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Population-based newborn screening (NBS) is among the most effective public health programs ever launched, improving health outcomes for newborns who screen positive worldwide through early detection and clinical intervention for genetic disorders discovered in the earliest hours of life. Key to the success of newborn screening programs has been near universal accessibility and participation. Interest has been building to expand newborn screening programs to also include many rare genetic diseases that can now be identified by exome or genome sequencing (ES/GS). Significant declines in sequencing costs as well as improvements to sequencing technologies have enabled researchers to elucidate novel gene-disease associations that motivate possible expansion of newborn screening programs. In this paper we consider recommendations from professional genetic societies in Europe and North America in light of scientific advances in ES/GS and our current understanding of the limitations of ES/GS approaches in the NBS context. We invoke the principle of proportionality—that benefits clearly outweigh associated risks—and the human right to benefit from science to argue that rigorous evidence is still needed for ES/GS that demonstrates clinical utility, accurate genomic variant interpretation, cost effectiveness and universal accessibility of testing and necessary follow-up care and treatment. Confirmatory or second-tier testing using ES/GS may be appropriate as an adjunct to conventional newborn screening in some circumstances. Such cases could serve as important testbeds from which to gather data on relevant programmatic barriers and facilitators to wider ES/GS implementation.
Keywords: exome sequencing, genome sequecing, newborn screening, population health genomics, access, public health ethics
INTRODUCTION
Population-based newborn screening (NBS) is among the most effective public health programs ever launched (Tonniges, 2000; Sahai and Marsden, 2009; Berry, 2015). Updated national estimates in the United States suggest nearly 12,900 newborns screened positive for childhood onset disorders that previously led to severe morbidity or mortality and were listed on the Recommended Universal Screening Panel (RUSP) (5) between 2015 and 2017 (Sontag et al., 2020). Key to the success of NBS programs has been their affordability and near universal access and participation. Pre-symptomatic treatment of newborns who screen positive for some of these conditions is much more cost-effective and less burdensome on healthcare systems than treating the conditions once they become symptomatic (Carroll and Downs, 2006). Preventing the development of symptomatic disease is a particularly important consideration with respect to genetic diseases that can be detected by ES/GS analysis because most do not have specific treatments that can prevent disease onset or progression.
Since early validation studies of mass screening tests for metabolic disorders in the 1960s (McCandless and Wright, 2020), NBS methods as well as their formal adoption and oversight have evolved considerably. Interest has been building to expand NBS programs to also include more rare genetic diseases that can be identified using ES/GS approaches (Holm et al., 2018; Genomics England and the UK National Screening Committee, 2021; Gold et al., 2022; Lu et al., 2022). Improvements to genome sequencing technologies that enable researchers to elucidate novel gene-disease associations and to diagnose conditions undiscoverable using traditional biochemical or other biomarker testing, and the wide availability and declining costs of genomic testing are among the reasons ES/GS might be advantageous as a first-tier clinical test for diagnosing genetic diseases.
At the outset, it is important to distinguish NBS meant to identify pre-symptomatic infants rare but potentially devastating conditions e.g., phenylketonuria (PKU), severe combined immunodeficiency disease of congenital heart defects, from screening for risk stratification meant to guide lifestyle modification or surveillance protocols routinely offered to adults. Current universal NBS protocols fall into the first category; ES/GS of newborn infants for most genetic diseases would fall into the second category. This is true whether one considers all known genetic diseases or only a subset in which non-specific interventions may be able to reduce the risk or age of symptomatic onset.
Using ES/GS as a tool in NBS may also inappropriately conflate the recognition of a disease-associated genetic variant with diagnosis of the disease. Diagnosing a genetic disease requires a physician to interpret an ES/GS result in the context of an individual’s complete clinical picture–the medical history, family history, physical exam, and other laboratory and imaging studies–in light of what is known about the range of clinical manifestations, inheritance pattern, penetrance, and variability of the disease. Complete clinical assessment is the only confirmatory “test” available for most genetic diseases. If universal NBS relied on sequencing the entire genome, exome or specific regions of the exome, then complete clinical assessment for the genetic disease indicated would be necessary to confirm the molecular “diagnosis” in every case. Population-based NBS of any kind should only be offered as part of a comprehensive public health program that includes clinical follow-up, therapeutic interventions, quality assurance, governance and oversight, and public and professional education (Friedman et al., 2017) in addition to the confirmatory complete clinical assessment and genetic counselling (if the condition found is a genetic disease). If ES/GS is being considered as a replacement for current NBS, evidence that the ES/GS methods are superior to the existing methods is necessary. Adoption of sequencing-based NBS without consideration of the unique ethical, legal and social issues it raises (Eichinger et al., 2021; Woerner et al., 2021) risks widening disparities in availability and access to standard NBS, particularly in under-resourced settings.
In this paper, we review recommendations from professional bodies regarding integration of genomic sequencing methods in public NBS programs in Europe (Howard et al., 2015) and North America, where the authors are based. We limit our discussion of relevant ethical, legal and social issues associated with universal ES/GS as a population screening tool for newborns, acknowledging, as others do (Johnston et al., 2018), that different professional obligations and standards exist in clinical screening, diagnostic, and direct-to-consumer contexts. Our analysis focuses on applications of universal genomic sequencing of the genome, exome, or a portion of the exome that includes a large number of disease-associated genes. We refer to as “ES/GS,” rather than on targeted sequencing of one or a few genes for confirmatory testing of conditions identified by conventional NBS (Bhattacharjee et al., 2015).
Indeed, there are compelling advantages for supporting genomic sequencing method applied in the NBS context. Genomic sequencing has been shown to detect previously fatal diseases in affected newborns, as well as provide information to patients and families about genetic predisposition risks for later onset diseases (Holm et al., 2018) and inform preventative clinical action. Scholars have also argued that biological family may receive ancillary benefits from recognition of disease-associated variants in an infant by enabling prenatal diagnosis or specialized care for future pregnancies, earlier diagnosis or prevention of disease in relatives, or the empowerment provided by better knowledge (Ceyhan-Birsoy et al., 2019; Biesecker et al., 2021). However, the “gap between what sequencing results can reveal and the kinds of information most people need to improve their health, combined with widely publicized hopes for the revolutionary power of genomics, creates the very real risk that patients, research participants, health care professionals, policy-makers, and others may have unrealistic expectations of what sequencing can achieve and little appreciation for its downsides” (Johnston et al., 2018).
Public opinion research suggests that family preferences vary considerably regarding whether and how to return genomic sequencing results (Lipstein et al., 2010; Fernandez et al., 2014; Botkin et al., 2015; Joseph et al., 2016; Pereira et al., 2021), to say nothing of current shortages of genetic counsellors and genetic specialist physicians needed or enhancements to genomic literacy and education for health professionals and the general public should ES/GS become routine in NBS (Lewis et al., 2016). Key policy questions also remain unresolved. These include: What rights and protections apply for genomic and related health data involving newborns when they become adults? How will public health agencies ensure that appropriate infrastructures for sequencing, variant interpretation, diagnostic confirmation, treatment or non-medical interventions, genetic counselling, clinical follow-up, and program governance and quality assurance are in place and accessible to all infants, even those in under-resourced settings? And whether requirements for explicit informed consent to ES/GS-based NBS would need to obtained from the parents and, if so, should it include permission for others (researchers, family members, police, etc.) to access stored newborn sequencing data in the future.
We assess these questions by evaluating the proposed benefits and foreseeable risks of implementing ES/GS in NBS. In our analysis, we apply the principle of proportionality to our discussion—that benefits of sequencing should clearly outweigh associated risks—and consider the human right to benefit from science -especially that of the asymptomatic, at-risk newborn to be found. We conclude that routine universal ES/GS implementation is not justified at the present time, even if the analysis is restricted to a subset of disease-associated genes. Stronger evidence is needed to establish the clinical utility of ES/GS, accurate genomic variant interpretation, and cost effectiveness for newborn screening, as well as policies ensuring universal access and equitable resourcing for not only the testing but also for comprehensive diagnostic confirmation, treatment, genetic counselling, and clinical follow-up of affected patients. Moreover, this evidence should demonstrate the population health benefits of universal ES/GS-wide screening of newborns and not simply that anticipated harms of incorporating ES/GS are minimal. Prioritizing expanded access over expanded testing is likely to lead to more equitable distribution of the public health benefits of newborn screening programs.
PRINCIPLE OF PROPORTIONALITY
The principle of proportionality suggests an intervention may be ethically permissible if its anticipated benefits on balance justify exposure to associated harms and hence a helpful framework with which to assess ES/GS-based screening (Sénécal et al., 2018). The principle is rooted in moral and legal theory of punishment. 17th Century constitutional law theorists, for example, invoked the principle to judge the statutory fairness between restrictions imposed to implement a corrective measure and the severity of the act(s) the measure purports to mitigate (Walen, 2021). In research, the proportionality principle underpins decisions institutional/ethics review boards make regarding the relative risks and benefits of a study to prospective participants and is subsequently codified in national human subjects research regulations (OHRP, 2017; Canadian Institutes of Health Research, 2018) and international biomedical research norms (Council for International Organizations of Medical Sciences (CIOMS) in collaboration with the World Health Organization, 2016; WMA, 2022). It has also been has more recently been applied to guide privacy protections when sharing genomic and related health data (Wright et al., 2016).
And last, but not least, some more recent versions of the normative framework for screening add the principle of proportionality as a central, over-arching, screening criterion: “The overall benefits of screening should outweigh the harm” (Andermann et al., 2008; Health Council of the Netherlands, 2008). The appeal of the proportionality principle to the NBS debate is astutely summarized by Kalkman and Dondorp in their position against screening newborns for non-treatable conditions: “the dividing line in the debate is … whether such screening should be regarded as catering to a parental “right to know,” or as a public health service that should be subject to standards of evidence and proportionality” (Kalkman and Dondorp, 2022).
The Benefits of Accurate and Timely Diagnosis
New precision methods to detect disease-causing genetic variants have greatly improved (Dondorp and de Wert, 2013). ES/GS could identify infants with rare genetic diseases not currently recognized using standard NBS. In theory, newborns who screen positive by ES/GS have the potential to benefit from: early diagnosis; disease onset prevention using available approaches; opportunities for genetic counselling for their families; eligibility for participation in clinical trials or other research studies; and avoiding long and difficult diagnostic odysseys.
ES/GS should not, in our view, replace standard methods for any disease screening unless the former has been shown to have better sensitivity and specificity for the disease. For conditions that are not included in current NBS programs, development and uniform adoption of an approach will be needed to select the conditions for which ES/GS are expected to provide tangible benefit to the newborn. An exome- or genome-wide analysis that generates more harms than benefits or for which the harms and benefits have not been established is ethically unjustifiable–a more targeted analysis is to be preferred; see for example (Milko et al., 2019). But agreement on a uniform approach for selecting conditions detectable only using ES/GS is proving elusive for NBS programs worldwide (Jansen et al., 2017). Assuming agreement on the approach were achieved, the question would become whether every disease gene that we look for using ES/GS must meet the same criteria required to add conditions to the RUSP.
The benefit-harm calculus is further complicated by the type of disorder being screened. One significant challenge facing public health decision-makers and clinicians alike is determining when to add conditions to the RUSP that are identifiable only through ES/GS methods. For diseases for which standard screening is superior, ES/GS may be considered as an add-on to current first-tier screening programs. Findings from a comparison study for example showed that traditional NBS using tandem mass spectrometry had greater sensitivity and specificity than ES for the diseases that are currently being screened, but ES was useful for confirmatory (Adhikari et al., 2020).
Screening for Late-Onset Conditions
Debates abound in the literature regarding the ethics of testing children for conditions likely to present later in life or which may be clinically relevant for parents or other biological family members in the immediate term. The presumption of clinical benefit to the parents and family members, however, has been challenged (Buchbinder and Timmermans, 2011; Ross and Clayton, 2019). Screening parents themselves using ES/GS for previously unrecognized conditions would not only be more clinically effective but, most importantly, avoids instrumentalizing the child for parental benefit. We furthermore object to predictive testing for later-onset disorders taking account both the harm principle and the principle of respect for the child’s future right to informational self-determination, a specification of the child’s proposed right to an open future (Davis, 1997). Professional guidelines are consistent with these principles, advocating that publicly funded, universal NBS should be limited to diseases that can be diagnosed in the newborn period and which can be effectively treated or prevented during childhood (de Wert et al., 2021; Miller et al., 2021). As others have argued, “Providing additional genomic information beyond the most actionable conditions, while potentially of interest to many parents, may increase the complexity of informed consent and thereby serve to distract from the primary health benefits” (Roman et al., 2020). Broadening the scope of NBS beyond its primary aim of detecting rare disorders in asymptomatic children has the potential to adversely impact the universal delivery of NBS, to say nothing of the impacts on public trust and widespread support for NBS.
Testing Capability and Challenges in Genomic Variant Interpretation
Standard clinical analyses of ES/GS data do not reliably identify some kinds of disease-causing genetic variants, including short tandem repeat expansions, mobile element insertions, and complex or small structural variants. Knowing that ES/GS-based NBS has been done may preclude or delay appropriate genetic testing for symptomatic genetic disease in an older child or adult.
Interpretation of NBS results requires extensive knowledge of benign, as well as disease-causing variants for every gene tested. The sensitivity and specificity of ES/GS for most rare genetic diseases are unknown and likely to remain so because sample sizes are small and studies difficult to power sufficiently. In addition, the penetrance and phenotypic spectrum associated with pathogenic variants for most genetic disease loci are unknown. Thus, it is difficult or impossible to know if an asymptomatic baby with a “molecular diagnosis” of a rare genetic disease will ever develop the disease or, in the event the child does develop the disease, when it will occur or how severe it will be. Moreover, genetic disease diagnosis is Bayesian. That is, the probability of finding a pathogenic variant is small in a healthy newborn with no family history of the genetic disease. Since there is no primary indication for NBS, the a priori risk that an infant will develop any particular genetic disease is extremely small. This makes “positive” results more likely to be false positives and less likely to be true positives, even if the analytical validity of the test is very high.
Our inability at the present time to interpret the pathogenicity of most genomic variants is perhaps the strongest reason against adopting ES/GS in population-based NBS, despite improvements to clinical annotation of variants (Amendola et al., 2020) and broader accessibility to relevant databases at the point of care (Rehm et al., 2015). The problems of interpretation also exacerbate the effects of false positives/negatives on families and the healthcare system that are likely to result if variants of hundreds or thousands of potential disease genes are analyzed (Adhikari et al., 2020).
The confidence of variant classification and clinical interpretation of genetic results will determine their predictive value. In line with the ethical principle of proportionality, proponents of ES/GS-based NBS will need to specify thresholds for what genes and/or variants should be disclosed in a screening context based on better understanding of anticipated benefits and harms associated with those decisions. The general issue remains that ES/GS is currently used as a diagnostic test, i.e., to confirm a clinical diagnosis of suspected genetic disease. However, in NBS, ES/GS would be used as a screening test to identify children who are at high risk of a genetic disease implied by the “molecular diagnosis.” If ES/GS were indeed used as a screening test, confirmatory testing to manage the inevitable false positives must be available. The distinction between the ES/GS result, regardless of its ACMG classification, and the actual diagnosis of a disease in the child would have to be explicit, generally accepted, and universally understood to avoid stigmatization, discrimination, insurance coverage, among other social issues.
Interpretation of ES/GS variants requires comparisons to allele frequencies in both diagnosed and healthy populations and has direct implications for justice and health equity. This is because ES/GS interpretation is dependent on genetic ancestry. Variant interpretation upon which positive predictive values for ES/GS are measured has been established almost exclusively from individuals of European descent (Popejoy and Fullerton, 2016; Peterson et al., 2019). Given such underrepresentation of diverse ancestries, clinical interpretation of ES/GS results could be less reliable for newborns of non-European ancestry. Without adequate representation in datasets from individuals with diverse genetic ancestry, some newborns will benefit more from ES/GS than others. Clinical variant interpretation using resources such as ClinVar (Wain et al., 2018) and gnomAD (Gudmundsson et al., 2021) is therefore growing in importance, given they provide clinical assertions about genomic variants and associations with disease across genetically diverse populations. In general, problems of underrepresentation have prompted the development of new tools to monitor trends and identify gaps in genomic databases (Wang et al., 2022). Indeed, the global catalog of clinically actionable variants is expected to grow as reference data sets become larger, better curated and strive to be more representative of world populations.
Re-Analysis and Obligations to Update Variant Interpretation
It is anticipated that routine re-analysis of “negative” screens might increase the diagnostic rate by 3%–5% per year and identify variants of concern in children who later present with clinical features suggestive of a genetic disease (Wenger et al., 2017; Costain et al., 2018). To capture these clinical benefits, NBS programs would need to systematically update screens and store ES/GS datasets in the health record to ensure results reflect up-to-date classification of genomic variants and take into account attendant costs and privacy risks. The treating physician may no longer be following the family and follow up with a new provider may be difficult and expensive. If a variant of uncertain significance were reclassified but not reported to the family based on clinical course, would NBS programs be subject to legal action if a child later manifests the disease (Clayton et al., 2021)? The expenditures and risks of storing all children’s genomic data long-term to enable such systematic re-analysis may also exceed those of re-sequencing only those children for whom it is clinically indicated in the future (Veenstra et al., 2021).
Stigma, Psychological Impacts and Medicalization
Recent studies investigating the psychosocial impacts of expanding ES/GS in the newborn context have yielded different results. In a randomized trial of NBS with and without ES, researchers found both clinicians and parents valued information gleaned from standard of care NBS more than from exome sequencing but for different reasons (Pereira et al., 2019). Parents expressed knowing in advance how to prepare for a child with special needs was a benefit to sequencing, but worried about the psychosocial distresses brought on by variants of unknown significance and potential for discrimination among other things (Pereira et al., 2019). The potential for social stigma and medicalization of children with a molecular diagnosis who are pre-symptomatic (or destined never to exhibit the disease because it is non-penetrant) is also a concern. This scenario would be particularly concerning if enhanced surveillance or prophylactic treatments impinge on the child’s quality of life or expose them to interventions with adverse effects.
Genomic Data Privacy and Protection
Key policy questions persist with respect to what rights and protections should apply to genomic and related health data collected at birth when newborns reach adulthood. The moral justification for mandatory NBS rests on the premise that finding the asymptomatic, at risk child is within the child’s best interests (United Nations Convention on the Rights of the Child, 1989). Child welfare considerations and the “the opportunity to intervene and dramatically alter a child’s life course and expectancy has been regarded as sufficient to preempt any claims of parental autonomy” (Goldenberg and Sharp, 2012). It is unlikely, however, that the huge volumes of data generated from ES/GS followed by untargeted whole exome/genome analysis will meet the criteria needed to justify overruling parental decision-making authority.
Yet samples taken from dried blood spots collected and stored using Guthrie cards are rich data sources needed to advance population health research. While most samples are de-identified or pseudonymized according to applicable laws/regulations when used for research, the generation of ES/GS data as part of NBS introduces novel ethical, legal and social challenges for data protection, agency and consent for the future adult (Khoury et al., 2003; Lewis, 2014). Genomic data are highly identifying and may implicate not only the individual tested but also their biological relatives. Concerns regarding loss of privacy and misuse of genomic data have emerged as key themes in the empirical literature on expansion of sequencing in NBS, and were found to be especially acute among participants of color (Joseph et al., 2016; Tsosie et al., 2021). It is unclear if the benefits of storing children’s genomic data in a centralized research data repository outweighs the privacy and security risks, particularly if children are not given the opportunity to consent themselves.
Re-consenting minors when they become adults to the continued use of their data collected at birth is supported in theory but logistically challenging to implement in practice (Knoppers et al., 2016; Rothwell et al., 2017; Nordfalk and Ekstrøm, 2019). Legislation passed in the United States in 2014, for example, requires that researchers seek broad consent for the use of the child’s dried blood spots for research beyond NBS (Newborn Screening Saves Lives Reauthorization Act, 2014). However this law preceded revisions to the United States Common Rule which now exempts research using de-identified data, thus removing a layer of specific consent (Lewis and Goldenberg, 2015; Rothwell et al., 2017). Empirical studies involving parents of both healthy and affected newborns suggest NBS programs should err on the side of greater transparency in terms of when, how and for what purposes their child’s samples and data will be used (Downie et al., 2021). Policy makers would need to determine whether, or how permissions for future use of ES/GS data for research will be incorporated into screening, and it remains unknown what effect this will have on public willingness to sustain state sponsored NBS programs that adopt ES/GS.
ES/GS and the Wilson and Jungner Criteria
Disagreement regarding which disorders are screened for has largely (though not entirely) been avoided in some jurisdictions through standardization (Advisory Committee on Heritable Disorders in Newborns and Children, 2018) and concerted efforts are ongoing to harmonize screening lists internationally (Vittozzi et al., 2010; Franková et al., 2021). Wilson and Jungner anticipated such discrepancies and in 1968, developed criteria that outlined practical principles for screening services (Box 1) (Wilson and Jungner, 1968). While there have been recent calls to update the criteria to better align with technological advances in testing methods (King et al., 2021) and apply more nuanced decision analysis approaches (Prosser et al., 2012), the Wilson and Jungner criteria remain the generally accepted guidelines.
The threat to NBS participation should be a top concern if conditions are added to mandatory screening that challenge the Wilson-Jungner criteria or do not reflect how healthcare is accessed or paid for in a particular jurisdiction. Universal ES/GS with untargeted analysis in the NBS context poses several direct challenges to these criteria.
BOX 1 | Proposed guide to screening for disease (Wilson-Jungner, 1968)
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.
First, while there are many accepted treatments for conditions commonly screened for, most rare genetic diseases that are detectable by ES/GS do not have proven therapies.
Second, establishing a clinical diagnosis in an asymptomatic infant with a “molecular diagnosis” of a rare variant is resource-intensive, requiring specialized clinical assessment and variant interpretation, additional testing, and counseling services (Appelbaum et al., 2020). Newborn screening by any method should be accessible to every infant (Friedman et al., 2017; de Wert et al., 2021). To meet this universality target, healthcare centers must be equipped with appropriate sequencing infrastructure. Both human and material resources will therefore be needed in addition to those already allocated for existing NBS programs. At present, ES is available as a diagnostic tool primarily from certain clinical laboratories and through direct-to-consumer genetic testing services. A comparison of community report cards published by the National Organization for Rare Disorders (National Organization for Rare Disorders Newborn screening State report card, 2021) demonstrates that many NBS programs already face various resource limitations and vast differences exist in screening availability by U.S. states (Roman et al., 2020).
Disparities in NBS access and quality could be seen to violate the parens patriae doctrine which upholds that it is the duty of the State and its courts to protect the interests of persons in situations of vulnerability, for example children. NBS programs organized by the State are an extension of this duty (Knoppers, 1992), and the reasons many jurisdictions adopt an implied consent to NBS.
GS/ES-based NBS may well be different; if explicit consent is required, extant research suggests families are more likely to refuse consent, thus inadvertently denying their child the benefits of current NBS(Bombard et al., 2014; Joseph et al., 2016; Friedman et al., 2017; Genetti et al., 2019).
Moreover, the right of everyone to benefit from science and its applications is protected under Article 27 of the United Nations Declaration of Human Rights. While not a legally binding agreement, 193 countries have ratified at least one of the nine core international treaties which codify the Declaration’s commitments to basic rights and freedoms. Article 24 of the Convention on the Rights of the Child further obligates signatories to implement interventions that reduce infant and child mortality, to provide effective health care, and to combat childhood disease, among other legally binding responsibilities. Taken together, international conventions have been powerful tools for motivating the development and sustainability of public health programs (Reinbold, 2019) including NBS. Applying a human rights frame to the current debate favors expanding access to established NBS methods that have shown to be clinically effective, and which enable more children to directly benefit from proven methods. Ensuring universal access to high quality NBS irrespective of birthplace, gender and income, however, continues to be a global challenge (Krotoski et al., 2009; Borrajo, 2021).
Third, most genetic conditions diagnosed through ES/GS in early childhood have unknown natural histories or are unrecognizable during early childhood because the diseases are so rare and have only been described in a small number of patients.
Fourth, ES/GS is widely misunderstood among patients and clinicians alike, challenging overall public acceptance as a testing method. Issues of particular concern include data privacy, family decision-making when faced with an uncertain result and possible insurance discrimination (Pereira et al., 2019; Wojcik et al., 2021).
Fifth, recent analyses of global NBS coverage indicate that cost remains a barrier to even standard NBS access in low- and middle-income countries (Therrell et al., 2015, 2020; Howson et al., 2018; Therrell and Padilla, 2018). Since ES/GS cannot replace all current NBS by other methods, sequencing computing and storage costs for genomic data would be needed in addition to current laboratory costs to mitigate real privacy and security risks. Studies further show that clinical demand for medical geneticists and genetic counsellors far exceeds available services (O’Daniel, 2010; Boothe et al., 2021). Ultimately, however, NBS alone cannot reasonably be expected to universally improve health outcomes without addressing systemic health disparities, underlying social determinants of health (Melzer, 2022) and barriers to healthcare access (Goldstein et al., 2020) experienced predominantly by marginalized racial/ethnic groups (Sohn and Timmermans, 2019).
CONCLUSION
Owing to the public health importance of universal access to NBS, applying ES/GS as screening tools in the newborn context is unsubstantiated as yet clinically and pragmatically. Ongoing translational research and technological advances will emerge in the coming years which are sure to improve our understanding of the opportunities and limitations of ES/GS in detecting and preventing early disease. Considering this evolving evidence, policy makers ought to be persuaded by a burden a proof that clearly demonstrates superior public health benefits of ES/GS beyond those achievable through traditional NBS methods. Attempts to concentrate efforts only on justifying the minimalness of any anticipated harms associated with ES/GS in NBS risks sidelining the real ethical, legal and social issues which have thus far tempered the promises of precision medicine in general.
Our position thus exposes a central tension in the debate between providing universal access to traditional NBS and respecting parents’ decision-making about much more extensive screening that they may perceive to be in the child’s best interests but that many adults may not opt for themselves. All screening programs expose individuals to potential harms that must be balanced against the benefits anticipated. This is not unique to genome-wide sequencing-based screening programs and is true even if only a selected “slice” of genes represented in the exome data were analyzed. The reality that some infants will screen positive and never experience symptoms does not justify excluding possible ES/GS for NBS. Rather the balance of benefits and harms must be quantified and considered in any policy decision regarding screening programs to ensure aggregate benefits outweigh foreseeable aggregate harms. Indeed, NBS programs must expand to provide all newborns access to screening that is of proven value, meet established criteria for proportionality (e.g., Wilson-Jungner) and shown to yield greater and more equitably distributed public health gains.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
All authors conceived of and contributed to the ideas represented in this paper. Author VR drafted the initial and revised manuscripts following peer review. Authors JF, GdW, and BK contributed to both editorial and substantive revisions to earlier drafts of the manuscript and during peer review. All authors approved the final version of the manuscript.
FUNDING
VR received funding for this work from the NIH Division of Loan Repayment as well as the Stanford Training Program in ELSI Research (T32HG008953). BK is supported by the Canada Research Chair in Law and Medicine.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Adhikari, A. N., Gallagher, R. C., Wang, Y., Currier, R. J., Amatuni, G., Bassaganyas, L., et al. (2020). The Role of Exome Sequencing in Newborn Screening for Inborn Errors of Metabolism. Nat. Med. 26, 1392–1397. doi:10.1038/s41591-020-0966-5
 Advisory Committee on Heritable Disorders in Newborns and Children (2018). Recommended Uniform Screening Panel. 
 Amendola, L. M., Muenzen, K., Biesecker, L. G., Bowling, K. M., Cooper, G. M., Dorschner, M. O., et al. (2020). Variant Classification Concordance Using the ACMG-AMP Variant Interpretation Guidelines across Nine Genomic Implementation Research Studies. Am. J. Hum. Genet. 107, 932–941. doi:10.1016/j.ajhg.2020.09.011
 Andermann, A., Blancquaert, I., Beauchamp, S., and Déry, V. (2008). Revisting Wilson and Jungner in the Genomic Age: a Review of Screening Criteria over the Past 40 Years. Bull. World Health Organ 86, 317–319. doi:10.2471/blt.07.050112
 Appelbaum, P. S., Parens, E., Berger, S. M., Chung, W. K., and Burke, W. (2020). Is There a Duty to Reinterpret Genetic Data? the Ethical Dimensions. Genet. Med. 22, 633–639. doi:10.1038/s41436-019-0679-7
 Berry, S. A. (2015). Newborn Screening. Clin. Perinatology 42, 441–453. doi:10.1016/j.clp.2015.03.002
 Bhattacharjee, A., Sokolsky, T., Wyman, S. K., Reese, M. G., Puffenberger, E., Strauss, K., et al. (2015). Development of DNA Confirmatory and High-Risk Diagnostic Testing for Newborns Using Targeted Next-Generation DNA Sequencing. Genet. Med. 17, 337–347. doi:10.1038/gim.2014.117
 Biesecker, L. G., Green, E. D., Manolio, T., Solomon, B. D., and Curtis, D. (2021). Should All Babies Have Their Genome Sequenced at Birth?BMJ , n2679. doi:10.1136/bmj.n2679
 Bombard, Y., Miller, F. A., Hayeems, R. Z., Barg, C., Cressman, C., Carroll, J. C., et al. (2014). Public Views on Participating in Newborn Screening Using Genome Sequencing. Eur. J. Hum. Genet. 22, 1248–1254. doi:10.1038/ejhg.2014.22
 Boothe, E., Greenberg, S., Delaney, C. L., and Cohen, S. A. (2021). Genetic Counseling Service Delivery Models: A Study of Genetic Counselors' Interests, Needs, and Barriers to Implementation. Jrnl Gene Coun 30, 283–292. doi:10.1002/jgc4.1319
 Borrajo, G. J. C. (2021). Newborn Screening in Latin America: A Brief Overview of the State of the Art. Am. J. Med. Genet. C Semin. Med. Genet. 187, 322. doi:10.1002/ajmg.c.31899
 Botkin, J. R., Belmont, J. W., Berg, J. S., Berkman, B. E., Bombard, Y., Holm, I. A., et al. (2015). Points to Consider: Ethical, Legal, and Psychosocial Implications of Genetic Testing in Children and Adolescents. Am. J. Hum. Genet. 97, 6–21. doi:10.1016/j.ajhg.2015.05.022
 Buchbinder, M., and Timmermans, S. (2011). Newborn Screening and Maternal Diagnosis: Rethinking Family Benefit. Soc. Sci. Med. 73, 1014–1018. doi:10.1016/j.socscimed.2011.06.062
 Canadian Institutes of Health Research (2018). Canadian Institutes of Health Research, Natural Sciences and Engineering Research Council of Canada, and Social Sciences and Humanities Research Council, Tri-Council Policy Statement: Ethical Conduct for Research Involving Humans. 
 Carroll, A. E., and Downs, S. M. (2006). Comprehensive Cost-Utility Analysis of Newborn Screening Strategies. Pediatrics 117, S287–S295. doi:10.1542/peds.2005-2633H
 Ceyhan-Birsoy, O., Murry, J. B., Machini, K., Lebo, M. S., Yu, T. W., Fayer, S., et al. (2019). Interpretation of Genomic Sequencing Results in Healthy and Ill Newborns: Results from the BabySeq Project. Am. J. Hum. Genet. 104, 76–93. doi:10.1016/j.ajhg.2018.11.016
 Clayton, E. W., Appelbaum, P. S., Chung, W. K., Marchant, G. E., Roberts, J. L., and Evans, B. J. (2021). Does the Law Require Reinterpretation and Return of Revised Genomic Results?Genet. Med. 23, 833–836. doi:10.1038/s41436-020-01065-x
 Costain, G., Jobling, R., Walker, S., Reuter, M. S., Snell, M., Bowdin, S., et al. (2018). Periodic Reanalysis of Whole-Genome Sequencing Data Enhances the Diagnostic Advantage over Standard Clinical Genetic Testing. Eur. J. Hum. Genet. 26, 740–744. doi:10.1038/s41431-018-0114-6
 Council for International Organizations of Medical Sciences (CIOMS) in collaboration with the World Health Organization (2016). International Ethical Guidelines for Health-Related Research Involving Humans. Geneva, Switzerland: World Health Organization. 
 Davis, D. S. (1997). Genetic Dilemmas and the Child's Right to an Open Future. Hastings Cent. Rep. 27, 7. doi:10.2307/3527620
 de Wert, G., Dondorp, W., Dondorp, W., Clarke, A., Dequeker, E. M. C., Cordier, C., et al. (2021). Opportunistic Genomic Screening. Recommendations of the European Society of Human Genetics. Eur. J. Hum. Genet. 29, 365–377. doi:10.1038/s41431-020-00758-w
 Dondorp, W. J., and de Wert, G. M. W. R. (2013). The 'thousand-Dollar Genome': an Ethical Exploration. Eur. J. Hum. Genet. 21, S6–S26. doi:10.1038/ejhg.2013.73
 Downie, L., Halliday, J., Lewis, S., and Amor, D. J. (2021). Principles of Genomic Newborn Screening Programs. JAMA Netw. Open 4, e2114336. doi:10.1001/jamanetworkopen.2021.14336
 Eichinger, J., Elger, B. S., Koné, I., Filges, I., Shaw, D., Zimmermann, B., et al. (2021). The Full Spectrum of Ethical Issues in Pediatric Genome-wide Sequencing: a Systematic Qualitative Review. BMC Pediatr. 21, 387. doi:10.1186/s12887-021-02830-w
 Fernandez, C. V., Bouffet, E., Malkin, D., Jabado, N., O’Connell, C., Avard, D., et al. (2014). Attitudes of Parents toward the Return of Targeted and Incidental Genomic Research Findings in Children. Genet. Med. 16, 633–640. doi:10.1038/gim.2013.201
 Franková, V., Driscoll, R. O., Jansen, M. E., Loeber, J. G., Kožich, V., Bonham, J., et al. (2021). Regulatory Landscape of Providing Information on Newborn Screening to Parents across Europe. Eur. J. Hum. Genet. 29, 67–78. doi:10.1038/s41431-020-00716-6
 Friedman, J. M., Cornel, M. C., Goldenberg, A. J., Lister, K. J., Sénécal, K., Vears, D. F., et al. (2017). Genomic Newborn Screening: Public Health Policy Considerations and Recommendations. BMC Med. Genomics 10, 9. doi:10.1186/s12920-017-0247-4
 Genetti, C. A., Schwartz, T. S., Robinson, J. O., VanNoy, G. E., Petersen, D., Pereira, S., et al. (2019). Parental Interest in Genomic Sequencing of Newborns: Enrollment Experience from the BabySeq Project. Genet. Med. 21, 622–630. doi:10.1038/s41436-018-0105-6
 Genomics England and the UK National Screening Committee (2021). Implications of Whole Genome Sequencing for Newborn Screening: A Public Dialogue. 
 Gold, N. B., Harrison, S. M., Rowe, J. H., Gold, J., Furutani, E., Biffi, A., et al. (2022). Low Frequency of Treatable Pediatric Disease Alleles in gnomAD: An Opportunity for Future Genomic Screening of Newborns. Hum. Genet. Genomics Adv. 3, 100059. doi:10.1016/j.xhgg.2021.100059
 Goldenberg, A. J., and Sharp, R. R. (2012). The Ethical Hazards and Programmatic Challenges of Genomic Newborn Screening. JAMA 307, 461. doi:10.1001/jama.2012.68
 Goldstein, N. D., Palumbo, A. J., Bellamy, S. L., Purtle, J., and Locke, R. (2020). State and Local Government Expenditures and Infant Mortality in the United States. Pediatrics 146, e20201134. doi:10.1542/peds.2020-1134
 Gudmundsson, S., Singer‐Berk, M., Watts, N. A., Phu, W., Goodrich, J. K., Solomonson, M., et al. (2021). Variant Interpretation Using Population Databases: Lessons from gnomAD. Hum. Mutat. doi:10.1002/humu.24309
 Health Council of the Netherlands (2008). Screening: Between Hope and Hype. 
 Holm, I. A., Agrawal, P. B., Agrawal, P. B., Ceyhan-Birsoy, O., Christensen, K. D., Fayer, S., et al. (2018). The BabySeq Project: Implementing Genomic Sequencing in Newborns. BMC Pediatr. 18, 225. doi:10.1186/s12887-018-1200-1
 Howard, H. C., Knoppers, B. M., Knoppers, B. M., Cornel, M. C., Wright Clayton, E., Sénécal, K., et al. (2015). Whole-genome Sequencing in Newborn Screening? A Statement on the Continued Importance of Targeted Approaches in Newborn Screening Programmes. Eur. J. Hum. Genet. 23, 1593–1600. doi:10.1038/ejhg.2014.289
 Howson, C. P., Cedergren, B., Giugliani, R., Huhtinen, P., Padilla, C. D., Palubiak, C. S., et al. (2018). Universal Newborn Screening: A Roadmap for Action. Mol. Genet. Metabolism 124, 177–183. doi:10.1016/j.ymgme.2018.04.009
 Jansen, M. E., Metternick-Jones, S. C., and Lister, K. J. (2017). International Differences in the Evaluation of Conditions for Newborn Bloodspot Screening: a Review of Scientific Literature and Policy Documents. Eur. J. Hum. Genet. 25, 10–16. doi:10.1038/ejhg.2016.126
 Johnston, J., Lantos, J. D., Goldenberg, A., Chen, F., Parens, E., Koenig, B. A., et al. (2018). Sequencing Newborns:A Call for Nuanced Use of Genomic Technologies. Hastings Cent. Rep. 48, S2–S6. doi:10.1002/hast.874
 Joseph, G., Chen, F., Harris-Wai, J., Puck, J. M., Young, C., and Koenig, B. A. (2016). Parental Views on Expanded Newborn Screening Using Whole-Genome Sequencing. PEDIATRICS 137, S36–S46. doi:10.1542/peds.2015-3731H
 Kalkman, S., and Dondorp, W. (2022). The Case for Screening in Early Life for 'non-Treatable' Disorders: Ethics, Evidence and Proportionality. A Report from the Health Council of the Netherlands. Eur. J. Hum. Genet. doi:10.1038/s41431-022-01055-4
 Khoury, M. J., McCabe, L. L., and McCabe, E. R. B. (2003). Population Screening in the Age of Genomic Medicine. N. Engl. J. Med. 348, 50–58. doi:10.1056/NEJMra013182
 King, J. R., Notarangelo, L. D., and Hammarström, L. (2021). An Appraisal of the Wilson & Jungner Criteria in the Context of Genomic-Based Newborn Screening for Inborn Errors of Immunity. J. Allergy Clin. Immunol. 147, 428–438. doi:10.1016/j.jaci.2020.12.633
 Knoppers, B. M., Sénécal, K., Boisjoli, J., Borry, P., Cornel, M. C., Fernandez, C. V., et al. (2016). Recontacting Pediatric Research Participants for Consent when They Reach the Age of Majority. IRB 38, 1–9.
 Knoppers, B. M. (1992). Canadian Child Health Law: Health Rights and Risks of Children. Toronto, Ont., Canada: Thompson Educational Publishing, Inc. 
 Krotoski, D., Namaste, S., Raouf, R. K., El Nekhely, I., Hindi-Alexander, M., Engelson, G., et al. (2009). Conference Report: Second Conference of the Middle East and North Africa Newborn Screening Initiative: Partnerships for Sustainable Newborn Screening Infrastructure and Research Opportunities. Genet. Med. 11, 663–668. doi:10.1097/GIM.0b013e3181ab2277
 Lewis, M. A., Paquin, R. S., Roche, M. I., Furberg, R. D., Rini, C., Berg, J. S., et al. (2016). Supporting Parental Decisions about Genomic Sequencing for Newborn Screening: The NC NEXUS Decision Aid. Pediatrics 137, S16–S23. doi:10.1542/peds.2015-3731E
 Lewis, M. H., and Goldenberg, A. J. (2015). Return of Results from Research Using Newborn Screening Dried Blood Samples. J. Law. Med. Ethics 43, 559–568. doi:10.1111/jlme.12299
 Lewis, M. H. (2014). Newborn Screening Controversy. JAMA Pediatr. 168, 199. doi:10.1001/jamapediatrics.2013.4980
 Lipstein, E. A., Nabi, E., Perrin, J. M., Luff, D., Browning, M. F., and Kuhlthau, K. A. (2010). Parents' Decision-Making in Newborn Screening: Opinions, Choices, and Information Needs. Pediatrics 126, 696–704. doi:10.1542/peds.2010-0217
 Lu, C. Y., McMahon, P. M., and Wu, A. C. (2022). Modeling Genomic Screening in Newborns. JAMA Pediatr. 176, 344. doi:10.1001/jamapediatrics.2021.5798
 McCandless, S. E., and Wright, E. J. (2020). Mandatory Newborn Screening in the United States: History, Current Status, and Existential Challenges. Birth Defects Res. 112, 350–366. doi:10.1002/bdr2.1653
 Melzer, S. M. (2022). Addressing Social Determinants of Health in Pediatric Health Systems: Balancing Mission and Financial Sustainability. Curr. Opin. Pediatr. 34, 8–13. doi:10.1097/MOP.0000000000001083
 Milko, L. V., O'Daniel, J. M., DeCristo, D. M., Crowley, S. B., Foreman, A. K. M., Wallace, K. E., et al. (2019). An Age-Based Framework for Evaluating Genome-Scale Sequencing Results in Newborn Screening. J. Pediatr. 209, 68–76. doi:10.1016/j.jpeds.2018.12.027
 Miller, D. T., Lee, K., Gordon, A. S., Amendola, L. M., Adelman, K., Bale, S. J., et al. (2021). Recommendations for Reporting of Secondary Findings in Clinical Exome and Genome Sequencing, 2021 Update: a Policy Statement of the American College of Medical Genetics and Genomics (ACMG). Genet. Med. 23, 1391–1398. doi:10.1038/s41436-021-01171-4
 National Organization for Rare Disorders Newborn screening State report card (2021). National Organization for Rare Disorders Newborn Screening State Report Card. Available at: https://rarediseases.org/policy-issues/newborn-screening/. 
 Newborn Screening Saves Lives Reauthorization Act (2014). Newborn Screening Saves Lives Reauthorization Act of 2014, 42 U.S.C. §§ 300b-8 to 300b-17. 
 Nordfalk, F., and Ekstrøm, C. T. (2019). Newborn Dried Blood Spot Samples in Denmark: the Hidden Figures of Secondary Use and Research Participation. Eur. J. Hum. Genet. 27, 203–210. doi:10.1038/s41431-018-0276-2
 O’Daniel, J. M. (2010). The Prospect of Genome-Guided Preventive Medicine: A Need and Opportunity for Genetic Counselors. J. Genet. Couns. 19, 315–327. doi:10.1007/s10897-010-9302-4
 OHRP (2017). United States Common Rule. Rockville, MD: OHRP. 
 Pereira, S., Robinson, J. O., Gutierrez, A. M., Petersen, D. K., Hsu, R. L., Lee, C. H., et al. (2019). Perceived Benefits, Risks, and Utility of Newborn Genomic Sequencing in the BabySeq Project. Pediatrics 143, S6–S13. doi:10.1542/peds.2018-1099C
 Pereira, S., Smith, H. S., Frankel, L. A., Christensen, K. D., Islam, R., Robinson, J. O., et al. (2021). Psychosocial Effect of Newborn Genomic Sequencing on Families in the BabySeq Project. JAMA Pediatr. 175, 1132–1141. doi:10.1001/jamapediatrics.2021.2829
 Peterson, R. E., Kuchenbaecker, K., Walters, R. K., Chen, C.-Y., Popejoy, A. B., Periyasamy, S., et al. (2019). Genome-wide Association Studies in Ancestrally Diverse Populations: Opportunities, Methods, Pitfalls, and Recommendations. Cell. 179, 589–603. doi:10.1016/j.cell.2019.08.051
 Popejoy, A. B., and Fullerton, S. M. (2016). Genomics Is Failing on Diversity. Nature 538, 161–164. doi:10.1038/538161a
 Prosser, L. A., Grosse, S. D., Kemper, A. R., Tarini, B. A., and Perrin, J. M. (2012). Decision Analysis, Economic Evaluation, and Newborn Screening: Challenges and Opportunities. Genet. Med. 14, 703–712. doi:10.1038/gim.2012.24
 Rehm, H. L., Berg, J. S., Brooks, L. D., Bustamante, C. D., Evans, J. P., Landrum, M. J., et al. (2015). ClinGen - the Clinical Genome Resource. N. Engl. J. Med. 372, 2235–2242. doi:10.1056/NEJMsr1406261
 Reinbold, G. W. (2019). Effects of the Convention on the Rights of the Child on Child Mortality and Vaccination Rates: a Synthetic Control Analysis. BMC Int. Health Hum. Rights 19, 24. doi:10.1186/s12914-019-0211-9
 Roman, T. S., Crowley, S. B., Roche, M. I., Foreman, A. K. M., O’Daniel, J. M., Seifert, B. A., et al. (2020). Genomic Sequencing for Newborn Screening: Results of the NC NEXUS Project. Am. J. Hum. Genet. 107, 596–611. doi:10.1016/j.ajhg.2020.08.001
 Ross, L. F., and Clayton, E. W. (2019). Ethical Issues in Newborn Sequencing Research: The Case Study of BabySeq. Pediatrics 144, e20191031. doi:10.1542/peds.2019-1031
 Rothwell, E., Goldenberg, A., Johnson, E., Riches, N., Tarini, B., and Botkin, J. R. (2017). An Assessment of a Shortened Consent Form for the Storage and Research Use of Residual Newborn Screening Blood Spots. J. Empir. Res. Hum. Res. Ethics 12, 335–342. doi:10.1177/1556264617736199
 Sahai, I., and Marsden, D. (2009). Newborn Screening. Crit. Rev. Clin. Laboratory Sci. 46, 55–82. doi:10.1080/10408360802485305
 Sénécal, K., Unim, B., Unim, B., and Maria Knoppers, B. (2018). Newborn Screening Programs: Next Generation Ethical and Social Issues. Obm Genet. 2, 1. doi:10.21926/obm.genet.1803027
 Sohn, H., and Timmermans, S. (2019). Inequities in Newborn Screening: Race and the Role of Medicaid☆. SSM - Popul. Health 9, 100496. doi:10.1016/j.ssmph.2019.100496
 Sontag, M. K., Yusuf, C., Grosse, S. D., Edelman, S., Miller, J. I., McKasson, S., et al. (2020). Infants with Congenital Disorders Identified through Newborn Screening - United States, 2015-2017. MMWR Morb. Mortal. Wkly. Rep. 69, 1265–1268. doi:10.15585/mmwr.mm6936a6
 Therrell, B. L., Lloyd-Puryear, M. A., Lloyd-Puryear, M. A., Ohene-Frempong, K., Ware, R. E., Padilla, C. D., et al. (2020). Empowering Newborn Screening Programs in African Countries through Establishment of an International Collaborative Effort. J. Community Genet. 11, 253–268. doi:10.1007/s12687-020-00463-7
 Therrell, B. L., Padilla, C. D., Loeber, J. G., Kneisser, I., Saadallah, A., Borrajo, G. J. C., et al. (2015). Current Status of Newborn Screening Worldwide: 2015. Seminars Perinatology 39, 171–187. doi:10.1053/j.semperi.2015.03.002
 Therrell, B. L., and Padilla, C. D. (2018). Newborn Screening in the Developing Countries. Curr. Opin. Pediatr. 30, 734–739. doi:10.1097/MOP.0000000000000683
 Tonniges, T. F. (2000). Serving the Family from Birth to the Medical Home. Newborn Screening: a Blueprint for the Future - a Call for a National Agenda on State Newborn Screening Programs. Pediatrics 106, 389–422.
 Tsosie, K. S., Yracheta, J. M., Kolopenuk, J. A., and Geary, J. (2021). We Have “Gifted” Enough: Indigenous Genomic Data Sovereignty in Precision Medicine. Am. J. Bioeth. 21, 72–75. doi:10.1080/15265161.2021.1891347
 United Nations Convention on the Rights of the Child (1989). United Nations Convention on the Rights of the Child. Available at: https://www.ohchr.org/en/professionalinterest/pages/crc.aspx (Accessed January 24, 2022). 
 Veenstra, D. L., Rowe, J. W., Pagán, J. A., Shelton Brown, H., Schneider, J. E., Gupta, A., et al. (2021). Reimbursement for Genetic Variant Reinterpretation: Five Questions Payers Should Ask. Am. J. Manag. Care 27, e336–e338. doi:10.37765/ajmc.2021.88763
 Vittozzi, L., Hoffmann, G. F., Cornel, M., and Loeber, G. (2010). Evaluation of Population Newborn Screening Practices for Rare Disorders in Member States of the European Union. Orphanet J. Rare Dis. 5, P26. doi:10.1186/1750-1172-5-S1-P26
 Wain, K. E., Palen, E., Savatt, J. M., Shuman, D., Finucane, B., Seeley, A., et al. (2018). The Value of Genomic Variant ClinVar Submissions from Clinical Providers: Beyond the Addition of Novel Variants. Hum. Mutat. 39, 1660–1667. doi:10.1002/humu.23607
 Walen, A. (2021). “Retributive Justice,” in The Stanford Encyclopedia of Philosophy ed . Editor E. N. Zalta (Stanford, CA: Metaphysics Research Lab, Stanford University). Available at: https://plato.stanford.edu/archives/sum2021/entries/justice-retributive/(Accessed April 13, 2022). 
 Wang, T., Antonacci-Fulton, L., Howe, K., Lawson, H. A., Lucas, J. K., Phillippy, A. M., et al. (2022). The Human Pangenome Project: a Global Resource to Map Genomic Diversity. Nature 604, 437–446. doi:10.1038/s41586-022-04601-8
 Wenger, A. M., Guturu, H., Bernstein, J. A., and Bejerano, G. (2017). Systematic Reanalysis of Clinical Exome Data Yields Additional Diagnoses: Implications for Providers. Genet. Med. 19, 209–214. doi:10.1038/gim.2016.88
 Wilson, J. M. G., and Jungner, G. (1968). Principles and Practice of Screening for Disease. Geneva: World Health Organization. 
 WMA (2022). WMA - the World Medical Association-WMA Declaration of Helsinki – Ethical Principles for Medical Research Involving Human Subjects. Available at: https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/(Accessed February 11, 2022). 
 Woerner, A. C., Gallagher, R. C., Vockley, J., and Adhikari, A. N. (2021). The Use of Whole Genome and Exome Sequencing for Newborn Screening: Challenges and Opportunities for Population Health. Front. Pediatr. 9, 663752. doi:10.3389/fped.2021.663752
 Wojcik, M. H., Zhang, T., Ceyhan-Birsoy, O., Genetti, C. A., Lebo, M. S., Yu, T. W., et al. (2021). Discordant Results between Conventional Newborn Screening and Genomic Sequencing in the BabySeq Project. Genet. Med. 23, 1372–1375. doi:10.1038/s41436-021-01146-5
 Wright, C. F., Hurles, M. E., and Firth, H. V. (2016). Principle of Proportionality in Genomic Data Sharing. Nat. Rev. Genet. 17, 1–2. doi:10.1038/nrg.2015.5
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Rahimzadeh, Friedman, de Wert and Knoppers. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




OPS/images/crossmark.jpg
©

|





OPS/xhtml/nav.xhtml
Contents

		Cover

		Exome/Genome-Wide Testing in Newborn Screening: A Proportionate Path Forward		Introduction

		Principle of Proportionality		The Benefits of Accurate and Timely Diagnosis

		Screening for Late-Onset Conditions

		Testing Capability and Challenges in Genomic Variant Interpretation

		Re-Analysis and Obligations to Update Variant Interpretation

		Stigma, Psychological Impacts and Medicalization

		Genomic Data Privacy and Protection

		ES/GS and the Wilson and Jungner Criteria





		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Genetics






OPS/images/logo.jpg
P frontiers | Frontiers in Genetics





