnormalities. Forty-eight were mosaic for euploid 

and aneuploid cells. Remarkably, although overall the mosaicism rate increased to reach 90.9% 

at the blastocyst stage, the number of embryos with chaotic cells decreased significantly 

between the cleavage and blastocyst stages while the most common form of mosaicism at the 

blastocyst stage was euploid/polyploid. This led the authors to conclude that the embryo may 

tolerate chromosomally chaotic cells up to a certain point, possibly coincident with the 

embryonic genome activation between the four and the eight-cell stage, after which they are 

eliminated, while polyploidy at the blastocyst stage may be a physiological step in placentation. 

Array comparative genomic hybridisation (aCGH) 

As whole genome amplification (WGA) methods with high reproducibility, yield and coverage 

became available, the use of technologies that require a high DNA input such as DNA arrays at 

the single cell level became a reality. In the early years, a combination of degenerate 

oligonucleotide primed PCR (DOP–PCR) and metaphase comparative genomic hybridisation 

(mCGH) was used, yielding results on all chromosomes over their complete lengths with a 

resolution higher than in G-banding [39]. The method however was cumbersome and took 

several days, which is why it was only applied on polar bodies and on cleavage stage embryos, 

which were cryopreserved after the biopsy procedure. It quickly evolved when improved WGA 

methods became available, such as the DNA polymerase 29, in combination with array-based 

CGH (aCGH) [40]. With the development of a complete platform including library-based WGA 

such as Sureplex® in combination with arrays especially developed for single cell work [17, 41, 

42], PGS with aCGH became accessible to most PGS centres. Handyside et al. [18] examined 105 

aCGH sets of two polar bodies and the corresponding zygote resulting from a pilot study to 

evaluate the feasibility of a randomized controlled trial for PGS on polar bodies in patients with 

AMA [17, 43]. During the pilot study, it was found that 72% of the oocytes analysed had one or 

more aneuploidies in either one or both polar bodies. For these abnormal as well as a small 

number with euploid polar bodies, the corresponding zygotes were then analysed. They found 

that almost all meiosis I errors were caused by premature predivision of sister chromatids, 

followed by random segregation of single chromatids at meiosis II to either the PB2 or the 

zygote, so that only 34% of abnormalities in the zygote originated in meiosis I. There were 

however more meiosis II-derived maternal aneuploidies in the zygote (45%), while the 

remainder (21%) were assumed to be paternal in origin or due to anaphase lag. Furthermore, 

over half of the zygotes examined had multiple aneuploidies. Array CGH was also an important 

tool to start to understand the origin of post-zygotic chromosomal abnormalities in embryos. 

By arraying every cell of cleavage stage embryos, it was found that the majority of cleavage 

stage embryos were chromosomally abnormal [9, 10, 44-46]. Mertzanidou et al. found that 

3/27 (11%) of cleavage stage embryos carried a meiotic abnormality, a figure that is in line with 



OBM Genetics 2017; 1(4), doi:10.21926/obm.genet.1704009 
 

Page 77/155 

other researchers, for instance Chavez et al. [45] who found 9/45 four-cell embryos to carry a 

meiotic abnormality. The majority of abnormalities found were therefore of post-zygotic and 

mosaic in origin: between 46% [45] and 87% [10] seem to be mitotic abnormalities. Mitotic 

non-disjunction seemed to be less frequent than previously assumed, and endoreduplication 

followed by a cellular division with multipolar spindles was proposed as a mechanism leading to 

chaotic karyotypes [9]. Array CGH was also widely applied in PGS at the blastocyst stage, and it 

appeared that blastocysts may carry less aneuploidies than earlier stages. Fragouli et al. found 

in a series of 1290 trophectoderm biopsies, that 25% abnormalities were purely meiotic in 

origin, 6% were mosaic for a meiotic and one or more mitotic errors, 27% or the blastocysts 

showed mitotic errors and the remaining 42% were euploid [47]. 

Single nucleotide polymorphism (SNP) arrays 

Although aCGH has turned out to be a powerful tool for the karyotyping of single cells, it fails 

to detect the parental origin of the abnormality, and for instance does not detect uniparental 

disomy (UPD). It is also not applicable for monogenic diseases. Single nucleotide polymorphism 

arrays (SNP arrays) can be used after WGA at the single cell level to trace the parental origin of 

a missing or extra chromosome, to differentiate between a trisomy of meiotic or mitotic origin, 

and has been used to assess the frequency of uniparental disomy in embryos [48, 49]. It has 

also been used for extensive haplotyping around the site of mutations causing monogenic 

disease, and is therefore quite suitable to combine the diagnosis of monogenic diseases in 

embryos with PGS [50-52]. Using SNP arrays to obtain this level of information requires the 

additional SNP analysis of the couple undergoing IVF, and entail a high level of bioinformatics 

analysis. The groups who developed this type of technology gave their particular method 

specific names, such as “Parental support” [48, 53], “Karyomapping” [51] or “siChilds” [50]. The 

rates of meiotic and mitotic abnormalities found using SNP arrays were in concordance with 

those found with aCGH: Johnson et al. found 9/26 cleavage stage embryos to carry a meiotic 

abnormality while 15/26 carried a mitotic abnormality while they found no evidence in their 

data set of uniparental disomy [48]. Zaman-Esteki analysed one or two blastomeres from 

cleavage stage embryos, and therefore could not render a complete view of the abnormalities 

they found, but could still establish that 2 of the 40 embryos they analysed carried meiotic 

abnormalities, while of the 60 blastomeres they analysed, 63% carried a chromosomal 

abnormality. At the level of blastocysts, Johnson et al. found in 51 blastocysts a high level of 

euploidy (around 80%) while nine out of ten trisomies were meiotic in origin [53]. Interestingly, 

they analysed the ICM and trophectoderm in three separate samples and found concordance in 

49/51 embryos (96%). Given that several cells were analysed per sample, the level of mosaicism 

within one sample could not be assessed, and therefore, these authors were very cautious in 

determining mosaicism levels in the same embryo tissue, but concluded that it could not be 

high in their sample. Northrop et al. [49] analysed 50 blastocysts that had received a diagnosis 

of aneuploidy using FISH at the cleavage stage and that had developed further. Surprisingly, 29 
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(58%) of these blastocysts were euploid, while 13 carried a meiotic abnormality, 12 carried a 

mitotic mosaic abnormality and 4 carried both a mitotic and a meiotic mosaic abnormality. 

None of the above-mentioned reports identified UPD.  

Next generation sequencing 

The introduction of NGS was a logical next step: the resolution is higher than for aCGH, and 

therefore smaller segmental aberrations could be detected and mosaicism could be assessed 

more accurately, it is amenable to high-throughput analysis, and it can be used in conjunction 

with the detection of SNVs or single gene mutations [4]. NGS was adapted to PGS by developing 

pipelines that analysed samples pre-amplified with MDA or PCR-based methods, followed by 

low-pass sequencing of less than 0.1 % of the genome and bioinformatics analysis using 

specially developed algorithms that take into account bias introduced by the pre-amplification 

method. NGS for PGS was validated on different platforms, for instance the Ion Torrent 

platform [54] or the Illumina HiSeq platform [55, 56]. NGS is also amenable to combination with 

PGD. Wells et al. demonstrated that an aliquot of the pre-amplified material can be subjected 

to PCR for the detection of a particular mutation, after which both the pre-amplified material 

and the PCR product can be subjected to NGS analysis [54]. 

As the introduction of NGS in PGS was concurrent with, or even slightly later than, the switch 

to blastocyst biopsy, it is not surprising that most data found in the literature are on aneuploidy 

and mosaicism at the blastocyst stage. Wells et al. found 24/32 (75%) of blastocyst biopsies to 

be abnormal in a population of AMA. In their validation study, Ruttanijit et al. analysed 399 

blastocysts and found that 48.9% were euploid, 38.1 % were aneuploid and 13% were mosaic, 

either diploid/aneuploid (8.5%) or aneuploid (4.5%). Since array technology is equally capable 

of detecting fully aneuploid samples, much of the current research is focused on what NGS can 

unveil on the problem of chromosomal mosaicism in blastocysts. It has been estimated that 

NGS detects mosaicism in 29% of blastocysts, while aCGH only detects 5% [57, 58]. In a views 

and reviews paper, Munné and Wells [59] report aneuploidy and mosaicism rates in blastocysts, 

based mostly on their own unpublished data, and estimate that 21% of blastocysts would be 

euploid/aneuploid mosaic, another 10% would be aneuploid mosaic, and the level of mosaicism 

would vary between 20 and 80%. This last figure cannot be narrowed down, because of the 

limitation of the NGS sensitivity and because usually only 5 cells are biopsied: below 20%, an 

embryo can be considered as euploid, and above 80%, it can be considered uniformly 

aneuploid. Moreover, a small TE biopsy of about 5 cells does not give a full view of the exact 

number of aneuploid cells in a blastocyst, or of their distribution.  
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Efficacy of PGS 

Biological and technical variables influencing PGS efficacy 

Today it bears no doubt that blastocysts found to be uniformly aneuploid in a TE biopsy will 

fail to implant, or worse, will implant and lead to a pregnancy and birth carrying a major 

chromosomal abnormality, such as trisomy 21. Studies looking into the concordance of results 

between the trophectoderm and the ICM have found identical results in both TE and ICM in 

overwhelming number of cases with full aneuploidy [60, 61]. It therefore seems to make clinical 

sense not to transfer these embryos. A larger problem however seems to be caused by the 

approximately 20% euploid/aneuploid embryos, of which about 40% may be able to implant 

and lead to live births [59, 62, 63]. Not transferring these embryos may reduce the chances for 

a patient of a healthy pregnancy. Disturbingly, in one study in which 15 mosaic 

euploid/aneuploid embryos were re-biopsied, 8/15 (53%) had a normal ICM, and 30/59 (51%) 

of the trophectoderm samples were normal [61]. This demonstrates that about half of the 

embryos diagnosed as mosaic could be considered euploid, and would be so if the biopsy had 

been of another site of the trophectoderm, and are therefore lost for the patient. Another 

study, analysing 15 embryos of which 8 were donated for research and not previously analysed 

and 7 were diagnosed as abnormal after PGS, showed only 73.3% overall concordance [64]. 

Another worrying finding is that factors unrelated to the patient, such as stimulation 

protocols or embryo culture systems, have an impact on the level of aneuploidy in blastocysts. 

In a large report testing 13 282 blastocyst biopsies from oocyte donors, who represent a young, 

healthy and presumed homogenous population, the euploidy rates per centre varied between 

39.5 to 82.5% [65]. Although the authors did not attempt to correlate euploidy rate to other 

IVF-related factors, they offer hypotheses that both stimulation regimen, oocyte pick-up 

method and culture systems may affect embryo aneuploidy [65].  

Finally, it has been argued that a cohort of embryos cannot be improved, and that PGS is 

only a selection method for which efficiency has not been proven. With the current efficiency of 

cryopreservation protocols reaching near 100% survival, it is very well possible to freeze all 

blastocysts obtained in an IVF cycle, and to subsequently transfer them one by one in ulterior 

unstimulated cycles. The single embryo transfer (SET) would avoid iatrogenic multiple 

pregnancies, and all morphologically good quality embryos would be transferred, and allowed 

to implant. It would be the uterus to make the ultimate selection, and not PGS. Because PGS is 

only a selection method, it would never increase the live birth rate for that given cohort [66]. 

Proponents of PGS argue that PGS is able to decrease the time to pregnancy, as no time is lost 

in transferring embryos with no chance of implantation, and that it will decrease miscarriage 

rates [66].  
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PGS and its troubled relationship with evidence-based medicine 

In a context of evidence-based medicine, the only way to ascertain these hypotheses is to 

conduct well-designed randomized controlled trials (RCT) yielding robust data. Several authors 

have argued however that RCTs are inappropriate in PGS, as there is already sufficient evidence 

from retrospective studies, and because RCTs are expensive and time consuming to conduct 

(Griffin and Sheldon in Focus on Reproduction, January 2017). Also, many patients would refuse 

to be randomized in a trial, knowing (or having been informed by the clinician) that the 

treatment arm is more efficient. Finally, in a rapidly evolving field, it is of the highest 

importance to innovate quickly, if necessary without waiting for strong evidence, especially in 

private clinics depending on a sufficient patient flow to survive. These arguments were 

categorically rebutted by the editor-in-chief of Human Reproduction, Hans Evers, who 

demonstrated that in IVF as in other fields of medicine, RCTs are highly needed. He also warned 

for the untested introduction of new technologies, the so-called add-ons to IVF, many of which 

are abandoned for lack of effect after having been widely applied in the clinic [67]. 

As all experts in the field now agree that PGS at the cleavage stage using FISH will not 

increase pregnancy rates, I will focus on the RCTs performed so far using comprehensive 

chromosome screening, either by aCGH or SNP arrays. The three earliest RCTs which are often 

cited as sound evidence in favour of PGS [68-70] have however been heavily criticized [12]. The 

main criticisms are the small size of the study [68], the fact that transfer of cryopreserved 

embryos which could have been higher in the control group was not taken into account and 

could have led to additional pregnancies [68, 70], the inclusion of good prognosis patients only 

with at least a number of analysable embryos, the difference in number of embryos transferred 

between the two study groups and finally the use of implantation rate as outcome measure 

[69, 70]. These trial characteristics lead to a distortion of the real a priori benefit for patients, as 

they do not represent those patients that for instance do not obtain blastocysts for analysis, or 

only have abnormal embryos and therefore do not even reach embryo transfer. Although these 

three RCTs were on specific patient categories, they are often cited as demonstrating PGS 

efficacy for all IVF patients [62, 66, 71, 72].  

In a much more robust RCT, Rubio and colleagues compared live birth rates in 105 patients 

of AMA receiving PGS at the cleavage stage using aCGH with 100 patients undergoing IVF 

without PGS. They found no difference in cumulative live birth rates when including cryocycles: 

37% in the PGS group vs 33.3% in the control group. There were however significant differences 

in the number of embryo transfers performed and in the miscarriage rate, which was extremely 

low in the PGS group (only one) versus 21 in the control group. 

Another well-designed RCT is the ESTEEM (ESHRE study into the evaluation of oocyte 

euploidy by microarray analysis) study in an AMA population, testing aCGH in first and second 

polar body biopsies. The first results of this RCT were presented at the most recent meeting of 

the European Society for Human Reproduction and Embryology (ESHRE), and again showed no 

differences in live birth rates (20% in the PGS group vs 22% in the control group), although the 
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number of embryo transfers here too was lower in the study group as well as the miscarriage 

rate. The STAR trial is another RCT for which the results are much awaited, although as in 

previous RCTs, randomization of patients is only performed after the patients had obtained at 

least 2 analysable blastocysts.  

The current debate on whether PGS should be applied and to which patients it should be 

offered does not concern its effect on cumulative live birth rates anymore. Rather, the debate 

has shifted towards other outcomes such as the reduction of the number of transfers and the 

number of miscarriages. Taking the undeniable higher cost of IVF into account when PGS is 

included, what is the benefit to the patient? The views on this question differ on whether 

health care is considered a commodity in a free economy, where PGS is an additional source of 

income for the IVF clinic and may or may not balance the extra cost for cryopreservation and 

embryo transfer for the patients, or whether society pays for IVF treatments and may decide 

not to want to invest in a medical act that does not improve the primary goal of IVF, i.e. having 

a healthy child. PGS is also often presented as diminishing patient anxiety and stress through 

decreasing unnecessary embryos transfers and miscarriages, although no data on this assertion 

are available. 

Whether this emotional argument will show to be strong enough to add PGS as a routine 

part of an IVF treatment remains to be seen. 
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Abstract 

Prenatal genetic aneuploidy screening approaches are designed to identify pregnant 

patients at increased risk of having a fetus affected. Conventional prenatal screening has 

consisted in providing women a risk estimate of having a pregnancy affected with trisomy 

21 or trisomy 18 based on maternal age and analysis of serum markers and ultrasound 

nuchal translucency (NT) measurement. In 2011, the introduction of cell-free DNA (cfDNA) 

based screening into clinical practice has provided new options for aneuploidy screening 

programs. Different protocols are currently in use, some that perform screening in the 

first trimester (combined first trimester screening), some in the second trimester (QUAD), 

some that integrate first and second trimester (serum integrated screening, integrated 

screening, sequential, or contingent screening). cfDNA screening can be implemented as 

a second tier / contingent screen or as a first tier screen and has the ability to detect 

chromosomal anomalies other than the common aneuploidies screened for by 

conventional screening. The choice of protocol will be based on local expertise and 

OBM Genetics  

2017, Volume 1, Issue 3  

doi:10.21926/obm.genet.1703007 

Received: August 1, 2017 

Accepted: September 14, 2017 

Published: September 27, 2017 

http://creativecommons.org/licenses/by/4.0/


OBM Genetics 2017; 1(3), doi:10.21926/obm.genet.1703007 

Page 89/155 

resources. Aneuploidy screening should also be offered to pregnant women with twin 

gestation although fewer validation studies in twins of the test being offered are available 

compared to studies done in singleton gestations. Professional societies and expert 

groups emphasize the need for pre-test and post-test counselling to ensure that women 

are making an informed decision. The general counselling points to be covered are similar 

regardless of the type of prenatal screening being offered. Prenatal screening programs 

should be implemented with resources that support patient and health care provider 

education, quality assurance of laboratory and NT services, access to genetic counselling 

services and diagnostic testing. The rapid pace of new developments in cfDNA screening 

for chromosomal anomalies brings new opportunities to enhance the performance of the 

screening but at the same time, challenges as the test menus are expanded and data is 

lacking as to the cost-effectiveness and clinical utility of implementing expanded panels. 

Keywords 

Aneuploidy; prenatal screening; cell free DNA; nuchal translucency ultrasound 

 

Introduction 

Chromosomal abnormalities in the fetus constitute one of the leading causes of stillbirth and 

births of infants with malformations [1]. Aneuploidy is defined as having one or more extra or 

missing chromosomes, leading to an unbalanced chromosome number in a cell [2]. The 

incidence of aneuploidy increases with maternal age but aneuploidy pregnancies are seen at all 

reproductive ages. Down syndrome (trisomy 21) is the most common autosomal aneuploidy to 

affect live born children and is seen in approximately 1:800 newborns [3]. The other two 

autosomal trisomies seen in livebirths are trisomy 18 and trisomy 13. 

Prenatal genetic aneuploidy screening approaches are designed to identify pregnant patients 

at increased risk of having an affected fetus. Screen positive women are then offered diagnostic 

testing. Since the 1980s, the focus of prenatal screening has been for the detection of trisomy 

21 with the incidental diagnosis of a large proportion of trisomies 18 and 13 [4]. Conventional 

prenatal screening has consisted in providing women a risk estimate of having a pregnancy 

affected with trisomy 21 or trisomy 18 based on maternal age and analysis of serum markers 

and ultrasound nuchal translucency (NT) measurement [4]. In 2011, the introduction of cell-free 

DNA based screening into clinical practice has provided new options for aneuploidy screening 

programs, by introducing cfDNA screening as a second tier or contingent screen to conventional 

screening tests or as a first tier screening option.  

Guidelines from numerous professional societies indicate that ‘all pregnant women should 

be offered screening for aneuploidy’. These guidelines stress the need for patient education 

and pre-test and post-test counselling. This goal can be facilitated by the use of decision 
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support tools.  This review will cover the following topics: tests currently available for screening 

for the common fetal aneuploidies in singletons and twin gestations; considerations related to 

expanding screening for sub-chromosomal aneuploidy and rare autosomal trisomies using 

cfDNA; points to discuss in pre-test and post-test counselling; and issues related to quality 

assurance.  

Established Screening Protocols 

Conventional screening: 

Pregnancy risk screening for trisomy 21 and trisomy 18 is carried out using multiple 

pregnancy related markers: maternal serum human chorionic gonadotropin (hCG), the free-β 

subunit of hCG, pregnancy-associated plasma protein (PAPP)-A, unconjugated estriol (uE3), 

inhibin A and AFP, and ultrasound for fetal nuchal translucency (NT) measurement [4]. PAPP-A 

is a first trimester marker whereas Inhibin A is a second trimester marker. Free β-hcg performs 

better in the second trimester than the first trimester and is general better than hCG. Alpha 

fetoprotein (AFP) and unconjugated estriol (uE3) have similar performance in the first and 

second trimester but are usually used in the latter [4]. The NT measurement is done by 

ultrasound imaging between 11 and 13 weeks 6 days gestation [5].  

Based on the available described markers, a number of different screening protocols have 

been adopted by either performing the test in the first trimester (first trimester combined 

screening cFTS), second trimester (Quad) or by combining markers from the first and second 

trimester (serum integrated screening, integrated screening, sequential screening or contingent 

screening):  

1. First trimester combined screening (cFTS): involves the first trimester measurement of 

serum PAPP-A and hCG in addition to an NT measurement. The performance of cFTS can 

be improved by adding additional maternal serum markers such as placental growth 

factor (PlGF) and AFP [6] or ultrasound markers [7]. 

2. Quad screening: involves the second trimester measurement (14-20 weeks 6 days) of 

maternal serum AFP, uE3, Inhibin A and hCG. 

3. Serum integrated screening: involves the combination of first and second trimester serum 

markers (PAPP-A, AFP, uE3, Inhibin A and hCG) with one blood draw in the first trimester, 

a second blood draw in the second trimester, and one risk calculation after all markers 

have been analyzed.  

4. Integrated screening: involves an NT measurement in addition to serum integrated 

screening described above. In this protocol, risk estimate and results are provided after 

analysis of the second trimester analytes. 

5. Sequential screening: involves performing the same tests as integrated screening but a 

result is provided after the first trimester screen. If the risk is high, invasive testing or 

cfDNA testing is offered.  For women opting to do both the first trimester and second 
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trimester blood tests, a second integrated result which takes into considerations all 

markers is issued after the second blood draw. 

6. Contingent screening: involves first trimester combined screening with recommendations 

based on the first trimester screening results. Women at high risk are offered diagnostic 

testing or cfDNA screening. Women at low risk are reassured and women at intermediate 

risk are offered second trimester testing for an integrated risk assessment. 

Risk cut-offs vary between different screening programs and the choice of any given cut-off 

will influence detection rates (DR) and false positive rates (FPR). A cut-off that results in a 

higher DR will be associated with a higher FPR. The relative performance of the different 

screening tests however, can be assessed by comparing the performance of the different tests 

for a fixed FPR. Table 1 provides DR and positive predictive values (PPVs) for the different 

screening tests for a fixed FPR of 5%.  

Table 1 Comparison of model predicted DR and PPV at term for different screening 

tests for Down syndrome according to a fixed 5% FPR. 

Screening Test DR (%) PPV 

First trimester   

cFTS 85% 1 in 46 

Second trimester   

Quad 71% 1 in 54 

Both trimesters   

Serum Integrated 76% 1 in 51 

Integrated 92% 1 in 42 

Contingent^ 91% 1 in 42 

^First-stage cutoff risks 1 in 50 and 1 in 2000 at term 

Table adapted from Cuckle H and Maymon R [4] 

cfDNA Based Screening: 

A new approach for screening for common aneuploidy is based on the analysis of cell free 

DNA in maternal plasma (which includes maternal and fetal cell free DNA) as opposed to serum 

markers. This approach was first suggested in 1997 by Lo et al who reported that cell-free DNA 

from the fetus could be detected in maternal plasma [8].  Fetal cfDNA is present in maternal 

plasma as early as 7 weeks and at 10 weeks, the median percent fetal cfDNA has been shown to 

be 10.2% of total cfDNA increasing by 0.1% per week between 10 and 21 weeks gestation with 

2% of pregnancies having less than 4% fetal cfDNA in maternal plasma [9]. This biological 

finding has led to the development of different approaches for non-invasive prenatal testing 

(NIPT) using cfDNA in maternal blood for screening for common aneuploidies. 

There are currently three broad cfDNA testing methods available:  
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1. a shotgun (genome wide) massively parallel sequencing (s-MPS) approach that relies on 

the identification and counting of large numbers of DNA fragments in plasma specimens 

2. a targeted analysis of cfDNA that focuses on specific chromosomes of interest and 

assesses the count of these regions by either MPS or microarray 

3. an approach that takes advantage of single nucleotide polymorphism (SNP) differences 

between mother and fetus and, after multiplex PCR amplification of nearly 20,000 SNP 

sequences, each product is evaluated based on the hypothesis that the fetus has trisomy, 

monosomy or is euploid and a final risk score is calculated [10]. 

For any given cfDNA testing approach, a bioinformatics platform is developed to classify 

results as screen negative (low risk) or screen positive with or without a specific risk estimate 

given.  

Screening for the most common autosomal aneuploidies by analysis of cfDNA in maternal 

plasma in singleton pregnancies has been shown to be highly effective with sensitivities greater 

than 99% for trisomy 21, 98% for trisomy 18 and 99% for trisomy 13, and a combined false 

positive rate (FPR) of 0.13% [11]. Although the initial studies that established these 

performances were done in high risk pregnancies, a recent meta-analysis aimed at determining 

the performance of cfDNA in a general pregnant population has shown that the cfDNA screen 

performs as well for trisomy 21, whatever the a priori risk with a pooled sensitivity of 0.993 (95% 

CI 0.955-0.999) and specificity of 0.999 (95% CI 0.998-0.999) [12].  

Although all cfDNA methods are associated with high DRs and low FPRs, the positive 

predictive value (PPV) in high risk women has been shown to be 94% [13], while two 

prospective studies in average risk women showed PPVs of 45.5% to 80.9% [14, 15]. These PPVs 

indicate that NIPT by cfDNA is not a diagnostic test and that false positive results are possible. 

Reasons for the discordancies include true fetal mosaicism, confined placental mosaicism, 

maternal chromosomal abnormality, unrecognized vanishing twin, low fetal fraction and/or 

insufficient depth of DNA sequencing [10].  

An important metric that is often overlooked in the evaluation of cfDNA NIPT performance is 

the rate of test failures or no-result rate [16]. An analysis of no-result rates in all studies on NIPT 

that included more than 1000 samples concluded that the magnitude of no-result rate is 

dependent on the testing methodology: MPS-based methods have the lowest failure rate 

(1.58%), followed by chromosome specific sequencing (3.56%) with the SNP-based approach 

having the highest rate (6.39%) [16]. Recent publications suggest that patients who receive a 

“no result” are at increased risk of aneuploidy, in particular, trisomies 13, 18 and triploidy [15, 

17]. This finding has led some professional societies to recommend that women with a “no 

result” be offered counselling and an invasive diagnostic test [18, 19]. A redraw for a second 

cfDNA screening attempt is another option. A test result is expected in approximately 50% of 

patients unless the maternal weight is greater than 120kg which is associated with a decreased 

the fetal fraction and higher no-result rate [9]. 

In many countries, genomics-based non-invasive prenatal screening (NIPS using cfDNA) has 

been adopted or is being implemented as a second-tier or contingent prenatal screening test 
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for the common aneuploidies. In that context, women with a positive conventional screen are 

offered the option of cfDNA testing as a more accurate screen in lieu of going directly to 

invasive diagnostic testing with its associated risk of pregnancy loss. In this model, the risk cut-

off to offer NIPT can be lowered compared to current risk cut-offs used to offer invasive 

diagnostic testing[20, 21]. In addition, cfDNA testing can be used as a first tier screen. This 

strategy would maximize detection while ensuring that relatively few women have invasive 

prenatal diagnosis. However, at current costs for cfDNA testing, it would be a significantly more 

expensive screening approach [10]. 

Choice of Protocol 

Availability of screening resources (such as availability of certified sonographers for NT 

measurements) and National Health economic considerations are likely to result in geographic 

differences of screening protocols. The American College of Obstetricians and Gynecologists 

(ACOG) and the Society for Maternal-Fetal Medicine (SMFM) have stated that given the 

performance of conventional screening methods, the limitations of cell-free DNA screening 

performance, and the limited data on cost-effectiveness in the low-risk obstetric population, 

conventional aneuploidy screening methods remain the most appropriate choice for first–line 

screening for most women in the general obstetric population [18]. However, numerous 

professional societies including ACOG and SMFM do support the use of cfDNA screening as a 

first tier option for women in the general obstetric population, provided women receive pre-

test counselling that includes the benefits and limitations of this screening approach [18, 19, 22, 

23]. 

First Trimester Versus Second Trimester Screening: 

Protocols that provide results in the first trimester (cFTS, contingent or sequential screening, 

first tier cfDNA screening) have the advantage of allowing women with a negative screen earlier 

reassurance and those with a positive screen earlier diagnostic testing. For patients with a 

confirmed diagnosis of an abnormal karyotype who decide to terminate their pregnancies, first 

trimester abortion is safer, more readily available and more acceptable to women [24]. 

However, to truly benefit from earlier screening results other than early reassurance, screening 

programs must ensure the availability of chorionic villus sampling (CVS) which is typically 

performed between 10 and 13 weeks gestation. Although it can be performed later, some CVS 

providers are unwilling to perform the test much after 13 weeks or will limit later procedures to 

a transabdominal approach which is not feasible in all cases [25]. Therefore, for a significant 

proportion of women undergoing first trimester screening, the small gestational age window 

for CVS precludes them from first trimester diagnostic testing as they must resort to invasive 

diagnostic testing by amniocentesis typically done from 15 weeks of gestation. It has also been 

argued that first trimester screening identifies affected fetuses that may have been miscarried 

between the first and second trimesters thus early detection of those pregnancies leads to 
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surgical terminations of pregnancies that may have aborted spontaneously [26]. The other 

impact noted from shifting Down syndrome screening from the second trimester to the first has 

been the loss of MSAFP screening for spina bifida. A review of prenatally diagnosed cases of 

spina bifida over three years (first year with second trimester screening, second year of 

transition and third year where majority of pregnant women had first trimester screening) 

showed a tangible effect on the gestational age at diagnosis of spina bifida, and resulted in a 

decrease of 25% of cases detected before 20 weeks gestation [27].  

Choosing Only One Screening Test: 

Any screening test has a FPR and therefore, doing more than one screening test has a 

cumulative effect on the FPR. Given this, numerous professional societies have made the clear 

recommendation that women should only undergo one aneuploidy screening test [18, 22, 23]. 

At a time where multiple aneuploidy screening options are available, pregnant women who 

chose first tier cfDNA screening and obtain a successful and unambiguous result should be 

counselled against undergoing subsequent conventional screening tests for trisomies. 

Screening in Twin Pregnancies 

Screening for aneuploidy in twin pregnancies and higher multiples should be offered to 

pregnant patients with the following considerations reflected in the counselling of the patients.  

Approximately one third of twins are monozygotic and ‘almost’ always genetically identical 

meaning that if one fetus has Down syndrome, the other twin will also be affected. In contrast, 

two thirds of twins are dizygotic and in such instance, if one fetus has Down syndrome, the 

other will almost always be unaffected. Prenatally, zygosity cannot always be determined even 

though it does affect the performance of the screening tests. While all monochorionic 

pregnancies are monozygotic, and all dizygotic pregnancies are dichorionic, it is important to 

understand that dichorionic pregnancies are found in approximately 33% of monozygotic twins 

[28]. As such it is important to determine chorionicity by first trimester ultrasound but zygosity 

can not always be inferred by the chorionicity.  

Prenatal screening for Down syndrome calculates a risk based on maternal serum markers 

and NT measurement but also incorporates maternal age-specific risk for Down syndrome in 

the risk estimate. One may have assumed that the maternal age specific risk for Down 

syndrome at any given maternal age would be the same for monochorionic twin as singletons 

and the risk for dichorionic twins, closed to double the risk in singletons. These assumptions 

used to calculate the risk of Down syndrome in twin gestations have been shown in two large 

studies to be inaccurate. A population-based prevalence study based on EUROCAT congenital 

anomaly registries comprising a population of 14.8 million births between 1990 and 2009 with 

2.89% of those births being multiple, found that the adjusted relative risk of Down syndrome 

for monozygotic versus singleton pregnancies was 0.34 (95% CI 0.25 – 0.44) and for dizygotic 

versus singleton pregnancies 1.34 (95% CI 1.23-1.46) [29]. A retrospective review of California 
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Prenatal Screening Program participants between 1995 and 2012 including 77,279 twin 

pregnancies with 182 (0.2%) with had at least one fetus with Down syndrome found a ratio of 

observed to expected Down syndrome incidence per pregnancy of 33.6%, 75.2% and 70% for 

monozygotic, dizygotic and all twins respectively (P<0.001 for all comparisons) [30].  Both 

studies establish that the observed incidence of Down syndrome in twin pregnancies is lower 

than expected, most notably in monozygotic twin pregnancies.  

While offering screening for Down syndrome is recommended in twin gestations[22, 28], 

fewer validation studies of the tests being offered in twin gestations are available compared to 

studies done in singleton pregnancies. Screening was first offered in twin gestations based on 

theoretical estimates of screening performance according to the test used, maternal age and 

chorionicity. The estimated detection rate for a false positive rate of 5% was 84% for 

monochorionic twins and 70% for dichorionic twins for cFTS and 93% for monochorionic and 78% 

for dichorionic with the integrated test (NT with first and second trimester serum markers) [31]. 

A systematic review of screening for trisomy 21 in twin pregnancies using first trimester 

combined screening showed that the estimated performance in dichorionic twins was 

underestimated as pooled sensitivity and specificity in dichorionic twins was shown to be 0.862 

(95% CI 0.728-0.936) and 0.952 (95% CI 0.942-0.96), respectively. In monochorionic twins, the 

pooled sensitivity and specificity were 0.874 (95% CI 0.526-0.977) and 0.954 (95% CI 0.943-

0.963) [32].  To date, there are no prospective studies of the performance of integrated 

screening in twins [28]. A prospective study of first trimester screening for trisomies by cfDNA 

testing of maternal blood which included a total of 438 twin pregnancies(85.2% dichorionic and 

14.8% monochorionic) tested by the HarmonyTM prenatal test included 8 cases of trisomy 21, 

four of trisomy 18 and one of trisomy 13. The no-result rate after the first blood sampling was 

9.4%. In the 417 twin pregnancies with a cfDNA result after first or second sampling, the 

detection rate was 100% (8/8) for trisomy 21, 75% (3/4) for trisomy 18 and 0% (0/1) for trisomy 

13, at a FPR of 0.25% (1/404) [33]. The two main factors contributing to the higher failure rate 

in twins compared to singletons with this assay were the consequence of selecting the lower 

fetal fraction of the two fetuses rather than the total fetal fraction and a considerably higher 

rate of conception by IFV in twin which is known to be a risk factor for lower fetal fraction [33].  

Studies of shotgun sequencing (MPSS) to screen for common aneuploidies in prospectively 

collected twin pregnancies provided results in all cases as no attempt to determine fetal 

fraction was made and the DR was 100% (17 /17 ) for trisomy 21, 50% for trisomy 18 (1/2) and 

0% FPR [34-36]. Based on these studies, screening by cfDNA testing of maternal blood in twin 

pregnancies has similar high DR for trisomy 21 and low FPR as singleton pregnancies by the 

number of cases of trisomy 18 and trisomy 13 are too small to draw conclusions [33].  

Chromosomal abnormalities other than common aneuploidies 

Although conventional screening estimates the risk of trisomy 21 and trisomy 18 (with some 

also estimating the risk of trisomy 13), studies have demonstrated that these conventional 

screens lead to the diagnosis of other chromosomal abnormalities.  In a retrospective cohort of 
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1, 324,607 women who had traditional screening through the California Prenatal Screening 

Program from April 2009 through December 2012, 68,990 (5.2%) were screen-positive. Of those 

undergoing invasive testing, excluding cases of confined placental mosaicism, 2,948 were found 

to have a chromosomal abnormality and only 77% of those were trisomies 21, 18 or 13. The 

other 23% represented other trisomies, sex chromosomal aneuploidy, balanced and 

unbalanced rearrangements, insertions and deletions, triploidy, tetraploidy and marker 

chromosomes [37]. The authors estimated that the conventional screening process identified 

an atypical chromosomal abnormality likely to result in an abnormal phenotype and not likely 

to be detectable by cfDNA screening in 1.4% of the 68,990 pregnancies with a positive screen. 

This suggests that some abnormal pregnancies would not be detected if cfDNA screening were 

to replace the conventional standard screening. Similar findings were noted in a retrospective 

population-based analysis of 193,638 singleton pregnancies who had a trisomy 21 risk 

calculation performed, with 10,205 women (5.3%) having a karyotype analysis done with the 

following findings: 689 cases of trisomies 21, 18 or 13; 262 other chromosomal anomalies likely 

to be of phenotypic importance and undetectable by NIPT; 45 other chromosomal anomalies 

unlikely to be of phenotypic importance [38]. Therefore in that cohort, 27.5% of significant 

chromosomal abnormalities were not trisomies 21, 18 or 13. Considering the entire cohort of 

193,638 pregnancies, the incidence of atypical chromosomal abnormalities not detectable by 

NIPT was 0.14% with 32% of those detected by cFTS. A systematic review of large prospective 

screening studies that reported diagnoses other than trisomies 21 and 18, identified 10 

informative studies with a total of 1,500,999 women screened. 3689 aneuploidy cases were 

detected in the screen positive women. Trisomies 21 18 and 13 comprised 76% of the cases of 

aneuploidy and sex chromosomal anomalies, 11% of anomalies, suggesting that 13% of 

anomalies would not be detected by the fetal cfDNA tests that include only trisomies 21, 18, 13 

and sex aneuploidies [39]. The proportion of common trisomies and sex chromosomal 

abnormalities amongst all cases of aneuploidies detected in the screen positive women was 

higher for second trimester protocols compared with those carried out completely or partly in 

the first trimester.  

Over the last few years, cfDNA testing has been developed to detect more than the common 

autosomal trisomies initially targeted. Screening for sex chromosome aneuploidies (SCAs) was 

the first addition but the performance of cfDNA for the X and Y chromosomes has been shown 

to not be as accurate as for chromosome 21. A recent meta-analysis estimated the DR for 

monosomy X at 95.8% (95% CI 70.3-99.5) with a FPR of 0.14% (95% CI 0.05-0.38) [11]. Limited 

data is available on the performance of cfDNA testing for sex chromosomal anomalies other 

than monosomy X.  

In addition, targeted SNP based cfDNA testing is offered to screen for five clinically 

significant microdeletion syndromes: 22q11.2, Prader-Willi, Angelman, cri-du-chat and 1p36. 

The proof of principle study, prior to clinical offering of the testing, was carried out on a 

combination of a small number of pregnant women plasma samples and artificially created 

plasma samples from mixtures of cleaved DNA from affected and unaffected individuals 
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[40].These experiments demonstrated a 97% DR and a FPR of less 0.1% for Prader-Willi, 

Angelman, cri-du-chat and 1p36 whereas 22q11.2 microdeletion syndrome had a DR of 96% 

and a FPR of 0.7%. However, given the low prevalence of these microdeletion syndromes, 

based on the performance of the test, the estimated PPVs for Angelman, Prader Willi, 22q11.2 

and cri-du-chat, 1p36 were 3.8%, 4,6%, 5.3% and 17% respectively. The only reported clinical 

experience of SNP-based cfDNA screening for microdeletion syndromes is limited to screening 

for 22q11.2 syndrome. In that study, 21,948 samples were submitted for screening for 22q11.2 

syndrome and follow-up was conducted for all cases with a high-risk result. As such, the DR of 

this test cannot be established but information can be gained about the PPV. In the entire 

cohort including cases with ultrasound anomalies, the PPV was 18%. For positive cases with no 

abnormal ultrasound findings prior to NIPT, the PPV was 4.9% [41].  

cfDNA testing that is based on genome-wide (shot-gun) MPS has the potential to detect 

subchromosomal segmental aneuploidies and rare autosomal trisomies [42-45]. Non mosaic 

autosomal trisomies should be easier to detect than trisomy 21 because these other 

chromosomes are larger and the relative differences in counts between euploid and aneuploidy 

cases should therefore be greater [46]. Detection of segmental chromosomal imbalances 

(subchromosomal abnormalities or copy number variants) will be dependent on their size, the 

DNA composition of the chromosomal region, sufficient fetal fraction and the depth of 

sequencing [46]. There is a debate regarding the appropriateness of expanding cfDNA screening 

to include rare autosomal trisomies and subchromosomal abnormalities. Cases of rare 

autosomal trisomies are likely to result in spontaneous fetal loss if the abnormality is indeed 

present in the fetus. More often, the rare autosomal trisomy will be confined to the placenta 

and it is unclear if their detection would impact pregnancy outcome.  In NIPT cases positive for 

trisomy for an imprinted chromosome (chromosomes 6, 7, 11, 14, 15), one could argue that this 

would allow uniparental disomy studies to be performed to exclude uniparental disomy which 

would be associated with an abnormal fetal outcome.  

There are arguments against screening for subchromosomal abnormalities related to the 

inability to validate accurately the performance of these tests (DR, FPR and PPV) given the low 

incidence of these events in the general population. In addition, in the presence of fetal 

structural anomalies on ultrasound, an invasive diagnostic test with microarray analysis still 

offers the most accurate and timely diagnosis because it is not possible to reliably exclude the 

possibility of a false-negative cfDNA result even with deeper sequencing [44]. The International 

Society for Prenatal Diagnosis’ guidelines recommends that when cfDNA screening is extended 

to microdeletion and microduplication syndromes or rare trisomies, the testing should be 

limited to clinically significant disorders or well defined severe conditions and there should be 

defined estimates for the DRs, FPRs and information about the clinical significance of a positive 

test for each disorder being screened [22]. In contrast, the ACOG, SMFM, SOGC and CCMG 

recommend against cfDNA screening for microdeletions and micro-duplications [18, 23] and the 

ACMG has a clear statement against cfDNA testing for CNVs and rare autosomal trisomies [19]. 

The relentless progress toward the comprehensive, non-invasive assessment of the fetal 
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genome provides many exciting opportunities and simultaneous challenges for the field of 

prenatal screening [47]. 

CounseLing Required for All Tests 

Professional societies and expert groups emphasize the need for pre-test counselling to 

ensure that pregnant women are making an informed decision about whether or not to have 

fetal aneuploidy screening [2, 19, 22, 23, 48]. The general counselling points to be covered are 

similar regardless of the type of prenatal screening being offered.  

Pre-test counselling should include clinical information about the chromosomal disorders 

being screened for, the woman’s risk of having a baby affected with one of these disorders, and 

a review of the available options for screening [2]. Discussion of the different tests available 

should cover the performance of each test in terms of their ability to detect an affected 

pregnancy and the false positive rates. Other factors that should be discussed and contrasted 

between the different tests are timing of the tests and results, the chance of a no-result call, 

the next steps if a screen is positive and the limitations of each test (what it does not detect). 

Women should gain a clear understanding that whatever test is chosen, it is still a screening 

test and not a diagnostic test. A negative result is not a guarantee of an unaffected pregnancy 

and a positive result does not equate to an affected pregnancy. Finally, pre-test counselling 

should emphasize that every patient has the right to choose or decline aneuploidy screening. 

Counselling of pregnant women should be non-directive and respect ethical, cultural, moral and 

religious values. 

In addition, pre-test counselling for NIPT requires a discussion with the patient that in rare 

circumstances, NIPT may raise suspicion for maternal or fetal conditions other than the fetal 

aneuploidies for which the test is being performed [49]. Reported incidental findings include 

maternal mosaicism for a chromosomal abnormality, in particular sex chromosomal aneuploidy, 

maternal malignancies, and fetal or placental chromosomal abnormalities other than the 

common aneuploidies the patient was being screened for [49].  

Post-test counselling, with both positive and negative results, should take place in a timely 

manner and provide the patient the adjusted likelihood of carrying a fetus with the evaluated 

aneuploidies [2]: 

-  In the case of a negative screen, counselling should include a reminder to patient of the 

conditions being screened, of the potential the fetus may have a condition that is not 

covered by the screen, and the purpose and benefits of a detailed second trimester 

ultrasound.  

-  In the case of a positive screen, counselling should include a discussion of the options 

for further testing. If the initial screen was a conventional screen based on serum markers 

and NT ultrasound, both cfDNA testing and invasive diagnostic testing options should be 

discussed. If the first tier screen was cfDNA, the PPV of the cfDNA test result should be 

provided to the patient and invasive diagnostic testing offered to confirm the diagnosis. The 

PPV of the result can be calculated based on the patient’s a priori risk and the test 
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performance for the specific chromosome in question. On line applications have been 

developed to facilitate this process (https://www.perinatalquality.org/vendors/nsgc/nipt/). 

 It is extremely important for patients to recognize that although cfDNA testing is an 

excellent screen, it is only a screening test, not a diagnostic test. Invasive diagnostic testing is 

recommended to confirm the diagnosis. For patients with a confirmed diagnosis of 

chromosomal aneuploidy based on cytogenetic analysis of amniocytes or chorionic villi, 

counselling should include balanced information about the condition and options for 

management of the pregnancy including termination of pregnancy, and referral to a genetics 

professional for further counselling. Health care professionals informing patients of the 

diagnosis of a chromosomal abnormality should be knowledgeable about the condition and be 

careful to use sensitive language that does not proscribe value on people with a chromosomal 

abnormality [50]. Patients should be directed to additional resources available through Local 

and National Societies and Foundations dedicated specifically to support parents of children 

with the condition diagnosed, as well as offered referral for additional genetic counselling if 

needed.  

Facilitating Informed Decision Making 

Health care providers counselling pregnant women regarding prenatal screening and 

diagnostic options have a lot of information to convey and little time to do so in the context of 

all other pregnancy related information they must cover in a first trimester prenatal visit. 

Research in the area of informed decision making is needed to allow the development of tools 

that will facilitate this process. Patient decision aids (PtDAS) help people made difficult, values-

sensitive decisions, yet they are rarely used to support decision making in prenatal genetic 

screening [51]. To analyze the effect of a decision-support guide and elimination of financial 

barriers to testing, a randomized trial was conducted with women being randomized to usual 

care as per current guidelines or a computerized, interactive decision-support guide as per 

current guidelines and access to prenatal testing with no out-of-pocket expense [52]. The group 

assigned to the intervention with full implementation of the prenatal testing guidelines using 

the computerized, interactive decision-support guide were less likely to have diagnostic testing 

suggesting that tools that support informed decision making are needed to ensure women 

make a more informed and preference-based decision regarding prenatal testing. 

Need for Quality Assurance 

Prenatal screening for aneuploidy is best implemented in the context of a comprehensive 

program that coordinates preanalytic, analytic and postanalytic components of the process [53]. 

Technical standards and guidelines have been developed by the ACMG to provide the 

laboratories the necessary information to ensure accurate and reliable Down syndrome 

screening results given a screening protocol [53, 54]. These documents include requirements 

for patient and health care providers’ education and address all components of the testing from 
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sample collection to processing, assay methodologies and results reporting. It emphasizes the 

need for normative data review, evaluation of medians with new reagent lots, and long term 

monitoring with collection of pregnancy outcome information as much as possible.  

For screening protocols that include an NT measurement, the quality of the NT 

measurement must be ensured so that the DR and FPR predicted for the test are achieved. The 

need for such a quality assurance process was demonstrated by a meta-analysis of studies of 

nuchal translucency-based screening for Down syndrome which suggested an overall Down 

syndrome DR of 77% at a 6% FPR. However, when the 34 studies were evaluated separately, 

the Down syndrome DR varied from a low of 29% (4% FPR) to a high of 100% (FPR 5%), a 

variation best explained by a significant variation in sonographer training and quality of nuchal 

translucency images obtained [5]. It is important that individuals performing NT measurements 

have gone through a training program and a successful submission of NT images that qualifies 

them to perform NT measurements [53]. Annual assessment of NT images and associated data 

will ensure on going quality of NTs performed and contribute to the expected performance of 

the screening tests.  

Specific guidelines for quality control and quality assurance for cfDNA screening have not yet 

been developed. A recent on line survey of laboratories registered in the three European 

quality assurance schemes for molecular and cytogenetics had responses from 50 laboratories 

that issued reports for NIPT. Considerable variation in reporting NIPT results were noted [55]. 

This study led to the development of minimum guidelines for reporting laboratory results for 

NIPT for aneuploidy and the development of an external quality assessment process. Although 

the International Society for Prenatal Diagnosis recognizes that specific guidelines for quality 

control and quality assurance for cfDNA screening have not yet been developed, it recommends 

that providers utilize laboratory services that meet national guidelines for quality control and 

proficiency testing consistent with that available for other molecular test [22].  

Conclusion 

Prenatal screening programs should be implemented with resources that support patient 

and health care provider education, quality assurance of laboratory and NT services, access to 

genetic counselling services and diagnostic testing. The rapid pace of new developments in 

cfDNA screening for chromosomal anomalies brings new opportunities to enhance the 

performance of the screening but at the same time, challenges as the test menus are expanded 

with limited information on the clinical utility of some of those tests.  At the present cost of 

cfDNA screening, most cost-effective studies of the implementation of cfDNA for common 

aneuploidies conclude that its implementation is cost-effective as a second tier or contingent 

test [44, 56, 57]. However, expected decreasing costs will allow programs to consider 

implementing cfDNA as a first tier screen raising debates as to the role of NT measurement and 

serum analytes in this context.  Professional societies are divided in this regard with the 

International Society of Ultrasound in Obstetrics and Gynecology recommending that nuchal 

translucency thickness should continue to be measured and reported as a raw value and centile 
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in all women including those with negative cfDNA results, as it has the potential to detect 

fetuses with cardiac defects, rare genetic syndromes and other chromosomal anomalies [58]. 

This recommendation is endorsed in a joint guideline of the Society of Obstetricians and 

Gynaecologists of Canada (SOGC) Genetics Committee and the Canadian College of Medical 

Geneticists (CCMG) Clinical Practice Committee [23], but the Society for Maternal Fetal 

Medicine states that for women with a negative cfDNA result, an NT measurement is not 

recommended [59]. This exemplifies the need for further research studies to provide screening 

programs that want to integrate new technologies, the data needed to support evidenced 

based implementation of new screening protocols that will be based on well validated 

screening performances, clinical utility and cost-effectiveness.  
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Abstract  

Genetic screening is the process of systematically evaluating a defined population for 

genetic conditions or predispositions, in the hope of providing benefit to those with a 

positive result. With advances in sequencing technology, genetic screening is moving from 

phenotype-based to genotype-based testing. Although sequencing technology offers 

expanded opportunities for early identification of disease, the availability of a suitable 

and acceptable test is not a sufficient justification to proceed: established criteria for 

screening apply to genetic screening efforts as to other screening programs. We review 

here criteria for screening developed in public health practice, applications of screening in 

genetics, and particular challenges posed by genetic screening. These challenges include 

the potential for overdiagnosis of rare conditions, the special case of reproductive genetic 

screening, the pitfalls of opportunistic screening, and the implications of genotype-based 

population screening for individuals and health care systems. Promising opportunities in 

genetic screening underscore the need for evidence to evaluate proposed genetic 
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screening programs to determine whether they can meet the established criteria for 

screening. Some contested issues, such as indications for prenatal screening and 

opportunistic screening, cannot be resolved by research but also require judgements 

about values and priorities, ideally involving input from all stakeholders (clinicians, 

healthcare payers, and the public). If technology capacity is allowed to drive genetic 

screening activities in the absence of evidence for benefit, a growing number of 

asymptomatic individuals will receive a genetic diagnosis yet will remain uncertain about 

whether their test results represent a legitimate diagnosis, overdiagnosis, or a false 

positive finding. This will in turn drive additional medical work-up and treatment, 

resulting in costs to the healthcare system and the risk of iatrogenic harm. Criteria for 

screening were developed to minimize these potential harms and apply to genetic 

screening as much as to other types of screening. 

Keywords: 

Genetic screening; screening criteria; newborn screening; prenatal screening; screening 

for adult-onset disease; opportunistic screening; next-generation sequencing 

 

Introduction 

Genetic screening is the process of systematically evaluating a defined population for genetic 

conditions or predispositions, in the hope of providing benefit to those with a positive result. 

The first screening programs to target genetic conditions were newborn screening programs, 

starting in the 1960s with screening for phenylketonuria. Since then, newborn screening has 

expanded and other opportunities for genetic screening have emerged [1].  

With advances in sequencing technology, screening for genetic conditions is moving from 

mostly phenotype-based tests – that is, tests to measure biological or physiological effects of a 

genetic condition, such as phenylalanine level to identify phenylketonuria - to genotype-based 

tests, in which the identification of DNA sequence variants indicates a genetic condition or 

predisposition. Genotype-based screening tests have many advantages: They provide an 

opportunity to identify an affected person before any effects of the disease have occurred; in 

addition, DNA samples are stable and can be transported easily, and genotyping can be 

performed for many conditions for which no phenotype-based test is available. However, such 

tests may over-estimate disease when the genotypes in question have low penetrance. 

Phenotype-based testing, on the other hand, is more likely to be informative about disease 

severity and can often be accomplished in an early, latent phase of disease, but sample 

handling, preparation and analysis are often more sensitive to external factors.  

Advances in sequencing technology have led to the identification of growing numbers of 

genes associated with disease. This growing knowledge of the genetic basis of diseases, coupled 
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with the availability of next-generation sequencing, has driven the expansion of genetic testing, 

and enabled concurrent testing for multiple genes. Tests can assess either multiple genes 

associated with a given condition (e.g., inherited cancer), or multiple conditions at the same 

time, or both. This growing technological capacity drives interest in new opportunities for 

genetic screening. Genetic screening tests are now offered by private companies directly to the 

consumer. Interest in commercially available tests by patients and prospective parents drives 

the use of these tests, which in turn may influence professional practice. Evidence of adequate 

test performance is often available for genetic tests used in screening, but evidence 

establishing a health benefit is typically lacking.  

Although sequencing technology is innovative and offers expanded opportunities for early 

identification of disease, genetic screening has the same purpose as other types of screening: to 

identify individuals at risk early enough to perform preventive measures or early intervention, 

with the intent to prevent the disease or its complications. Established criteria for screening, 

used in public health practice, are relevant to genetic screening efforts as to other screening 

programs. The availability of a suitable and acceptable test meets only a subset of screening 

criteria.  

We will review here criteria for screening developed in public health practice, applications of 

screening in genetics, and the particular challenges posed by genetic screening. 

Criteria for Population Screening  

Screening has long been recognized as a strategy to prevent disease or disease complications 

by identifying individuals at risk of disease early enough to intervene and prevent the 

development of the disease or its complications.  

Criteria for screening were first articulated by Wilson and Jungner for the WHO in 1968 [2] 

(Table). They include characteristics of the disease, the available screening test, available 

interventions and treatments, and the health care system. The disease must be an important 

health problem, have a known natural history and a latent or asymptomatic phase during which 

the disease can be recognized, allowing for early treatment. The available screening test must 

be suitable and acceptable to the population. Successful screening requires an accepted 

treatment for individuals with recognized disease, and an agreed policy on whom to treat. 

Finally, facilities for diagnosis and treatment should be available, cost of case-finding should be 

economically balanced, and case-finding should be an ongoing process. 

These criteria for screening have been reaffirmed by others. In 2008, the WHO revisited 

Wilson and Jungner’s screening criteria for the genomic age [3]. A synthesis of emerging 

screening criteria applicable to genetics were proposed, in addition to the classic criteria for 

screening, to explicitly address topics like program structure and evaluation, evidence-based 

policy, and ethics (Table). For example, they proposed the need for informed consent, equity of 

access and evidence of benefits outweighing the harms be explicit criteria for screening. 

Applications of Screening in Genetics  
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One of the first applications of genetic screening was the development of newborn screening 

for inborn errors of metabolism in the late 1960s and early 1970s. Phenylketonuria (PKU) was 

the first target of newborn screening, thanks to technical advances that allowed for testing of 

phenylalanine levels on filter paper, i.e. a sample that was easy to collect, easy to ship, and 

stable over time. An effective treatment was available, in the form of dietary management, 

which, if started in the first weeks of life, changed the outcome in individuals with PKU from 

severe intellectual disability to normal development. Newborn screening for PKU was widely 

implemented in developed countries by the end of the 1970s [4]. The success of newborn 

screening for PKU motivated expansion of newborn screening to other inborn errors of 

metabolism, but it was another technical advance, tandem mass spectrometry, in the early 

2000s, that enabled newborn screening to expand rapidly from a handful of inborn errors of 

metabolism to close to thirty [5].  

Table Screening criteria. (One line: middle; more lines: justified, right and left=1 cm) 

Wilson and Jungner classic screening criteria [2] 

1. The condition sought should be an important health problem. 
2. There should be an accepted treatment for patients with recognized disease. 
3. Facilities for diagnosis and treatment should be available. 
4. There should be a recognizable latent or early symptomatic stage. 
5. There should be a suitable test or examination. 
6. The test should be acceptable to the population. 

7. The natural history of the condition, including development from latent to declared 
disease, 
should be adequately understood. 
8. There should be an agreed policy on whom to treat as patients. 
9. The cost of case-finding (including diagnosis and treatment of patients diagnosed) 
should be economically balanced in relation to possible expenditure on medical care as 
a whole. 
10. Case-finding should be a continuing process and not a “once and for all” project. 

Emerging screening criteria [3]  

1. The screening program should respond to a recognized need. 
2. The objectives of screening should be defined at the outset. 

3. There should be a defined target population. 
4. There should be scientific evidence of screening program effectiveness. 
5. The program should integrate education, testing, clinical services and program 
management. 
6. There should be quality assurance, with mechanisms to minimize potential risks of 
screening. 
7. The program should ensure informed choice, confidentiality and respect for 
autonomy. 
8. The program should promote equity and access to screening for the entire target 
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population. 
9. Program evaluation should be planned from the outset. 
10. The overall benefits of screening should outweigh the harm. 

 

Newborn screening for inborn errors of metabolism, for all its successes, has faced and 

continues to face challenges. First, new evidence emerges about a disease once screening is 

initiated. In many cases, PKU being a prime example, newborn screening detects individuals 

with mild or even asymptomatic forms of the condition that had previously been unknown. 

Screening test thresholds and treatment guidelines need to be adapted as more is learned 

about the natural history and range of severity of the condition. Second, by screening for one 

condition, we may end up identifying individuals with different but related conditions for which 

natural history is not as well-known and/or there is no clear agreement on whom to treat. 

Newborn screening for 3-methylcrotonyl CoA deficiency is an example of this challenge [6]. 

Evidence from newborn screening programs shows that the vast majority of individuals with 

this condition remain asymptomatic over time. Since it is not possible at the time of screening 

to determine who will become symptomatic, most cases are followed and likely to be treated, 

thereby medicalizing individuals who will remain asymptomatic. Third, since the purpose of 

newborn screening is to prevent disease complications, individuals with inborn errors of 

metabolism identified through newborn screening then need lifelong care. Access issues, both 

in childhood and as more and more of these individuals reach adulthood are becoming 

increasingly apparent [7].  

As technology for molecular testing – in particular next generation sequencing - becomes 

faster and cheaper, the ability to test multiple genes or much more extensive DNA sequence in 

a single test, this technology becomes more attractive for newborn and other forms of genetic 

screening. Molecular testing is used as part of the newborn screening algorithm for cystic 

fibrosis [8] and investigation of broader use of genetic screening is underway [9].  

There is also interest in population screening for genetic predispositions for adult-onset 

diseases. For example, some argue for population screening for hereditary predisposition to 

breast cancer (mutations in BRCA1 and BRCA2) [10]. For the time being, most efforts with adult 

patients are directed toward screening clinically defined groups instead of geographically or 

age-defined groups. For example, screening individuals with colorectal cancer for Lynch 

syndrome is recommended [11] and is more cost-effective than population screening [12]. 

However, the use of next generation sequencing to enable broad screening of adults for genetic 

conditions has been proposed [13]. 

Next-generation sequencing has also opened the door to expansion of reproductive genetic 

screening, which includes carrier screening to identify individuals who may be at risk of having a 



OBM Genetics 2017; 1(3), doi:10.21926/obm.genet.1703007 

Page 112/155 

child with a genetic disorder and prenatal screening to identify risk of that the fetus has a 

genetic condition. As discussed below, genetic screening in this context differs from usual 

screening, in that the goal is to inform reproductive decisions rather than to improve health 

outcome. Both expanded carrier screening [14] and new forms of prenatal screening, such as 

cell-free fetal DNA testing for chromosomal disorders during pregnancy [15] are made possible 

by advances in genetic testing.  

Challenges in Genetic Screening 

Certain aspects of genetic screening call for special consideration and have implications for 

the criteria to be applied. Challenges in genetic screening include the potential for 

overdiagnosis of rare conditions, the special case of reproductive genetic screening, the pitfalls 

of opportunistic screening, and the implications of genotype-based population screening for 

individuals and health care systems.  

Screening for Rare Conditions Leads to a Potential for Overdiagnosis 

Most of the time, genetic screening is done to look for rare conditions like those identified in 

newborn screening. The initial screening test often identifies more positive cases than the 

observed incidence of the disease in the population [16]. If an effective test is available to 

confirm the diagnosis, false positives results can easily be identified and those receiving them 

can be reassured. Unfortunately, confirmatory testing is not always available; in these 

circumstances, all individuals with a positive genetic screen will need to be followed despite the 

likelihood that some represent false positive findings. In some cases a positive result represents 

overdiagnosis, a term used to describe individuals who, although accurately identified, will not 

develop the disease in question. In genetic terms, overdiagnosis reflects incomplete penetrance 

or variable expressivity, that is, the observation that some individuals will have mutations 

associated with low penetrance or mild forms of the conditions, and may never actually 

develop the manifestations of the disease for which screening is justified. When using 

phenotypic tests, individuals with borderline or intermediate results may have mild forms of 

the condition. This is especially true if screening asymptomatic individuals with no family 

history of disease: it is well established that disease penetrance in the general population 

cannot be extrapolated from disease penetrance in individuals with a family history. Recent 

research on incidental findings from genomic testing has shown that penetrance of variants 

classified as disease-causing based on studies of affected individuals is much lower when found 

in unselected individuals [13, 17].  

Because of this risk of misclassifying individuals as being affected or at high risk of disease, a 

strong rationale for screening is needed to justify the follow-up and management of all 

individuals with positive screen results. Also, an important goal of the screening program 

should be to minimize the identification of individuals who are unlikely to benefit from follow-

up and management. This means favoring targeted approaches at many levels: restricting 



OBM Genetics 2017; 1(3), doi:10.21926/obm.genet.1703007 

Page 113/155 

screening to an appropriate target group and choosing a targeted screening test or a screening 

algorithm that helps minimize the identification of false positives, or mild, late or low-

penetrance forms of the disease.  

The Special Case of Reproductive Genetic Screening: Who Benefits and How Do We Measure 

Outcomes? 

Genetic screening in the context of reproduction, i.e. carrier screening and prenatal 

screening, is an atypical form of screening on many levels. First, the risk identified has no 

impact on the health of the person being screened: it is a risk of disease for the person’s or 

couple’s future child. Second, the purpose of screening is most often not to prevent disease or 

complications of the disease, but to provide prospective parents with information they can use 

to make decisions about their reproduction, including in some cases, the decision to terminate 

a pregnancy. Reproductive screening therefore is a departure from classic screening criteria, 

with the end goal not of improved health outcome for the person screened but rather informed 

reproductive decisions.  

Although early carrier screening programs reported reduction in incidence of disease as a 

marker of success, emphasizing the goal of preventing affected births, there has been a shift in 

the stated purpose of carrier screening over the last two decades: disease incidence is no 

longer considered the primary outcome of interest of carrier screening programs and instead, 

programs focus on delivering information of value to prospective parents [18]. Furthermore, in 

the last few years, commercial labs have started offering “expanded carrier screening”. 

Traditionally, carrier screening has been offered to individuals with a family history of a 

particular genetic condition or individuals from a population with a high carrier rate of one or 

more specific autosomal recessive disorders (e.g. Tay-Sachs disease in Ashkenazi Jews). Carrier 

screening based on family history or ethnic origin is still recommended, but expanded carrier 

screening is now available commercially to all individuals considering a pregnancy or in early 

pregnancy, regardless of their family history or ethnic background [14]. The list of conditions 

that are included in commercially available carrier screening panels often cover over 100 

conditions, including some that are much rarer or milder than those targeted by long-standing 

carrier screening programs and recommendations. Responsible implementation of expanded 

carrier screening raises technical, ethical, legal and social questions [19]. Carrier couples 

identified through carrier screening have an increased risk of having an affected child. Potential 

reproductive options include access to prenatal diagnostic testing, preimplantation genetic 

diagnosis (for those able to afford the significant out of pocket costs involved and willing to go 

through in vitro fertilization, despite its limits and potential health risks), or other approaches 

such as the use of donor semen or adoption. 

The advent of non-invasive prenatal testing or cell-free fetal DNA testing has changed the 

discussion around genetic screening. Until recently, prenatal genetic screening was focused 

primarily on Down syndrome. In this approach, an integrated screening process is offered for 

Down syndrome, with serum and ultrasound markers used to estimate risk. For those with a 
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positive screen result, invasive prenatal genetic diagnostic testing (of fetal cells obtained from 

amniotic fluid) is offered. Because obtaining fetal cells from amniotic fluid via amniocentesis is 

an invasive test, it involves a risk of miscarriage. It detects Down syndrome more accurately 

than integrated screening and is increasingly used for other chromosomal disorders despite 

lower accuracy for rarer conditions [20]. It is now recommended as a screening test for 

aneuploidies [15]. In some instances, it is used as a second-tier screening test after a high-risk 

result from integrated screening. Since cell-free fetal DNA testing is considered a screening test, 

its results must be confirmed by diagnostic testing, i.e. invasive prenatal diagnosis procedures, 

such as amniocentesis. Because of its higher accuracy, use of NIPT has reduced the number of 

false positive screening results, the number of amniocentesis performed for diagnostic testing, 

and therefore the number of miscarriages due to invasive testing.  

Discussions about prenatal genetic screening using amniocentesis were set around a balance 

of risks: the risk of the fetus being affected vs the risk of miscarriage. NIPT changes the 

discussion to one about the woman and couple’s desire to know, which can be rooted in the 

risk that the fetus is affected, but without the counterbalance of the risk of miscarriage. In that 

setting, the threshold for what is worth screening may become personal to each woman and 

couple. As the technology used for NIPT is being developed to detect other types of genetic 

conditions (microdeletions, monogenic disorders) and even provide whole genome sequencing, 

the use of screening criteria to put boundaries around such screening becomes increasingly 

relevant.  

With advances in both technology and identification of new genes associated with disease, 

more and more reproductive genetic screening options are available, raising the challenge of 

how we should measure screening outcomes. Since the purpose of screening is for women and 

couples to make informed reproductive decisions, there is no preferred clinical outcome, and 

decisions are based on personal values. To ensure that women and couples get accurate and 

useful information, reproductive screening must apply stringent criteria in selecting the 

screening process to be offered, an in particular to ensure that highly accurate test with high 

predictive value is available to confirm initial positive screening tests. Some argue that genetic 

screening for reproductive purposes should be limited to severe conditions, but there is no 

consensus amongst professionals about what constitutes a severe or serious condition [21] and 

prospective parents may have different perspectives on what types of conditions they are 

worried about. It is therefore difficult to set a threshold to determine which conditions should 

be part of a screening panel.  

The Pitfalls of Opportunistic Screening 

Advances in genomic technology – specifically, in the technical capacity to evaluate a large 

amount of DNA sequence at relatively low cost -– have created a potential for opportunistic 

screening. The term refers to a screening process that is added on to an unrelated clinical 

evaluation. For example, current evidence supports the use of a comprehensive exome test 

(evaluation of DNA from the protein-coding regions of the genome) and potentially a full 
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genomic analysis in the work-up of children with neurodevelopmental disorders, as an efficient 

approach to identify a genetic cause for the disorder [22-24]. The testing process occurs in 

multiple steps: DNA sequence is generated; specific regions of the sequence – filtered to focus 

on genes implicated in neurodevelopmental disorders – are evaluated for any variations from 

reference sequence; and analysis of variants is undertaken to determine their likelihood of 

being pathogenic. The analysis relies on available evidence about particular variants, evaluation 

of the structural characteristics of the variant (nature of variant, potential impact on gene 

function, frequency in the general population, etc.), and may sometimes include testing of both 

affected child and parents to determine whether or not a variant is inherited. The same analytic 

steps could be applied to other parts of the exome sequence that are not relevant to the clinical 

question. This additional analysis allows for opportunistic screening to be undertaken.  

As an example, the American College of Medical Genetics and Genomics (ACMG) has 

recommended that a set of 59 genes be evaluated whenever exome or whole genome testing is 

done, even if the genes are unrelated to the clinical question that prompted testing [25, 26]. 

The justification for this approach is two-fold. The genes selected for additional analysis are all 

associated with serious diseases for which medical intervention is available; that is, pathogenic 

variants found in these genes are “medically actionable.” This rationale speaks to the 

fundamental goal of screening, that is, to identify individuals who can benefit from early 

medical intervention, at a time when they are still asymptomatic. The second rationale is 

practical: once the DNA sequence has been generated, further analysis can be readily 

accomplished; in essence the testing process is already partially completed. However, the 

resources involved in completing the additional analysis are not trivial, because variant 

interpretation often involves review of databases and medical literature to determine the 

pathogenicity of a particular finding; many findings cannot be definitively characterized. 

Furthermore, as new knowledge emerges from genomic sequencing, variants previously 

thought to be highly penetrant pathogenic variants, based on limited evidence, have been 

found to be either benign or of uncertain clinical significance. Individuals labelled 

opportunistically as having one of these 59 conditions may thus have a lower likelihood of 

actually developing the disease than initially thought.  

The second rationale raise questions about the threshold for screening, specifically, whether 

less stringent evidence of health outcome benefit should be required when screening is 

opportunistic. The ACMG recommendations imply a less stringent threshold, noting that 

evidence to establish clinical utility is not yet available for all the genes proposed for 

opportunistic screening [25]. Rather, the screening recommendation is based on an argument 

for likely benefits, and the identification of secondary findings in these genes is seen as a matter 

of prudence when patient care has already generated the DNA sequence. The recommendation 

emphasizes that only known pathogenic and likely pathogenic secondary findings should be 

reported, that is, variants of uncertain clinical significance are not considered suitable for return 

in this context. This approach assumes that the benefits of early treatment seen in families with 

a genetic disorder – for example, reduced incidence of colorectal cancer from colonoscopy 
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screening in unaffected family members with Lynch syndrome – will also occur for unselected 

individuals diagnosed on the basis of secondary findings. It also assumes that the test 

characteristics and health outcome benefits in individuals without clinical indications for testing 

will be the same as for those with indications. 

Emerging data pose concerns about this approach. To start with, variant interpretation is not 

only time-consuming but also often unable to provide a clear characterization of the clinical 

significance of the variant. Two sources of data are available for addressing this task: 

accumulated data on the clinical outcome of people with the variant and laboratory or 

computational analyses that predict the functional effects of the variant. Recent papers 

document inconsistency for both approaches [17, 27-30]. Because findings for most genome 

and exome studies include novel or rare variants, these analytic limitations mean that many 

variants of unknown significance will be found in any screening effort. This problem is 

compounded by the lack of population-based data on the clinical implications of most variants. 

Evaluation has generally occurred in families where a genetic disorder has been found. In some 

cases, a clear segregation of the variant with disease allows for confidence in predicting the 

pathogenicity of the variant; in others, accumulated evidence from several unrelated families 

provides confidence about pathogenicity. However, a number of findings suggest that 

penetrance, even of a known pathogenic mutation; will be lower in the general population than 

in families ascertained by their genetic disorder. These include reports documenting genomic 

results consistent with disease in adults without phenotypic manifestations and population-

based studies suggesting lower penetrance in unselected populations than in high risk families 

[13, 17, 31, 32]. Reduced penetrance in unselected populations is consistent with a body of 

data documenting substantial variability in clinical outcome for many genetic disorders [33, 34]; 

this observation suggests that modifiers of disease outcome are common even among single 

gene disorders. Taken together, these concerns suggest that opportunistic screening should be 

undertaken cautiously if at all. 
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The Implications of Genotype-Based Population Screening 

Cautions about variant interpretation and penetrance become even more important in 

considering proposals for using exome sequencing, genome sequencing or large gene panels to 

screen for genetic conditions in unselected/low risk populations, that is, not just as an add-on 

to a clinical test. The documented difficulties with variant interpretation suggest that this 

testing approach has unknown sensitivity and specificity and thus does not represent a suitable 

test for screening. False positive results are likely, due to the reduction in a test’s positive 

predictive value when a condition is rare in the population being tested, and overdiagnosis is 

also a concern. A recent report of genomic testing in 50 “ostensibly healthy” adults found 

pathogenic or likely pathogenic results for single gene diseases in 22% of individuals [13]. Yet 

only 2 individuals (4%) had symptoms and in both cases symptoms were mild and the utility of 

clinical identification was unclear. One likely pathogenic finding was subsequently re-classified 

as a variant of unknown significance, underscoring current challenges in variant interpretation. 

A prevalence of single gene findings of 22% is an order of magnitude higher than would 

expected from the population prevalence of single gene disorders; whether the problem is 

solely one of variant interpretation or also reflects reduced penetrance of many variants in 

unselected populations is unknown. While there are good reasons to expect lower penetrance 

than has been seen in clinically ascertained families, the lack of data mean that penetrance for 

individuals identified in population screening is also uncertain and difficult to estimate. In 

addition to the risks posed of overdiagnosis and false positive results, evidence on appropriate 

treatment to improve outcome is often lacking for a low-risk population. 

Technology Driven Expansion of Genetic Screening 

Much of what is discussed above illustrates the potential for technology-driven expansions 

of genetic screening. Next-generation sequencing allows for faster, cheaper and more 

comprehensive genetic tests and has led to interest in its use for screening in unselected 

populations, be it for carrier screening in prospective parents, NIPT in pregnant women, or 

ACMG 59-gene panels in healthy adults. Much of this drive to broaden the number of diseases 

screened and the target population for screening has been pushed by commercial interests and 

justified by the availability of the technology and a presumption of benefit. These screening 

efforts are not part of comprehensive screening programs, with pre-test education components 

or clear referral and management pathways for those with positive results. Individuals either 

order tests directly from companies or through their provider, and the private laboratory 

offering the test will not ensure that those with positive results get appropriate care. The 

provider often hasn’t been trained to use these new tests and isn’t comfortable explaining the 

test or interpreting its results. Misunderstanding of test characteristics, test limitations and test 

results by health professionals and patients can have dire consequences: unnecessary tests and 

interventions in a patient wrongly thought to be at risk of disease, or insufficient follow-up and 

treatment in those wrongly thought not to be at risk of disease.  
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Furthermore, this focus on what the technology can detect to justify expansion of genetic 

screening has taken the attention away from classic screening criteria (Table) [2, 3]. The 

availability of a suitable test is only one criterion (and arguably a multi-gene panel or exome will 

not be a suitable screening test until variant interpretation becomes more reliable): screening 

should only be put in place if all screening criteria are met.  

A related issue is the expansion of the definition of benefit to include benefits not related to 

health outcomes, such as ability to use information for life choices, including reproductive 

planning. The use of genetic information related to rare highly penetrant conditions is well 

established in this context, with medical genetics practice emphasizing the importance of 

personal values in determining whether or not to be tested as well as the actions to be 

undertaken when test results are positive. This approach assumes access to detailed 

information and counseling related to the genetic condition in question, neither of which can 

be readily offered when testing expands to hundreds of conditions of varying severity and 

clinical manifestations.  

Conclusion 

As successful newborn screening programs attest, the criteria for screening originally 

articulated by Wilson and Jungner can be appropriately applied to genetic screening [2]. These 

criteria require rigor in both identification of appropriate conditions for screening and 

construction of well-designed and sustainable screening programs. They require that a disease 

condition be sufficiently understood that early detection and treatment can be confidently 

predicted to lead to improved health outcomes in the population screened; that the testing 

process has sufficient predictive value to minimize the harms of false positive findings; and that 

a program of screening and follow-up be cost-effective and on-going. The emerging screening 

criteria proposed by the WHO emphasize the need for evidence to support genetic screening 

policies, and the importance of evaluation of screening outcomes [3]. Several adult genetic 

screening opportunities have emerged that arguably can meet these criteria. For example, 

considerable evidence is now available to support screening for hereditary hemochromatosis 

[35, 36] although there remains uncertainty about the relative merits of the use of phenotypic 

versus genotypic screening and the appropriate candidates for screening. Similarly, strong 

arguments can be made for screening Ashkenazi women for the three BRCA mutations 

prevalent in that population [37], although the benefits and harms of sequence-based BRCA 

screening in the general population are still open to debate. It is also likely that a targeted gene 

panel, possibly including BRCA and BRCA2, could prove beneficial in population screening, if 

issues of variant interpretation can be resolved. Other issues that would then need to be 

addressed are the definition of the target age group for screening, and the most appropriate 

management protocol for unselected women with a positive result. 

These promising opportunities underscore the need for more evidence to evaluate proposed 

adult genetic screening programs, in order to determine whether they can, in fact, meet the 

criteria generally accepted for screening programs. Such evidence could potentially be obtained 
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by practical clinical trials or comparative effectiveness studies, in which genetic screening is 

introduced in one of two comparable clinical settings, with rigorous measurement of clinical, 

personal and economic outcomes. As these options are considered, established screening 

criteria should be applied to either single condition or multiple condition genetic screening, as 

there is no reason to question their relevance to this screening approach.  

However, it is important to acknowledge that reproductive genetic screening has a different 

goal from other genetic screening and from the screening programs for which Wilson and 

Jungner articulated criteria: reproductive screening seeks to inform reproductive decisions 

rather than to improve health outcome. This subset of genetic screening cannot therefore be 

evaluated in terms of health outcomes. Among the classical screening criteria, the relevant 

ones have to do with the nature of the condition, the predictive value of the screening test, and 

program features that establish equitable access. It is also important to consider how the 

community or population perceives the proposed screening. We have found that screening is 

more likely to be adopted and successful if community members, patients and their families, 

patient representatives and advocacy groups support screening for this condition [18].  

Some contested issues related to genetic screening cannot be resolved by research on 

screening outcomes, and need careful policy attention, ideally involving input from all 

stakeholders, including clinicians, health care payers, and the public. One of these is the 

threshold of disease severity to be applied to reproductive screening, in particular in the use of 

prenatal tests where the primary decision options available to prospective parents in the event 

of a positive test results during pregnancy is termination vs continuation of pregnancy. Should 

prenatal testing be available for relatively mild conditions, or when testing has limited 

predictive value – e.g., for genetic variants that confer a susceptibility to conditions such as 

autism spectrum disorder? This policy question must be determined by judgments and values 

related to the role of patient choice and appropriate use of health care services. 

Another controversial issue is the appropriate threshold for opportunistic screening with 

exome or other genomic sequencing tests. Given the uncertainties about penetrance and 

challenges with variant interpretation, an argument can be made that opportunistic screening 

should not occur unless all screening criteria are met (Table). This approach would effectively 

limit opportunistic screening until substantially more is known about the implications of genetic 

findings in unselected populations. Experts convened by the ACMG take issue with this 

approach and argue by contrast that a prospect of benefit is sufficient, if sequence data have 

already been obtained [25, 26, 38]. As with the threshold for reproductive screening, 

stakeholder input is needed to define appropriate policy. Although patient preferences are 

important to consider, the impact of opportunistic screening on the use of resources also needs 

to be considered. 

The decision process for genetic screening programs or policies varies based on the context 

and type of screening activity. In some instances, there is a specific decision-making process. In 

the U.S., newborn screening policies are driven by the recommendations of the Secretary’s 

Advisory Committee on Heritable Disorders in Newborns and Children. For other types of 
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genetic screening, there is no one source of policy, and practice is influenced by the positions of 

professional societies on the issue. For example, the American Congress of Obstetricians and 

Gynecologists and the American College of Medical Genetics and Genomics have both issued 

recommendations about NIPT. The role of stakeholder input in the process of developing 

recommendations varies.  

In addressing these policy questions, it is important to consider the consequences of the 

technological imperative. If technology capacity is allowed to drive genetic screening activities, 

allowing for ever expanding efforts in the absence of evidence for benefit, several harms can be 

predicted. These include a growing number of asymptomatic people with a genetic diagnosis 

yet with uncertainty about whether their test results represent a legitimate diagnosis, 

overdiagnosis, or a false positive finding. These diagnoses will in turn drive additional medical 

work-up and treatment, resulting in costs to the healthcare system and the risk of iatrogenic 

harm. Criteria for screening were developed to minimize these potential harms and apply to 

genetic screening as much as to other screening technologies.  
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Abstract 

Carrier screening for the haemoglobinopathies has undergone many technological 

improvements in haematological and molecular diagnostic techniques since the first 

prenatal diagnoses by DNA analysis in the 1970s by Southern blot analysis enabled the 

implementation of effective successful prevention programmes for beta thalassaemia 

involving public education, carrier screening, genetic counselling and prenatal diagnosis in 

Mediterranean countries. The application of a wide variety of PCR-based molecular 

diagnostic techniques which allows the detection of the complete range of 

haemoglobinopathy mutations has led to the establishment of comprehensive national 

prevention programmes in many developing countries and also in countries such as those 
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in Northern Europe in which the prevalence and heterogeneity of the 

haemoglobinopathies has been significantly increased by population immigration. Despite 

the great technological advances in mutation detection, the screening of 

haemoglobinopathies still requires the combined use of haematological and molecular 

techniques to arrive at an accurate diagnosis, and requires specialist knowledge of 

genotype/phenotype relationships because of the multitude of complex phenotypes 

which result from interactions between genotypes and co-inherited globin gene disorders 

relationships. The latest technological advances in mutation analysis techniques and the 

application of some of these for the noninvasive approach of analysis of fetal DNA in 

maternal blood are anticipated to improve haemoglobinopathy prevention programmes 

in the future. 

Keywords 

Haemoglobinopathies; thalassaemias; carrier screening; diagnosis 

 

Introduction 

The haemoglobinopathies and globin gene disorders constitute the commonest recessive 

monogenic disorders worldwide [1]. They are caused by more than 1700 different mutations 

which either affect the synthesis of globin chains (the thalassaemias) or alter the structure and 

properties of haemoglobin (haemoglobin variants or abnormal haemoglobins) [2]. They are 

mostly autosomal recessive disorders and heterozygotes are symptom-free but present various 

haematological characteristics which are used for their identification in carrier screening 

programmes. The homozygous states and compound-heterozygous states result in four main 

groups of clinically significant conditions, each with a variable degree of phenotypic severity: 

the -thalassaemias, -thalassaemias, sickle cell syndromes, and Hb E syndromes [3].  

Many patients with these conditions are born in developing and low-income countries where 

they create an enormous health burden [4]. Therefore prevention of the homozygous states for 

-thalassaemia and Hb S constitutes a major component of the management of these disorders 

in many countries, involving carrier detection by haematology screening, molecular diagnostics, 

genetic counseling, and prenatal diagnosis or preimplantation genetic diagnosis where 

applicable [5]. In the future, the recent studies involving fetal DNA in maternal plasma and the 

application of the latest sensitive technologies such as digital PCR and next generation 

sequencing may allow the routine prenatal diagnosis of globin gene disorders that is 

noninvasive for the fetus. 

The haemoglobinopathies are a heterogeneous group of disorders, because of the numerous 

types of thalassaemia and abnormal haemoglobin genotypes which can interact when co-

inherited, creating a complex range of haematological phenotypes that are often difficult to 
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interpret accurately. Moreover, some phenotypes can arise from several different genotypes, 

such as heterozygous alpha zero thalassaemia and homozygous alpha plus thalassaemia, and 

the genotypes cannot be distinguished by simple haematological parameters. Finally, the 

electrophoresis or chromatography techniques used to screen for abnormal haemoglobins only 

provide a presumed diagnosis for the variant, and further test are required if a definitive 

diagnosis is required. Thus in many cases of carrier screening, an accurate diagnosis requires 

expertise in the interpretation of the haematological results and confirmation of the genotypes 

by DNA analysis or mass spectrometry [6]. This review of carrier screening for the 

haemoglobinopathies includes a discussion of the past techniques, the current techniques that 

are in widespread use, and finally the latest developments that will inform the approaches to 

haematological and molecular carrier screening and prenatal diagnosis in the future.  

Screening Programmes 

Successful nationwide programmes for the carrier screening of -thalassaemia on a 

voluntary basis have been established since the 1970s in several Mediterranean countries with 

a high prevalence of homozygous beta thalassaemia, in particular in Cyprus [7] Sardinia [8] and 

Greece [9]. Italy, Greece, and Cyprus aimed for premarital and preconception screening, ie 

prospective screening and not antenatal. However, because of migration, the carrier rate of -

thalassaemia is increasing in countries that previously had a low prevalence of 

haemoglobinopathies, and national voluntary programmes of carrier screening and prevention 

for thalassaemia and sickle cell disease have now been successfully established in several 

European non-endemic countries such as the UK [10]. Although guidelines and 

recommendations regarding the conduct of carrier screening programmes have been 

developed by organisations such as the World Health Organisation [11, 12], reviews of those 

conducted around the world have shown that no one strategy has met the needs of every 

country [13, 14]. However whatever the strategy, community awareness and public education 

play a very important part of all prospective carrier screening programmes. 

For most of these established programmes, the screening is prospective, ie when carriers are 

identified before having an affected child. However screening may also be retrospective – that 

is, when couples already have an affected child, as in the case of the Sardinia programme, in 

which cascade screening (or extended family testing) was used to test relatives of identified 

carriers and/or patients. This policy has led to the detection of 90% of expected at-risk couples 

through tests on only 15% of the adult population [14]. 

Numerous prospective carrier screening programmes are now conducted around the world. 

They can be divided into mandatory or voluntary programmes. Despite the WHO 

recommendation that no compulsory genetic testing should be carried out, some countries, 

including Iran, Saudi Arabia and Palestinian territories have laws in place making 

haemoglobinopathy screening mandatory for all couples before having the approval to get 

married. In Cyprus, couples waiting to get married are required by the church to be screened, 
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counselled and have the laboratory result report. The same mandatory rule is applied in Islamic 

countries like Iran and the UAE’s before legal marriage. While in Cyprus there is no interference 

on partner choice, in Iran adapting partner choice has been advised as a first option and PD 

with legal medical abortion as a second. In the UAE’s adapting partner choice is the only advice 

provided. In other countries, including Sardinia, Greece, and in England, haemoglobinopathy 

screening is offered on a voluntary basis.  

Antenatal Screening 

Community control of sickle cell anaemia and thalassaemia by antenatal screening and fetal 

diagnosis requires establishment of programmes for public education and awareness, carrier 

screening to identify couples at risk of having a child affected with a clinically significant 

haemoglobinopathy, and genetic counselling in order to offer prenatal diagnosis or pre-

implantation genetic diagnosis. Comprehensive programmes have been established in many 

countries, including Italy, Greece, Cyprus, UK, France, Turkey, Tunisia, Iran, Thailand, Australia, 

Singapore, Taiwan, Hong Kong, and Cuba. In addition, partial programmes including antenatal 

screening according to ethnic origin are available in several countries in Northern Europe 

(Netherlands, Belgium, and Germany) and in many developing countries such as Iran, India, and 

Pakistan, where problems of low resources and religious dilemmas have had to be solved, a 

prenatal diagnosis service has also been introduced [5]. 

There are two approaches to the delivery of a screening programme designed to detect 

carriers of -thalassaemia, -thalassaemia and the clinically significant haemoglobin variants: 1) 

a primary screen to determine red cell indices, followed by a secondary screen involving 

haemoglobin analysis in subjects with reduced mean corpuscular volume (MCV)  and/or mean 

corpuscular haemoglobin (MCH), and subjects identified to be at high risk of carry such a 

clinically significant variant by their ethnic origin; 2) a complete screening based on determining 

red cell indices, haemoglobin pattern analysis and Hb A2 in all subjects from the outset. Once 

the wife is found to be a carrier, her partner is then subjected to the same screening approach. 

A primary screening approach works best in countries with low frequency and limited 

heterogeneity of thalassaemia, while complete screening is best in populations where both α- 

and β-thalassaemias are common, and where interaction of α- and β-thalassaemias could lead 

to missed diagnoses due to the normalisation of red cell indices. The UK antenatal screening 

programme combines both approaches, with a primary screening approach used for areas with 

a low prevalence of Hb S and a complete screening approach for high prevalence areas (defined 

as an area where the estimated fetal prevalence of sickle cell disease is 1.5 per 10,000 

pregnancies or greater), as detailed in the Programme’s laboratory handbook [15]. 

Neonatal Screening 

Neonatal screening is relevant to areas where sickle cell disease is prevalent and where the 

at-risk couples are not detected by a population-based carrier screening programme.The early 
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detection of affected children with sickle cell anaemia enables timely interventions which 

reduce the likelihood of life threatening complications such as pneumococcal infections. In 

addition, neonatal screening provides invaluable epidemiological information regarding the 

frequency and geographical distribution of homozygous sickle cell disease, sickle cell 

thalassaemia, Hb S/D, Hb S/C disease and Hb S/O-Arab. Despite its usefulness, practical 

application is limited to few countries which include the USA [16], Jamaica [17], Brazil [18], 

India [19] and some European countries [20]. In many high prevalence areas, including Africa 

and South America, neonatal screening is either targeted to high-risk groups, limited to just 

parts of a country, or is not provided at all. 

In the UK, neonatal screening is offered at 5-8 days of age as part of the newborn dried 

blood spot screening programme for inherited metabolic disorders and cystic fibrosis. The 

programme is designed to detect all the different forms of clinically important sickle cell 

disorders: Hb S/S, Hb S/C, Hb S/D-Punjab, Hb S/O-Arab, Hb S/E, and Hb S/-thalassaemia [15]. 

Carrier Screening Diagnostics 

The key haematological diagnostics for all screening algorithms consist of a full blood count, 

in particular the determination of the MCV and MCH, the quantification of Hb A2 and Hb F, iron 

status and screening for the presence or absence of abnormal haemoglobins [21]. Although 

some other haematological parameters, such the presence of Hb H inclusions and the red cell 

distribution width (RDW), have proved useful in haemoglobinopathy screening, they are not 

essential and have not been incorporated into the recommended carrier screening best 

practice [6]. 

Many guidelines and diagnostic flow charts for the laboratory diagnosis of 

haemoglobinopathies have been published. The British Committee for Standards in 

Haematology, a subgroup of the British Society for Haematology, has published a series of 

guidelines over the years for UK haematologists and laboratory scientists carrying out 

haemoglobinopathy screening [22, 23], thalassaemia trait screening [24], foetal DNA analysis 

[25] and antenatal / newborn screening [26]. The guidelines describe the requirements and 

approach to screening that are considered practical for the UK population. Although 

populations have different prevalences of haemoglobinopathies and therefore may require 

slightly different strategies for haemoglobinopathy screening and the diagnosis of globin gene 

mutations [27], it has been possible for experts in the field to agree and publish a set of best 

practice guidelines and an overview of recommended strategies and methods for carrier 

detection and prenatal diagnosis [6].     

There is an important and distinct difference between the algorithms used for carrier 

screening and those for carrier diagnosis. National carrier screening programmes, such as the 

UK antenatal screening programme, are not designed to detect all possible 

haemoglobinopathies in a carrier, due to the costs and resources required in following up too 

many false negatives with partner testing, and accordingly may have different cut off points to 
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other published schemes. For example, the cut off MCH value of 25pg In the UK diagnostic flow 

chart, lower than the cut off value of 27pg in the flow chart depicted in Figure 1, is used to 

reduce the number of +-thalassaemia investigations and secondly, individuals with a Hb A2 

value between 3.0 and 3.5% are considered normal in the UK carrier screening flow chart and 

are not followed up in order to reduce the costs and workload of partner testing. Thus some 

antenatal patients with silent/normal Hb A2 -thalassaemia trait or +-thalassaemia trait due to 

a severe type of non-deletion mutation may not be detected by the UK haemoglobinoapthy 

screening programme flow chart. 

A generally accepted flow chart algorithm that achieves an unequivocal carrier diagnosis 

using the widely accepted screening strategies and cut-off points for the haematological 

parameters is shown in Figure 1 [28]. The algorithm allows for the detection of carriers with 

normal Hb A2 -thalassaemia trait, caused by mutations such as CAP+1 A>C (HBB:c.-50A>C) and 

IVS1-6 T>C (HBB:c.92+6T>C) , for which some carriers have reduced red cell indices and a HbA2 

value between 3.0 and 3.5% [29] (which would be diagnosed as potential alpha thalassaemia 

trai -thalassaemia mutations such as -101 

C>T (HBB:c.-151C>T) and +1480 C>G (HBB:c.*+6C>G) that have both normal red cell indices and 

a Hb A2 value below 3.0 and 3.5%% [29], often investigated by DNA analysis in a diagnostic case 

because of a previous diagnosis of a typical -thalassaemia trait partner or a relation with a 

mild unexplained -thalassaemia intermedia phenotype. The algorithm also requires knowledge 

of other diagnostic pitfalls, such as split HbA2 values due to the presence of a -globin chain 

variant (giving a misdiagnosis of thalassaemia trait for a-thalassaemia carrier), the 

knowledge that some rare -chain variants co-migrate with Hb A2, and if expressed at low 

amounts like Hb Fort Worth (4-5%) it creates a false picture of a high Hb A2 value 6-9% (giving a 

misdiagnosis of -thalassaemia trait) [29]. Similarly, Hb pattern analysis requires expertise and 

knowledge of potential pitfalls, such as understanding that the co-inheritance of an chain 

variant and a -chain variant creates a new hybrid variant with a different characteristic 

retention time and electrophoretic mobility to the parent abnormal haemoglobins, creating a 

complex and often confusing Hb pattern and making diagnostic interpretation difficult [28].  
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Figure 1 A flowchart for haemoglobinopathy carrier diagnosis using recommended 

best practice cut off values [6].  

Abbreviations: MCV, mean corpuscular volume; MCH, mean cell haemoglobin; Hb, 

haemoglobin; thal, thalassaemia; ZnPP, zinc protoporphyrin; HPFH, hereditary persistence 

of fetal haemoglobin; PND, prenatal diagnosis. 

Red Blood Cell Indices 

The red blood cell indices are usually determined by automated electronic cell counters, 

with the MCV and MCH being variably reduced in thalassaemia carriers. However the first 

method used for the screening of thalassaemia was the osmotic fragility test, a fast and simple 

method which is still used in some low resource countries to screen populations in a 

modernized form called the Naked Eye Single Tube Redcell Osmotic Fragility Test (NESTROF) 

[29]. 

Hb Quantification 

The most widely used methods for Hb A2 measurement are high-performance liquid 

chromatography (HPLC), and less frequently, microchromatography using DEAE cellulose (DE-

52). However the newer approach of capillary electrophoresis (CE) is fast, accurate and is 
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becoming fashionable and well established. Both HPLC and CE accurately measure the Hb A2 

and Hb F quantities in a similar manner. Isoelectic focusing has proved accurate but is time-

consuming and is rarely used nowadays. Another earlier approach, densitometry scanning after 

cellulose acetate electrophoresis has been proved unsatisfactory and is not recommended by 

best practice guidelines [21]. Similarly, Hb F is usually measured by using HPLC or CE. 

Hb Pattern Analysis 

A number of methods are in still current use for separating abnormal haemoglobins from Hb 

A and providing a presumptive diagnosis by its pattern position or elution time. The earliest 

methods were gel electrophoresis using acid agarose or citrate agar gel and cellulose acetate 

electrophoresis at PH 8.6. Although band resolution was poor in some cases, the migration 

patterns are different for each type of electrophoresis permitting a large number of variants to 

be differentiated. The more recent technique of isoelectric focussing has become widely used 

because it offers much sharper resolution of the normal and variant Hb fractions. However the 

majority of diagnostic laboratories use HPLC for both Hb quantitation and Hb variant screening 

because the systems are automated, operation of the analysers is simple, and the retention 

times for more than 300 rare alpha and beta chain variants have now been identified [30]. A 

relatively new development for Hb pattern analysis, automated capillary zone electrophoresis 

(CE) is a complementary screening technique to HPLC for the routine detection and 

measurement of haemoglobins and variants [31]. The analyser is becoming popular because CE 

patterns are simple and easy to read, because unlike HPLC, the method does not separate 

haemoglobin derivatives such as glycated fractions. Essentially both HPLC and CE provide a 

presumptive Hb variant diagnosis with few differences in practice. Another recent screening 

option is the development of an automated capillary iso-electric focussing (cIEF) analyser for 

haemoglobins, which has been shown to be useful for screening-thalassaemia and Hb E 

carriers in Southeast Asia [32]. 

-Thalassaemia: Molecular Diagnostic Techniques 

The globin genes were the first genes to be mapped and sequenced in the 1970s by 

Southern blotting and restriction enzyme mapping using purified cDNA probes reverse 

transcribed from reticulocyte mRNA. That they were the first genes was due to several factors, 

partly because considerable information was already known from the study of the protein 

sequence of haemoglobins, because reticulocytes were a good source of relatively pure globin 

mRNA, and finally the globin genes were very small in size making them very suitable 

candidates for use in the newly developed methods of recombinant DNA technology [33]. 

Consequently they have been used as a prototype in the development of most new molecular 

techniques of mutation diagnosis, and there is now a multitude of PCR-based techniques that 

are or have been used to detect globin gene mutations, including dot blot analysis, reverse dot 

blot analysis, the amplification refractory mutation system (ARMS), denaturing gradient gel 
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electrophoresis (DGGE), mutagenically separated polymerase chain reaction, gap-PCR, 

restriction endonuclease (RE) analysis, real-time PCR, Sanger sequencing, pyrosequencing, 

multiplex ligation-dependent probe amplification (MLPA) and gene array systems [34, 35]. The 

main molecular diagnostic approaches in common current use for the haemoglobinopathies are 

summarized in Table 1. 

Past Techniques 

The discovery that -thalassaemia was caused by a deletion of the alpha globin genes was 

made by cDNA/DNA hybridisation studies in 1974, and this enabled the first prenatal diagnosis 

of a genetic disease (homozygous alpha zero thalassaemia) to be carried out in 1976 using fetal 

DNA from cultured amniotic fluid cells [36]. However this approach was quickly superseded by 

Southern blotting and restriction enzyme mapping, which led to the discovery of all the 

common alpha plus and zero thalassaemia deletion alleles. Using radioactive DNA probes, the 

homozygous conditions for the three common alpha zero thalassaemia deletion alleles were 

diagnosed at the DNA level by the absence of normal alpha globin gene sequences, and the 

carrier states diagnosed by the presence of characteristic abnormal zeta gene fragments. This 

approach was the standard diagnostic method for ten years until the development of gap-PCR.  

Table 1 The principal DNA analysis methods currently used for the diagnosis of 

haemoglobinopathies. 

Globin gene disorder Diagnostic methods 


o-thalassaemia Gap-PCR, MLPA 


+-thalassaemia (deletional) Gap-PCR, MLPA 


+-thalassaemia (non-deletional) Sequencing, ASO, RE-PCR, pyrosequencing 

-thalassaemia (deletional) Gap-PCR, MLPA 

-thalassaemia (non-deletional) Sequencing, ASO, RDB, ARMS, RE-PCR, DGGE, RT-PCR 

-thalassaemia  Sequencing 

-thalassaemia Gap-PCR, MLPA 

-thalassaemia MLPA 

HPFH (deletional) Gap-PCR, MLPA 

HPFH (non-deletional) Sequencing, ASO, RE-PCR, pyrosequencing 

All Hb variants Sequencing 

Hb S ASO, RDB, ARMS, RE-PCR, pyrosequencing 

Hb C ASO, RDB, ARMS, pyrosequencing 

Hb E ASO, RDB, ARMS, RE-PCR, pyrosequencing 

Hb D-Punjab ASO, RDB, ARMS, RE-PCR, Sequencing 

Hb O-Arab ASO, ARMS, RE-PCR, Sequencing 

Hb Lepore Gap-PCR, MLPA 



OBM Genetics 2017; 1(3), doi:10.21926/obm.genet.1703005 
 

Page 133/155 

Current Techniques 

Gap-PCR. The technique of multiplex gap-PCR is widely applied as a reliable diagnostic test 

for the common +-thalassaemia and o-thalassaemia deletion mutations, but careful 

application for prenatal diagnosis has been shown necessary due to the possibility of 

misdiagnosis caused by allele-drop out [37]. The o-thalassaemia deletions that are routinely 

diagnosed by gap-PCR in most laboratories are: the --SEA allele, found in Southeast Asian 

individuals; the --MED and -()20.5 alleles found in Mediterranean individuals; the --FIL allele, 

found in Filipino individuals and finally the --THAI allele, found in Thai individuals. The two +-

thalassaemia deletion mutations routinely diagnosed are 3.7 kb (-3.7) and the 4.2 kb (-4.2) 

single-gene deletion mutations, [38, 39, 40, 41, 42]. Gap-PCR can also be used to define the 

exact breakpoints of novel -thalassaemia deletion mutations, as illustrated by the mapping of 

a novel 6.3kb +-thalassaemia deletion in a Chinese carrier [43]. 

MLPA. The majority of the less common o and +-thalassaemia mutations cannot be 

diagnosed by gap-PCR because their breakpoint sequences have never been determined. 

Instead these deletion mutations are diagnosed by the multiplex ligation-dependent probe 

amplification assay (MLPA) [44]. This approach is very useful as it permits the identification of 

the presence of any -thalassaemia deletion (known and unknown) in a single test [45]. The 

technique is also used to diagnose triple and quadrupleglobin gene alleles [46]. Unlike gap-

PCR, the MLPA technique does not define the exact breakpoints of a deletion and thus does not 

provide a definitive identification of a deletion mutation, only a “consistent with diagnosis in 

carrier diagnosis”; however a definitive identification is not usually required for prenatal 

diagnosis. 

Other Approaches. Other approaches have also been developed to provide quick simple, 

rapid, accurate and cost effective methods of screening for the deletion mutations. These 

include the use of real-time quantitative PCR analysis for the Southeast Asian o-thalassaemia 

deletion in Taiwan [47], real-time gap-PCR and high resolution melting analysis for the 

Southeast Asian o-thalassaemia deletion [48], denaturing HPLC for the diagnosis the 4.2 kb +-

thalassaemia deletion gene in Chinese individuals [49], and the use of an oligonucleotide 

microarray to detect the Southeast Asian o-thalassaemia deletion and the 3.7kb and 4.2kb +-

thalassaemia deletions [50, 51].   

The most widely used approach for the diagnosis of non-deletional +-thalassaemia, (a term 

describing the point mutations, small deletions or insertions in one of the two -globin genes), 

is the selective amplification of each -globin gene followed by analysis of the PCR product. For 

the screening of unknown mutations, DNA sequence analysis is the gold standard method [52]. 

For the diagnosis of known mutations, many other methods have been applied, such as 

restriction enzyme digestion of amplified product (RE-PCR), reverse dot-blotting, the 

amplification refractory mutation system (ARMS-PCR) and pyrosequencing. RE-PCR has been 

used for the diagnosis of the mutation for Hb Constant Spring mutation [53] and also the 2 

gene mutations: initiation codon (ATGACG) [HBA2:c.2T>C] and the IVS1 donor site 5 base pair 
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deletion (-TGAGG) [HBA2:c.95+2_95+6delTGAGG]. Reverse dot blotting has been applied for 

diagnosing six Mediterranean +-thalassaemia point mutations [54], and the amplification 

refractory mutation system (ARMS) for diagnosing six common Southeast Asian point mutations 

[55]. In theory any general technique for the direct detection of point mutations such as allele-

specific oligonucleotide hybridisation or allele specific priming may be used for the diagnosis of 

non-deletion +-thalassaemia mutations. However such strategies have been developed for just 

a limited range of non-deletion mutations that are found predominantly in a single ethnic group. 

The closest approach to a comprehensive screening system is the development of a 

commercially available strip assay using reverse hybridisation to detect two point mutations in 

the 1-gene and eleven point mutations in the 2-gene [56]. 

The techniques and diagnostic strategy used to identify-thalassaemia mutations is largely 

dependent on the spectrum of mutations observed in the target population. Molecular 

diagnosis in a multiethnic population usually requires a strategy involving all three current 

techniques of gap-PCR, MLPA and -globin gene sequencing [57]. 

Latest Developments 

aCGH. Array comparative genomic hybridization (aCGH) technology is now a proven method 

for the detailed characterization of rearrangements in the globin gene cluster. Originally 

developed as a research tool for investigating genomic imbalances in cancer, aCGH has since 

been used routinely in the genetic diagnostics of copy number variation in a wide variety of 

disease genes and gene loci [58, 59, 60, 61]. Several publications have highlighted the 

advantages of this technique for detecting Copy Number Variations (CNVs) over traditional 

cytogenetic methods. For the identification of gain or loss of copy numbers from the DNA of a 

patient a comparative co-hybridization of a differentially fluorophore labelled patient and 

normal control DNA to the same array is performed. The average ratio between the two 

fluorescent signals for each probe indicates the gain or loss of the patient’s copy number, and if 

neighbouring probes are involved this is representative for the presence of a deletion or a 

duplication of part of a gene or genomic region. Therefore the resolution of array CGH is 

determined by the physical distance between neighbouring probes and the density of probe 

coverage over the genomic region of interest. 

Considerable improvement of the resolution in using aCGH for the detailed analysis of 

rearrangements was achieved by reducing the probe spacing from 100 to 20 bp or less and 

extending the oligonucleotide probes to a length up to 60-80 nt, creating an overlap between 

probes and thus covering the region of interest as ‘tiles on a roof’ [60, 61].  

Compared to MLPA, array CGH has an increased resolution allowing more accurate 

breakpoint mapping. However, to characterize the breakpoints of deletions or duplications at 

the sequence level, the design of oligonucleotide primers in the breakpoint region as close as 

possible to the breakpoint is still mandatory for PCR and the subsequent sequencing of the 

breakpoint fragment.  Sometimes the selected primers are unsuccessful in amplifying a 
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fragment across the breakpoint because of the involvement of large repetitive elements or 

inversions/translocations. Array CGH is not able to distinguish these rearrangements and probe 

design is mainly limited to locus specific unique sequences as repetitive elements may generate 

non-specific signals. Several publications have shown that aCGH is a useful tool in the 

characterization of deletion breakpoints in the alpha-globin gene cluster [60, 61, 62, 63, 64]. 

NGS. Next generation sequencing (NGS) has the potential to identify deletions, inversions 

and translocations and sequence the breakpoints in a single experiment and the technology is 

nowadays embedded in most genetic laboratories [65]. It is becoming increasingly important 

for the mutation detection of small DNA sequence changes, mainly because of the relatively 

short sequence reads, but to a lesser extent for the detection of large deletions or duplications. 

The enrichment for the target area where deletion/duplication breakpoints are expected 

increases the success of NGS in determining breakpoint sequences. Besides Whole-Genome 

Sequencing (WGS), which is still quite costly, target specific bait-capturing RNA probes are used 

to enrich for possible DNA fragments across the breakpoint to diminish the part of the genome 

to be sequenced. The major problem for applying NGS in the diagnostic setting is that the 

bioinformatics of processing sequence reads is still manual and time-consuming. Efforts are 

being made in developing specialized bioinformatics tools to reach sufficient reading depth and 

coverage, to recognition discordant sequence reads as deletion/duplication or inversions and to 

streamline and automate the bioinformatics approach [66].  

Genomic DNA is mechanically sheared into smaller fragments of approximately 500 bp, 

adapter ligated and subsequently hybridised to specific biotinylated RNA baits complementary 

to unique sequences in the globin clusters. Using streptavidin coated beads a mini-library 

consisting almost entirely of DNA fragments of the selected globin gene regions is sequenced 

on MiSeq or HiSeq after amplifying each molecule by using primers complementary to the 

adapter sequences. By adding patient specific unique sequence tags to the adapter sequence, 

analysis of more patient samples by pooling is possible. As both strands of each captured DNA 

fragment is sequenced in opposite direction, dedicated computer software has been developed 

to align breakpoint spanning sequences to the reference sequence and recognize so-called ‘split 

reads’ which appear in the alignment process of single reads from either the 5’part or 3’part of 

the breakpoint. By investigating the direction and location of the split-reads deletion as well as 

duplication and inversion breakpoints can be identified and characterised to the base pair level. 

Examples of the rearrangement breakpoints in the alpha-globin gene cluster, solved by NGS are 

presented in literature recently [67, 68]. 

NGS has not been adopted as a single technology to diagnose all haemoglobinopathy cases. 

One of the pitfalls for the alpha-globin gene cluster are the numerous repetitive sequences 

such as the Alu-repeats, for which no specific RNA bait capture probes can be designed. Also 

the highly homologous HBA1 and HBA2 paralogs, embedded in duplicated stretches of DNA 

sequence complicate the alignment to the reference sequence. This currently limits the use 

NGS for the detection of point mutations in the alpha-globin genes until the sequence 
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chemistry allows for longer reads across the region of homology, thus assigning the phase of 

the mutation to either the alpha2 or alpha1-globin (HBA2 or HBA1) gene correctly [66]. 

β-Thalassaemia: Molecular Diagnostic Techniques 

Although more than 170 different -thalassaemia mutations have been characterised [2], 

only approximately 30 mutations are found at a frequency of 1% or greater in at-risk 

populations. Most mutations are regionally specific and the spectrum of mutations has now 

been determined for almost all the at-risk populations in each of the four regionally specific 

areas (Mediterranean countries, Asian-Indian countries, Southeast Asia and sub-Saharan Africa) 

[69], making it easy to successfully screen for -thalassaemia mutations in most cases if the 

ethnic origin of the patient is known. The diagnostic strategy in many diagnostic laboratories 

screening for a limited mutation spectrum is to a use a simple and cheap PCR based technique 

that allows the detection of the common mutations simultaneously [70]. Although a 

bewildering variety of PCR technologies have been developed and applied for screening-

globin gene point mutations, most diagnostic laboratories are still using a simple and cheap 

technique based on allele-specific oligonucleotide (ASO) hybridisation or allele-specific priming, 

eg reverse dot-blotting or ARMS [10]. This approach will identify the mutation in more than 90% 

of cases and then a further screening for the known rare mutations will identify the defect in 

most of the remaining cases.  Mutations remaining unidentified after this second screening are 

treated as unknown mutations and then characterised by DNA sequencing. 

However, in many European laboratories, the impact of migration by different populations 

with high frequencies of haemoglobinopathies has led to a significantly enlarged range of 

mutations that need to be screened for in -thalassaemia carriers, and has necessitated the 

implementation of a more comprehensive and simpler screening strategy using DNA 

sequencing as the main screening method in order to detect a large variety of both common 

and rare mutations quickly for a prenatal diagnosis is required [71]. 

Past Techniques  

Before the development of PCR, -thalassaemia mutations were diagnosed by Southern 

blotting and restriction fragment length polymorphism (RFLP) analysis, with the first prenatal 

diagnosis being reported by the linkage of a specific Sardinian -thalassaemia mutation to a 

Bam HI polymorphism in 1980 [72]. As more RFLPS were discovered within the beta globin gene 

cluster it was discovered that the RFLPS were in linkage disequilibrium and only a limited 

number of all the possible combinations of linked RFLPs (haplotypes) existed [73]. This enabled 

the prenatal diagnosis of any -thalassaemia mutation by linkage analysis if family studies were 

possible and the -thalassaemia alleles were associated with a different haplotype to that of 

the normal alleles [74]. Direct detection of mutations by Southern blotting only became 

possible following the development of synthetic allele-specific oligonucleotide (ASO) probes 

[75]. This new technique for the detection and characterization of known -thalassaemia 
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mutations provided a useful addition to the armoury of Southern blotting techniques, but for 

only a short time until Southern blotting was replaced by PCR. However the first PCR technique 

that gained widespread use for the diagnosis of -thalassaemia mutations was the approach 

known as dot-blotting, which also utilised radioactive ASO probes [76]. However the usefulness 

of screening amplified DNA fixed to a nylon membrane was limited by the need for separate 

hybridisation steps to test for multiple mutations, and the approach was quickly superseded by 

the development of the reverse dot-blotting technique, in which the mutation specific probes 

are fixed to a nylon strip [77]. 

Current Techniques 

RDB. Reverse dot-blotting (RDB) was the first-PCR method to gain widespread use and is still 

used in some labs today. This technique is compatible with the optimum strategy for screening 

using a two-step hybridisation procedure using a primer panel for common -thalassaemia 

mutations, followed by one for the rare mutations, and has been applied to the diagnosis of -

thalassaemia mutations in Mediterranean individuals [78], African-Americans [79] and Thais 

[80]. The technique is one of the few methods that been developed commercially with some 

success for the diagnosis of globin gene mutations. Vienna Lab has marketed globin strip assays 

using allele-specific oligonucleotide probes which reverse-hybridise to biotinylated DNA and 

which are currently used in several diagnostic laboratories. The assays cover 21 -thalassaemia 

mutations and 22-thalassaemia mutations, the latter optimised in separate strips for the 

detection of the common Mediterranean, Middle Eastern and Indian/Southeast Asian 

mutations. 

Oligonucleotide microarrays. The principle of reverse dot blotting has been brought up to 

date by the development of oligonucleotide microarrays for the simultaneous detection of 

multiple -thalassaemia mutations. This approach promises a one-step strategy for the 

identification of all possible -globin gene mutations that result in both -thalassaemia and -

chain variants [81]. Several groups have now published details of a DNA chip platform which 

has been used to genotype -thalassaemia carriers and patients [82]. The approach of tagged 

single-based extension and hybridisation to glass or flow-through arrays has been developed 

for the detection of 17 -globin mutations [83] and a similar approach of arrayed primer 

extension has been used to detect 23 mutations [84]. Bead-based suspension array technology 

has been shown to be capable of detecting simultaneously 3 deletions of α-thalassaemia, 3 

point mutations of α-thalassaemia, and 17 point mutations of β-thalassaemia in Chinese 

carriers in a single assay [85]. However the development of single array that will identify any 

one of the several thousand possible DNA sequence changes in the -globin gene 

simultaneously is still awaited and may not be a feasible screening option in the low resource 

setting of some countries. 

Primer-specific Amplification. A number of PCR techniques for detecting-thalassaemia 

mutations have been developed based on the principle of primer-specific amplification, but the 
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most widely used method still in current usage is known as the amplification refractory 

mutation system (ARMS) [86]. ARMS primers have been developed to screen for the common 

-thalassaemia mutations found in all the main ethnic groups [87], and have been multiplexed 

to screen for multiple mutations in a single PCR assa [88]. The method provides a quick 

screening assay that is cheap and does not require high technology or dedicated instruments 

and remains useful for both mutation screening and prenatal diagnosis [89]. 

Other Methods. Other methods for diagnosing point mutations: Denaturing gradient gel 

electrophoresis (DGGE) is an indirect method which has been widely used to characterise -

thalassaemia mutations without any prior knowledge of the molecular defect [90]. DGGE has 

been used for prenatal diagnosis of -thalassaemia in India [91] and Greece [92], and remains a 

useful approach in low resourced countries for screening of mutations [93]. Restriction enzyme 

PCR (RE-PCR) has only a limited diagnostic role because very few -thalassaemia mutations 

create or abolish a restriction endonuclease site, although its use has been widened by the 

technique of artificially creating a restriction enzyme site which includes the target mutation 

[94]. The main use of RE-PCR has been for the analysis of -globin gene haplotypes to 

determine the origin of globin gene mutations in different ethnic groups [95].  

Many other techniques have been applied for the diagnosis of known -globin gene point 

mutations. Denaturing high performance liquid chromatography (DHPLC) has been used for the 

analysis of polymorphic duplexes created by allele-specific priming [96], the analysis of five 

common Southeast Asian mutations by multiplex minisequencing [97], multiplex primer 

extension analysis for 10 Taiwanese mutations [98] and the most common Chinese mutations 

[99], and the screening for 11 commonest Greek mutations [100]. Real-time PCR quantification 

and melting curve analysis have been used to provide rapid genotyping for a panel of the most 

frequent Mediterranean mutations [101] and six Lebanese mutations [102]. All provide rapid 

and accurate genotyping of the common mutations and are in current use as alternative 

diagnostic approaches for point mutations. 

Gap-PCR and MLPA. The current diagnostic strategy to identify large 0-thalassaemia 

deletion alleles is the same as that for the 0-thalassaemia deletion alleles – a combination of 

gap-PCR and MLPA. For a definitive diagnosis by gap-PCR, the deletion breakpoint sequence 

primers have been identified and published for the 290bp, 532bp, 619bp, 1393bp, 1605bp, 

3.5kb, 10.3kb and 45kb 0-thalassaemia deletion alleles, plus Hb Lepore [21].  

Latest Developments 

NGS. The majority of beta-thalassaemia defects are caused by point mutations in the beta-

globin gene and thus can potentially be diagnosed using custom panes for sequencing the 

globin gene coding regions. Custom panels for the next generation sequencing of coding 

regions were designed to improve the diagnosis of idiopathic erythrocytosis or congenital 

haemolytic anaemia using an Ion Torrent Personal Genome Machine (Ion Torrent PGM, Thermo 

Fisher Scientific, S.L.) [103, 104]. Gene panels were selected encompassing only the exonic 
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regions or also exon-intron boundaries, intronic regions known to contain point mutations and 

3’and 5’untranslated regions of those genes known or expected to be involved in the disease 

phenotype. Idiopathic erythrocytosis is a rare disorder which occasionally involves mutations in 

the globin genes to give rise to high oxygen affinity Hb variants. The targeted NGS sequencing 

panel encompassed 21 genes amongst which the HBA1, HBA2 and HBB genes, and detected 

four different mutations coding for variants of the beta-globin chain associated with 

erythrocytosis, the Hb York, Hb Little Rock, Hb San Diego and Hb Potomac [103]. 

An NGS panel of 40 genes known to be involved in the pathogenesis of Congenital 

Haemolytic Anemia, one of which was the beta-globin gene were selected for amplification to 

include exons, exon-intron boundaries, intronic regions known to contain point mutations and 

3’and 5’untranslated regions, amongst which the HBB gene (beta-globin gene). After library 

preparation by multiplex PCR, followed by ligation of bar coded adapters and purification, 

single molecules were clonally amplified and sequenced using Ion Hi-Q sequencing chemistry 

on the Ion Torrent PGM. The panel was tested to identify the mutations for both Hb variants 

and intronic variations causing beta-thalassaemia, such as HBB:c.315G>C (Hb D Punjab), 

HBB:c.93-21G>A (IVS1-110G>A) and HBB:c.92+6T>C (IVS1-2T>C) [104]. 

A dedicated NGS assay (using the Ion Torrent PGM) has been designed for the detection of 

beta-globin mutations only [105]. The assay covered the complete beta-globin gene, including 

the 5’promoter region, complete exons and introns and the 3’UTR, except for a small intronic 

region known to be deprived of mutations. The aim was to test the feasibility of NGS using the 

Ion Torrent platform to screen large cohorts of carriers simultaneously. Approximately 300 

carriers and patients were screened reliably in three runs of 90 minutes each, and a coverage of 

over 400x, which suggests that with the increase of bar coded adapters up to 300 patients 

could be analysed in a single run reducing running costs considerably [105]. 

NGS is also used to map breakpoints of deletions in the beta-globin gene cluster, and has 

allowed the discovery of the first beta-globin gene duplication ever in a female Hb S carrier with 

a reduced Hb S percentage (14%) [67]. Enrichment of the target region using RNA baits 

followed by sequencing on the Illumina MiSeq, and interpretation of split-reads lead to the 

identification of a 147.5 kb duplication containing two beta-genes, one of which carried the Hb 

S mutation. A second case of beta-gene duplication was reported by Reading et al. and was 

discovered by MLPA analysis [106]. 

-Thalassaemia, HPFH and-Thalassaemia 

Past Techniques. The -thalassaemia, -Thalassaemia, HPFH, and Hb Kenya deletion 

mutations were characterised first by Southern blotting and restriction enzyme mapping, and 

were identified by characteristic abnormal DNA fragments that spanned the breakpoints of the 

deletion mutation. This time-consuming technique remained the only molecular diagnostic 

approach until gap-PCR and then MLPA were introduced. 
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Current Techniques. Both gap-PCR and MLPA are now used routinely for a molecular 

diagnosis. As with the other types of thalassaemia deletion alleles, gap-PCR requires a 

knowledge of the deletion breakpoint sequences, which still remain unknown for some -

thalassaemia alleles.  Most of the common -thalassaemia and HPFH alleles, including Hb 

Kenya, can be diagnosed by gap-PCR, and some novel ones have had gap-PCR primers 

developed for a quick diagnosis following mapping by MLPA, such as a 163kb Italian ()0 

deletion [107]. Gap-PCR provides a quick and simple genotype screening method for 

distinguishing the phenotype of HPFH trait from -thalassaemia trait in Asian Indian, African 

and Mediterranean individuals with raised Hb F levels [108]. MLPA is used to detect rare or 

novel deletion alleles, but has also proved a useful but expensive first line screening method, 

especially for defining the spectrum and frequency of globin gene cluster deletion mutations 

in a particular population, as has been demonstrated for the UK and Chinese populations [109, 

110]. 

Hb Variants 

Past Techniques. The major discovery that sickle cell gene in West Africans existed in linkage 

disequilibrium to a Hpa 1 RFLP [111] enabled the first ever prenatal diagnosis to be achieved by 

Southern blotting and linkage analysis in 1978 [112] and pioneered the way forward for 

diagnosing by linkage analysis other inherited genetic disorders for which the genes and 

mutations were unknown at the time, such as haemophilia, Duchenne muscular dystrophy and 

cystic fibrosis [33]. Then soon after, it was discovered that the sickle cell mutation could be 

diagnosed directly by digestion with restriction enzyme Dde 1 [113] and since then, detection of 

the sickle cell mutation has played a central role in the validation of many new molecular 

diagnostic techniques as they were developed. 

Current Techniques. Positive identification of an unkown Hb variant is currently achieved by 

selective globin gene amplification and Sanger DNA sequencing. However the clinically 

important Hb variants that are screened for in prevention programmes (Hb S, Hb C, Hb E, Hb D-

Punjab and Hb O-Arab) are confirmed by many different simpler PCR-based diagnostic 

techniques in most haemoglobinopathy molecular diagnostic laboratories,  eg ASO 

hybridisation, ARMS-PCR, RE-PCR [21].  

Future Techniques. The clinical application of modern mass spectrometers to identify the 

amino acid substitution in haemoglobin variants is a growing field of interest.  It is now being 

used by some laboratories in the UK neonatal screening programme as an alternative method 

to HPLC and IEF to screen for Hb S [114] and also to identify unknown Hb variants [115]. 

Prenatal Diagnosis by Fetal DNA Analysis 

Fetal DNA analysis is performed when a couple, both carrier of haemoglobinopathy and at 

risk of having a severely affected child, undergo counselling and prenatal diagnosis.  There are 

three procedures for fetal sampling, including chorionic villus sampling (CVS) in the first 

trimester of pregnancy, amniocentesis from the 15th week of gestation and fetal blood sampling 

usually after 18-20 weeks. 
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Past Techniques 

Prenatal diagnosis (PND) was first achieved in 1974 by the study of globin chain synthesis in 

fetal blood, following the development of the technique of fetal blood sampling. This approach 

was applied for all of the haemoglobinopathies and proved very successful [116]. However, it 

had the disadvantage of not being possible until the 18th week of pregnancy, which meant a 

long wait for the mother and, if indicated, a relatively difficult elective abortion. Once the 

common thalassaemia mutations were characterized, globin chain synthesis was universally 

replaced by fetal DNA analysis, originally developed using amniotic fluid DNA to avoid the small 

but higher risk of fetal loss associated with fetal blood sampling. However, as amniocentesis is a 

second trimester procedure, most diagnostic centres switched quickly to the first-trimester 

procedure of chorionic villus sampling (CVS) soon after chorionic villus samples were shown to 

be a better source of fetal DNA for molecular analysis [117]. 

Current Techniques 

The DNA isolated from chorionic villi provides sufficient amounts of high quality to perform 

prenatal DNA analysis with most of the procedures described previously. The risk of maternal 

contamination is low as microscopic dissection allows the removal of contaminating maternal 

deciduas before DNA extraction. With amniocentesis the DNA yield might be limited due to a 

low amount of cells, which sometimes requires culturing of the amniotic fluid cells for 10 to 14 

days. DNA analysis usually involves amplification of the relevant DNA fragment containing the 

mutation previously determined in the parents with one of the methods described above [6]. 

However fetal blood sampling has not entirely disappeared as a diagnostic approach, it permits 

biochemical methods to be used for the analysis of fetal blood, for example, to detect Hb Bart’s 

hydrops fetalis syndrome by the absence of Hb F on HPLC or CE. 

The risk of fetal loss during the invasive prenatal diagnosis, the need for hospitalization and 

the emotional and physical burden for the pregnant, has initiated a search for noninvasive 

approaches to determine the fetal genotype. Since the discovery by Dennis Lo [118] that fetal 

DNA fragments from the placenta can be found in the maternal circulation, steps have been 

taken to develop strategies to target the presence of disease-causing mutations or SNP’s linked 

to the disease phenotype of father in the maternal plasma.  

Future Techniques 

Noninvasive prenatal diagnosis is now available worldwide for fetal sex-determination in 

high risk pregnancies of X-linked disorders, and for chromosomal aneuploidies like for 

chromosomes 13, 18 and 21 [118, 119, 120]. As far as monogenic disorders are concerned the 

most obvious application is the detection of the paternally inherited autosomal dominant 

disease allele absent in the mother. In recessive disorders, like thalassaemia or sickle cell 

disease, the presence of the paternal disease allele doesn’t distinguish between an affected 
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fetus and merely a carrier of the paternal allele, making invasive testing still obligatory. 

However, the absence of the paternally inherited disease allele when different to the maternal 

thalassaemia allele, identifies the fetus as not at risk of having the disease, reducing the need of 

doing invasive testing to approximately half of the cases. 

Many methodologies have been described in literature to perform noninvasive tests in 

maternal plasma, amongst which targeted massive parallel sequencing [121], exclusion of 

maternal allele using wild type specific peptide-nucleic acid-mediated enriched PCR [122], 

COLD-PCR and micro-array [123] as an enrichment method for the mutation carrying paternal 

alleles in maternal circulation, APEX/thalassochip approach based on the detection of paternal 

SNPs [124, 125, 126] and MALDI-TOF mass spectrometry [127]. However, translation into 

routine clinical practice appeared difficult due to lack of sensitivity, low reproducibility, and 

sensitivity to contamination or because procedures appear to be too labour intensive [120].  

Much progress has been made by developing single molecule analysis technologies to count 

the individual molecules carrying the mutation or SNPs linked to the disease gene, allowing the 

determination of the relative mutation dosage (RMD) or relative haplotype dosage (RHDO) 

respectively. This is a powerful tool not only to determine the paternal contribution to the fetal 

genotype, but even the maternally inherited mutation to elucidate the fetal mutation status 

[119].  

The relative mutation dosage approach (RMD) makes use of digital PCR (dPCR)  and massive 

parallel sequencing (MPS) counting the single molecular fragments containing the mutation or 

wildtype sequence from maternal plasma DNA. Slight quantitative alterations are identified of 

the relative proportions of the wild-type and mutant alleles due to the inheritance of paternal 

or maternal alleles in addition to the fetal alleles. The rationale lies in the fact that a non-

pregnant carrier has a 1:1 ratio of mutant and wildtype allele, however, during pregnancy the 

relative allele dosage alters due to fetal DNA released in maternal circulation. In the case of a 

homozygote fetus, the relative dosage would be skewed towards the mutant side, while in the 

case of a heterozygote fetus the ratio would remain unaltered. Conversely, if the fetus would 

be normal, the relative dosage is skewed towards the wildtype allele. This methodology has 

been applied successfully to a case of beta-thalassaemia and a case of sickle cell anaemia [128, 

129]. 

The relative haplotype dosage approach (RHDO) measures the balance of maternal 

haplotypes, similar to the RMD approach, but is applicable to virtually any monogenic disorder. 

The identification of multiple SNPs assigned to a haplotype makes this approach more robust 

and as it is no longer limited to the detection of the disease causing mutation itself it can also 

be used to detect the paternal wildtype allele in maternal circulation to exclude fetal 

inheritance of the disease causing paternal haplotype. 

The single molecule counting by MPS and dPCR is currently considered to be the most robust 

approach to assess the fetal mutation in maternal plasma [119] RMD and RHDO are the most 

suitable strategies to determine the fetal inheritance of maternal alleles, and the choice of the 

one or the other depends on the situation. If the mutations in both parents are known, and 
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haplotype information is lacking the RMD approach is the most straightforward, simple and 

cost effective method. However, each mutation requires optimization. If on the other hand 

haplotype information is available then RHDO is a more generic approach with a fixed amount 

of SNPs forming the haplotype, but is dependent on the informative status of the SNPs present 

in the paternal alleles being absent in mother. The latter approach will benefit from methods in 

which a haplotype can be determined instantly [130, 131]. 

Another possible new prenatal diagnosis procedure is DNA analysis of fetal DNA from 

celomic fluid obtained by colocententesis at 7-9 weeks of gestation after selecting embryo-fetal 

cells based on their morphology or the use of anti-CD71 MicroBeads. A trial procedure showed 

concordance between DNA obtained from celomic fluid samples and fetal or newborn DNA in 

all 302 cases despite maternal contamination of greater thand 60% in approximately 14% of 

cases [132]. This development provides the opportunity for the use of celocentesis for the early 

prenatal diagnosis of the haemoglobinopathies [133]. 

Conclusion 

The haematological and molecular techniques used for carrier screening and prevention 

have evolved considerably since the early pioneering days of the Mediterranean countries 

setting up programmes for the control of-thalassaemia and the UK setting up an ad hoc 

programme of first trimester diagnosis of beta thalassaemia and sickle cell disease in 1982. 

National antenatal and neonatal screening programmes are now well established in many 

endemic countries and also in some no-endemic countries because of the growing incidence of 

immigrant carriers. The widespread adoption of HPLC has much improved the accuracy of 

screening through more accurate measurement of Hb A2 and Hb F, especially in developing 

countries with cost pressures such as India. Newer techniques such as capillary electrophoresis 

have improved the screening for Hb variants. Numerous PCR-based techniques are now used 

for the molecular diagnosis of carrier mutations, each with their own advantages and 

disadvantages, and enabling laboratories to choose the ones that meet the needs of their 

diagnostic mutation repertoire and budget. As carriers are often found to have complex 

mixture of both alpha and beta globin genotypes which can interact to produce atypical 

phenotypes, interpretation of the haematological findings and Hb pattern analysis currently 

plays a key role in the interpretation of the DNA analysis results, by which ever PCR-based 

method they are generated. In the future, carrier screening by simply sequencing the whole 

alpha and beta globin gene clusters by next generation sequencing sounds an attractive route 

to make a diagnosis, as no sequence change should be missed, but the haematology and Hb 

pattern analysis data will still be needed to be taken into consideration and interpreted 

together with the sequencing data in order to understand the significance of any observed DNA 

sequence change from normal. A recently published paper has shown that carrier screening by 

NGS cab be a competitive screening method to haematological screening methods in 

populations with a high prevalence of haemoglobinopathies in terms of carrier states detected, 
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but concluded that a correct genetic diagnosis could only be given if the NGS results are 

interpreted by health-care workers and counsellors properly trained in globin gene genetics and 

all its clinical manifestations [134]. 

Currently, most haemoglobinopathy diagnostic laboratories still use in-house protocols for 

DNA analysis as, probably due to the complexity and heterogeneity of the haemoglobinopathies, 

few commercial kits for globin gene mutation analysis have been successfully developed and 

marketed. Similarly, dedicated fully enclosed systems of PCR-based mutation analysis, such as 

the analysers developed for genotyping red blood cell group antigens, have never materialised. 

Many of these of PCR techniques will be superseded and replaced in the future by new 

developments such as next generation sequencing, but the cheapness and simplicity of some of 

the current techniques will probably ensure their continued use in many diagnostic laboratories 

worldwide for many years. 

Although a lot of the current effort with next generation sequencing technology is being put 

into target enrichment and disease gene panels, these are just extra steps in improving a 

diagnostic approach which limits us to small bits of the genome. For the future, the 

technological way forward in genetic diagnosis is clearly the development of a quick and cheap 

one-fits-all molecular diagnosis which covers the whole genome sequence of the patient. The 

software problems are probably greater than the technological ones, for example how to store 

the patient’s genome data somewhere in digital-space that is protected against viral attacks, 

and how to develop software that can interpret the NGS-data in an algorithm that asks the right 

questions. For the haemoglobinopathies, this would have to take into account the patient’s 

haematological data and Hb separation patterns by HPLC or CE in addition to all of our current 

knowledge of thalassaemia and Hb variant mutations with their phenotypes. 
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