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Objective To assess the performance of a standardized, age-based metric for scoring clinical actionability to
evaluate conditions for inclusion in newborn screening and compare it with the results from other contemporary
methods.
Study design The North Carolina Newborn Exome Sequencing for Universal Screening study developed an age-
based, semiquantitative metric to assess the clinical actionability of gene–disease pairs and classify them with
respect to age of onset or timing of interventions. This categorization was compared with the gold standard Rec-
ommended Uniform Screening Panel and other methods to evaluate gene–disease pairs for newborn genomic
sequencing.
Results We assessed 822 gene–disease pairs, enriched for pediatric onset of disease and suspected actionabil-
ity. Of these, 466 were classified as having childhood onset and high actionability, analogous to conditions selected
for the Recommended Uniform Screening Panel core panel. Another 245 were classified as having childhood onset
and low to no actionability, 25 were classified as having adult onset and high actionability, 19 were classified as hav-
ing adult onset and low to no actionability, and 67 were excluded due to controversial evidence and/or prenatal
onset.
Conclusions This study describes a novel method to facilitate decisions about the potential use of genomic
sequencing for newborn screening. These categories may assist parents and physicians in making informed deci-
sions about the disclosure of results from voluntary genomic sequencing in children. (J Pediatr 2019;209:68-76).
See editorial, p 9
ewborn screening (NBS), the largest screening program in the US, aims to identify children with medically actionable
Nconditions and intervene before the onset of symptoms. Early diagnosis has prevented morbidity and mortality in
thousands of children.1 To encourage consistency between states, the Health Resources and Services Administration

commissioned a task force to establish a Recommended Uniform Screening Panel (RUSP) of core conditions and additional
“secondary” conditions to identify through screening.2,3 A key criterion is the ability of state-run laboratories to implement
testing based on the required technology.4 Currently, no conditions are screened primarily through genetic sequencing
(although it is used as a second-tier test, eg, cystic fibrosis).5 However, similar to the introduction of tandemmass spectrometry,
which triggered an expansion in the number of conditions screened for,6 advances in next-generation sequencing (NGS) have
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likewise driven an exploration of its use in NBS.7-9

Genomic sequencing is a powerful diagnostic tool for individuals suspected to
have monogenic conditions,9-17 and some researchers have proposed using it to
screen healthy populations of adults.18-22 The application of NGS to NBS would
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NC NEXUS The North Carolina Newborn Exome Sequencing for Universal Screening

NGS Next-generation sequencing

NGS-NBS Next-generation sequencing for newborn screening

PCD Primary ciliary dyskinesia

RUSP Recommended Uniform Screening Panel

SQM Semiquantitative metric
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dramatically increase the number of conditions that could be
identified presymptomatically.23 Anticipating the need for
data about the technical, clinical, social, and ethical issues
associated with sequencing in newborns, the National Insti-
tutes of Health has funded a consortium to investigate the
possible applications.24,25 The ability to detect virtually any
genetic condition with a known molecular basis requires se-
lection of conditions appropriate for analysis in a public
health setting and that merit disclosure to the parents of
asymptomatic newborns.26-28 Despite the possible health
benefits of genomic sequencing, there is also a potential for
psychological and physical harm (eg, risks associated with in-
terventions, parental anxiety regarding positive or uncertain
genomic findings, social stigma or loss of confidenti-
ality).1,7,18,24,26-36 Therefore, the careful selection of disorders
for inclusion in next-generation sequencing newborn
screening (NGS-NBS) is a public health issue37 requiring
consideration of factors such as the condition’s natural his-
tory, the availability of confirmatory testing, and an assess-
ment of the clinical actionability of the condition.

Our research group has described previously a semiquan-
titative metric (SQM) for evaluating clinical actionability as-
sessing 5 key criteria: the severity and likelihood of
manifesting a particular condition, the efficacy and accept-
ability of intervention, and the overall knowledge base of
the gene–disease association.38 To address the challenges of
implementing genomic sequencing in NBS, the North Car-
olina Newborn Exome Sequencing for Universal Screening
(NC NEXUS) study optimized the SQM to classify gene–
disease pairs into categories by including age-based factors.
This age-based semiquantitative metric (ASQM) allows
a priori categorization of the large amount of information
potentially generated by genomic sequencing to facilitate
decision-making about incorporating genomic sequencing
into the care of newborns.
Methods

A multidisciplinary committee, composed of members
with demonstrated expertise based on credentials, publica-
tion records, and professional experience in pediatrics,
NBS, genetic/genomic analysis, health behavior and commu-
nication, biomedical ethics, and medical genetics, was estab-
lished to review and classify gene–disease pairs. Ten
committee members had participated in the development
and application of the previously described SQM.38 Addi-
tional individuals with domain-specific clinical practice
expertise were included for group discussions of specific dis-
orders. The gene list included categories of conditions related
to NBS (eg, metabolic, hearing loss, immunodeficiency), as
well other genes previously curated by our group. Trained
staff biocurators reviewed the primary literature and online
genetic resources (eg, GeneReviews, ClinVar, OMIM) to
curate the natural history, treatments, interventions, and
evidence linking the gene to the disease into a REDCap data-
base. A primary reviewer (committee member or biocurator)
presented each gene and disease and suggested preliminary
ASQM scores for each of the criteria, which the committee
then discussed for consensus scoring and classification. Cases
for which consensus was not immediately reached were
further researched and discussed until a consensus decision
was identified.
Scoring Criteria for Medical Actionability
The previously published method for assessing clinical ac-
tionability38 was optimized for NBS by adjusting the scoring
rubric and incorporating age of onset and age at which inter-
ventions would begin.

Defining the Intervention. Healthy infants suspected of
being at risk for a genetic condition may undergo presymp-
tomatic evaluation and/or a cascade of interventions for a
spectrum of possible health and developmental concerns.
To address this variability in symptoms and interventions,
the committee considered genetic conditions and interven-
tions broadly rather than pairing specific health outcomes
with direct interventions as described in the SQM.

Scoring Criteria. Each gene–disease pair was scored (0-3
points) on 5 criteria: severity of the condition’s outcome of
interest, likelihood of manifesting the outcome of interest
(penetrance), efficacy of the intervention(s) for that
outcome, acceptability or burden of the intervention(s),
and knowledge base of the gene–disease association
(Table I). Scorers assumed that a newborn screened
positive for the condition and considered the range of
healthcare interventions thereafter (see the Appendix
[available at www.jpeds.com] for more details).
Categorical Framework
The typical age at onset (when symptoms would most likely
begin) and the typical age at intervention (when medical
intervention, including screening evaluation, if any, would
begin) were assessed for each gene–disease pair. Gene–
disease pairs were considered as having pediatric onset and/
or pediatric actionability, if either would likely occur before
age 18 years. Based on the final ASQM score, the age of
onset/actionability, and consensus review by the committee,
gene–disease pairs were placed into 1 of 4 categories: Cate-
gory 1: pediatric conditions with high actionability; Category
2: pediatric conditions with low or no actionability; Category
3: adult conditions with high actionability; and Category 4:
adult conditions with low or no actionability (Figure 1, A).
In the NC NEXUS study, genes in category 1 are analyzed
and pathogenic and likely pathogenic variants are disclosed
to all participants. To investigate parental decision-making
about additional genomic information beyond category 1,
parents are randomized to either a control group or a
group that decides whether to initiate analysis of genes in
category 2, category 3, or carrier status for recessive
disorders. Gene–disease pairs in category 4 are neither
analyzed nor disclosed to any participants.
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Table I. Criteria for ASQM for scoring actionability

Category Description Score Examples/details

SEVERITY
“What is the effect on
morbidity or mortality to
an individual carrying a
pathogenic variant in this
gene?”

Sudden death or unavoidable death
in childhood (<10 y)

3 Sudden death as a result of cardiac arrhythmia or aortic dissection; death before 10 y
of age; other fatal infantile neurodegenerative conditions

Possible death due to disease
or severe intellectual impairment

2 Cancer or multiple organ failure with potential for mortality; moderate-to-severe
intellectual disability; loss of multiple senses

Serious morbidity or moderate
intellectual impairment

1 Intellectual disability, growth disorders, nonfatal organ dysfunction

Modest or no morbidity 0 Benign biochemical phenotypes, later-onset neurosensory deficits
LIKELIHOOD
“What is the chance that a
threat will materialize?”
(this is akin to penetrance
but may be scored for a
single outcome of a
condition)

≥50% 3 Likelihood is related to the chance that the outcome of interest will manifest. If likelihood
information is not readily available, scores may be estimated through pedigree
analysis and available segregation data. A score of 0 is assigned if there are few data
available and likelihood cannot be reasonably estimated. Recessive conditions are
typically assumed to have high penetrance unless evidence exists to the contrary.

5%-49% 2
1%-5% 1
<1% 0

EFFICACY
“How effective are
interventions for
preventing the harm?”

Highly effective 3 Completely prevents or substantially reduces morbidity in most patients
Modestly effective 2 Works relatively well but still has some residual symptoms or potential for death
Minimally effective 1 Alleviates some symptoms, but not enough, to effectively reduce or prevent morbidity.

Also, may be able to treat some parts of the condition but not others.
No effective intervention 0 Nothing can be done to prevent the morbidity in presymptomatic patients, typically

assigned if interventions only relate to symptomatic management.
ACCEPTABILITY
“How acceptable are the
interventions in terms of
the burdens or risks
placed on the individual?”

Highly acceptable 3 Little or no impact or burden. Yearly blood tests, noninvasive imaging screening tests,
oral medications with low side-effect profile

Modestly acceptable 2 Modest impact or burden. Invasive screening tests, daily lifestyle/diet modification,
medications with substantial side-effect profile

Minimally acceptable 1 Significant impact or burden. Removal of a nonvital organ or transplantation with
frequent complications

No effective intervention 0 Extreme impact or burden. Removal of a vital organ. Also assigned when no effective
intervention is available

KNOWLEDGE
“What is the evidence base
for decisions about the
natural history of the
disease, and
interventions used for
preventing serious
outcomes?”

Substantial evidence and/or
practice guidelines

3 Sufficient evidence to confidently score all categories for the specific gene–disease pair,
based on high-quality information from peer-reviewed journals, consensus
statements, professional society practice guidelines.

Modest evidence 2 Sufficient evidence to score all categories, potentially based on inferences from a closely
related condition or the molecular/biochemical mechanism of the disease, based on
good-quality information with minor limitations.

Minimal evidence 1 Unable to score 1 or more categories, due to limited information about the specific
condition or closely related genes or phenotypes, with sparse primary literature.

Controversial or poor evidence 0 Unable to reasonably score most or all categories due to controversial or minimal
information about the specific condition, lack of primary literature, or conflicting
information.

Total 0-15
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Validation of the ASQM
To evaluate the ability of the NC NEXUS categories to reli-
ably represent the pediatric actionability of monogenic con-
ditions, we compared ASQM scores for primary and
secondary RUSP conditions39 and for published lists of con-
ditions curated the BabySeq project.40 We obtained supple-
mentary files for BabySeq lists and manually matched
gene–disease association pairs to ensure compatibility be-
tween studies during analysis. Mann–Whitney U and
Kruskal–Wallis tests were performed to compare
ASQM scores between RUSP lists and BabySeq categories,
respectively.

Results

Categorization of Gene–Disease Pairs Using the
ASQM
A total of 822 gene-disease pairs were curated and 755 gene-
disease pairs were categorized (Figure 1, A, Table II and
Table III [available at www.jpeds.com]). Our previous
analysis showed that the top quintile of randomly selected
70
genes scored 11 or higher.38 In the current analysis, gene–
disease pairs with more conservative ASQM scores ≥12
(N = 269) were automatically placed in Category 1, and
those with ASQM scores <9 (N = 135) were automatically
placed in Category 2. Representative examples of scoring
for phenylketonuria (MIM #261600, PAH) and Tay–Sachs
disease (MIM #272800, HEXA) are shown in Figure 1,
B.41-43 The most common reasons that Category 2 genes
did not meet our criteria for disclosure to parents of
healthy newborns included the lack of an effective
intervention and/or insufficient knowledge about the
gene–disease relationship. As more evidence accumulates
and/or interventions become available, these genes and
their categorizations can be reassessed and modified.
Gene–disease pairs with ASQM scores within the range of

9, 10, or 11 (N = 331) posed a challenge because some were
considered to have potential actionability. Therefore, the
committee held consensus discussions about these
conditions, resulting in 197 being assigned to Category 1
for a total of 466, and 110 being assigned to Category 2 for
a total of 245 (Figure 2, A). For example, patients with
Milko et al
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Figure 1. Implementation of the ASQM. A, The 4 NC NEXUS categories, separated on dimensions of actionability and age of
onset/intervention. ASQM scores were assigned by a multidisciplinary review committee. The gray box represents the gene–
disease pairs with scores of 9-11, for which the ASQM score alone was not sufficient to make a classification of Category 1 or
Category 2. Separation of Categories 1 and 2 fromCategories 3 and 4wasmade at age of onset/intervention of 18 years because
of the ethical principle of preserving future autonomy for children undergoing genetic testing,32 but we also collected more
granular data regarding ages of onset and intervention in anticipation that these might be useful for defining age-targeted
screening panels (Table II and Table III). B, Examples of scores for conditions in Category 1 and Category 2. Scores for each
criterion and the underlying rationale are provided. Left, phenylketonuria (PKU) is a classic example of a high-scoring condition
that is found on the RUSP andwas placed in Category 1, pediatric conditions with high actionability.Right, Tay–Sachs is a severe
childhood condition with no efficacious intervention and therefore is a low-scoring condition placed in Category 2, pediatric
conditions with low or no actionability.
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mucopolysaccharidosis type IVA/Morquio type A (MIM
#253000, GALNS), characterized by skeletal dysplasia
and respiratory failure, have improved with enzyme-
An Age-Based Framework for Evaluating Genome-Scale Sequen
replacement therapy.44 Although no substantial evidence
supports presymptomatic administration, based on
published evaluation the committee decided that its early
cing Results in Newborn Screening 71



Figure 2. Nuances of categorical designation and scoring rubric. A, Consensus categorization of gene–disease pairs scoring
9-11. After scoring conditions, the review committee identified that there was no single threshold that was adequate to delineate
actionability among those gene–conditions having scores of 9, 10, or 11. For this reason, each gene–condition with childhood
age of onset/intervention and score in this range was further discussed and a consensus decision among the committee was
made regarding placement in category 1 or 2. As would be predicted, the majority of those with a score of 11 were assigned to
Category 1 and the majority of those with a score of 9 were assigned to Category 2, illustrating that scores in this range reflect a
gray zone thatmay not capture the entirety of the decision-making process.B,Comparison of ASQMscores based on condition-
specific rubrics. Each horizontal bar represents the total score for a gene–disease pair broken down into its scores for each
ASQM criterion. This process also can be illustrated by the example of PCD, for which 35 genes have been published as
causative. Specialty-area experts for clinical and molecular knowledge of PCD were consulted to develop our approach for
scoring and categorization and determined that presymptomatic intervention would be somewhat beneficial despite the paucity
of evidence in the scientific literature. Although there is substantial locus heterogeneity for PCD,we considered the condition as a
whole to have generally equivalent efficacy and acceptability of medical intervention regardless of the genetic cause, based on
the highly similar clinical presentations. Therefore, scores variedmost significantly in terms of the knowledge base establishing a
particular gene as causative (Table II and Table III). Genes associated with PCD for which the knowledge score was at least 1
received a total ASQM score ≥9. The decision was made for all of these gene–disease pairs to be placed in Category 1,
acknowledging the potential for benefit through presymptomatic intervention.
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use was potentially beneficial and that a reasonable parent
would value disclosure. Therefore, although the total score
for mucopolysaccharidosis type IVa was only a 9, by
consensus it was placed into Category 1.

A total of 25 gene–disease pairs were placed in Category 3,
adult-onset conditions with high actionability (recommen-
ded interventions starting in adulthood), such as Lynch syn-
72
drome (MIM #609310, MLH1). There were 19 gene–disease
pairs assigned to Category 4, adult-onset conditions with
low or no actionability. An additional 67 gene–disease pairs,
including 24 with scores of 9 or 10, were not categorized
because of controversial evidence and/or the association
with congenital manifestations, making the condition inap-
propriate for NBS.
Milko et al
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For conditions with substantial locus heterogeneity, such
as deafness and primary ciliary dyskinesia (PCD), a general
rubric was established to maintain consistency between
scores (Figure 2, B). For hearing loss, the scoring for the
efficacy and acceptability of early audiology surveillance
was held constant, whereas the severity score varied
between 2, 1, and 0 depending on age of onset (congenital,
pre-, or post-lingual respectively), or the presence of
syndromic features. For PCD, scores for the other 4 criteria
were generally held constant, but the knowledge score
varied between the well-known subtypes and those with
limited evidence.

Comparison with Other Published Efforts
We analyzed the overall distribution of ASQM scores for
genes included in each of the 4 NC NEXUS categories
(Figure 3, A) and for genes responsible for the RUSP
primary and secondary conditions (Figure 3, B). Of the 34
genes representing RUSP primary conditions, 29 (85%) had
scores ≥12, demonstrating that ASQM scores generally
correlated well with conditions already established as having
high actionability. Four gene–disease pairs had scores in the
lower range (4-10); adrenoleukodystrophy (MIM #300100,
ABCD1), primary systemic carnitine deficiency (MIM
#212140, SLC22A5), and 3-methylcrotonylglycinuria (MIM
#210200, MCCC1; and MIM #210210, MCCC2) suggesting
that actionability of conditions currently included in the
RUSP varies. Secondary conditions identified by tandem
mass spectrometry are generally considered less actionable
than primary conditions. The ASQM scores of the primary
conditions reflected this difference, as they were
significantly greater than the scores for secondary
conditions (P < .0001). Of the 35 gene–disease pairs
associated with secondary RUSP conditions, 23 (66%)
scored an 11 or lower (Figure 3, B).

We applied the ASQM to a selection of genes–disease pairs
evaluated by the BabySeq project.40 Their framework to cate-
gorize gene–disease pairs relied on 3 criteria: validity of the
gene–disease association, earliest reported age of onset, and
penetrance. Conditions were classified into Category A
(“genes.with definitive or strong evidence to cause a highly
penetrant childhood-onset disorder”), Category B (“genes
included . based on actionability during childhood”), or
Category C (“genes that did not meet criteria to be re-
turned”). These categories are described in more detail in
the Appendix. To assess the concordance between the 2
methods, 514 of the 1514 gene–disease pairs evaluated for
the BabySeq project were assessed using the ASQM
(Figure 3, C). In pairwise comparisons, there was no
significant difference between the ASQM scores in Category
A as compared with those in Category B (P = .66).
However, there were significant differences between scores
for those in Category A and those in Category C
(P < .0001) and between those in Category B and those in
Category C (P < .0016). The BabySeq criteria did not map
directly to the ASQM method described here, so we
examined the distribution of gene–disease pairs between
An Age-Based Framework for Evaluating Genome-Scale Sequen
the 2 different curation systems (Figure 3, D). We
identified 292 conditions that could represent a consensus
list for inclusion in NGS-NBS and an additional 125
conditions that could be considered for optional disclosure.
The main outliers were 45 conditions placed in NC NEXUS
Category 1 for disclosure to all participants but placed in
Category C in BabySeq and thus ineligible for disclosure
(see the Appendix for details).
Discussion

Commentators have suggested that current NBS should be
augmented or even replaced with genomic sequencing.45-47

However, the successful incorporation of NGS technology
into routine newborn care will require that the scientific
and medical communities address significant challenges,
including the development of a robust, reproducible, and
transparent method to adjudicate and classify the different
types of genomic findings for potential disclosure in a pedi-
atric setting. Here, we propose an evidence-based method
to guide informed decision-making by policy-makers, physi-
cians, and parents.
We validated our framework against the gold-standard

RUSP, and the high ASQM scores assigned to most RUSP
conditions indicate that this metric recapitulates the compo-
nents of actionability that led to their inclusion for standard
NBS. Interestingly, the RUSP does include a small number of
conditions, such as 3-MCC deficiency, that received lower
scores largely due to their variable expression, lack of effica-
cious interventions, and/or limited knowledge base due to
their rare occurrence. Furthermore, the metric effectively dif-
ferentiates between the highly actionable RUSP core condi-
tions and less actionable secondary conditions, most of
which were placed into NC NEXUS Category 2 with the
exception of a small number, including 3-methylglutaconic
aciduria type II (Barth syndrome; MIM #302060, TAZ) and
DOPA-responsive dystonia (MIM #128230, GCH1), that
scored higher and were included in Category 1. Overall, we
suggest that the ASQM could serve as a reproducible method
for scaling the assessment of conditions for possible inclusion
in screening, and that conditions with scores in the same
range as the RUSP could be considered as strong candidates
for an NGS-NBS panel.
The relatively few adult-onset highly actionable conditions

included in Category 3 may be surprising, given that the
American College of Medical Genetics and Genomics recom-
mended 59 gene–disease pairs be disclosed as secondary find-
ings from clinical genomic sequencing.48 However, we found
that 50 of the 59 have a pediatric onset of symptoms and/or
interventions, thereby meriting their placement into Cate-
gory 1.
Comparison of the NC NEXUS framework and the Baby-

Seq method of categorization for sequencing healthy new-
borns revealed differences due to the criteria used to
define those categories. The ASQM integrates several com-
ponents together to achieve a consistent score representing
cing Results in Newborn Screening 73



Figure 3. Comparison of ASQM scores across different lists of conditions. Box andwhisker plots summarizing ASQM scores for
A, genes curated into NCNEXUSCategories 1-4;B, 34 genes related to 25 primary RUSP conditions (32were placed in Category
1 and 2 were assigned to Category 2) and 35 genes related to 22 secondary RUSP conditions (18 pairs were assigned to
Category 1, 15 pairs were assigned to Category 2, and 2 pairs (ACAD8: isobutyryl-CoA dehydrogenase and AUH: 3-
methylglutaconic aciduria, type I) were not assigned to any category and are only on the diagnostic list; and C, gene–disease
associations curated by the BabySeq Project into Categories A, B, and C.D,Comparing gene–disease pairs categorized by both
NC NEXUS and BabySeq, 244 gene–disease pairs were placed in both NC NEXUS category 1 and BabySeq category A, sug-
gesting that this groupmay consist of conditions with definitive or strong clinical validity, high penetrance, and high actionability.
Similarly, 48 gene–disease pairs were placed in NC NEXUS category 1 and BabySeq category B, indicating that they may have
slightly lower knowledge base and/or reduced penetrance but have strong consensus to be actionable in childhood. Together,
these 292 conditions (indicated by dark shading) might represent a consensus list of gene–disease pairs for inclusion in NGS-
NBS. In contrast, 73 gene–disease pairs were placed in NC NEXUS category 2 and BabySeq category A, suggesting that these
disorders may be strongly associated with highly penetrant childhood diseases without substantial actionability. Similarly, 52
gene–disease pairs were placed in NCNEXUS category 2 andBabySeq category C, indicating that they are likely associatedwith
lower strength of evidence, lower penetrance, and/or lower overall actionability. Together, these 125 conditions (indicated by
medium shading) might comprise a group of gene–disease pairs that would not generally meet consensus criteria for newborn
screening. The 16 gene–disease pairs that were placed in BabySeq category C and either NC NEXUS category 3 or category 4
(indicated by light shading) are consensus adult-onset conditions, with or without actionability. In contrast, 45 gene–disease
pairs were categorized in NC NEXUS category 1 for return to all participants but placed in BabySeq category C and not returned
to any participants; 13 gene–disease pairs were placed in BabySeq category B (potentially actionable), but in NC NEXUS
category 2 (low or no actionability); and 12 gene–disease pairs were placed in BabySeq categories A and B, but were assigned to
NCNEXUS categories 3 and 4 due to adult onset, with or without actionability. In addition, 11 gene–disease pairs were evaluated
but were not assigned a NC NEXUS category whereas 3 of these gene–disease pairs were placed in BabySeq Category A and 8
were placed in Category C (Table II and Table III).
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actionability, whereas the BabySeq criteria differ between
each of the 3 categories. BabySeq category A focuses on pe-
diatric onset conditions with genes of high penetrance and
strong evidence for the gene–disease relationship but did
not include consideration of actionability; therefore, the
widely dispersed ASQM scores reflect that many conditions,
although well-understood, have little to no actionability.
BabySeq category B contains a mixture of gene–disease
pairs with moderate strength of evidence and/or moderate
penetrance, and potential actionability that scored primarily
within the boundary between NC NEXUS category 1 and
category 2 (9-11 points) based on the lower ASQM scores
for both likelihood and knowledge base. BabySeq category
C conditions are much harder to parse because they include
insufficient evidence, low/moderate penetrance, or adult-
onset conditions without noninvasive interventions in
childhood. ASQM scores for this heterogeneous category
ranged widely and the gene–disease pairs were broadly
distributed into all 4 of the NC NEXUS categories.

Although NC NEXUS Category 1 (466 gene–disease pairs)
is relatively large, one explanation for its size is that the inter-
vention scored for the efficacy and acceptability criteria was
often based on a presumed NGS-NBS program of early
referral to specialists, surveillance, and early intervention,
for which there is plausible, but not yet proven, evidence of
net benefit. Another potential explanation is that the exten-
sive locus heterogeneity of some phenotypic subgroups (eg,
hearing loss and PCD) resulted in the inclusion of gene–
disease pairs that were scored by analogy to other more
well-known examples within the subgroup. To fully substan-
tiate this list for targeted NGS-NBS, we recommend restrict-
ing this category to include only gene–disease pairs that meet
the criteria of “Definitive/Strong” clinical validity evidence
based on the ClinGen framework49 (approximated by the
intersection between BabySeq Category A and NC NEXUS
Category 1).

Large prospective studies of healthy individuals are
needed to amass sufficient outcomes data to support the in-
clusion of these conditions on an NGS-NBS panel and to
establish thresholds of variant pathogenicity for disclosure
in a screening setting that will appropriately balance case
finding and false-positive rates. Although the criteria for
RUSP conditions traditionally have been limited to
neonatal or infantile onset, incorporating a broader range
of conditions with symptoms that manifest during child-
hood would enable greater rates of early diagnosis and the
elucidation of subclinical states that may represent key
intervention points. It is important to acknowledge, howev-
er, that broadening the age range would also expose new-
borns and children (and their families) to potentially
numerous screening evaluations and possible interventions
that convey risks and may contribute to a state of health
anxiety. One potential solution would be to implement tar-
geted age-based genomic screening occurring over the life-
span to deliver actionable genomic information at age-
appropriate time points (eg, infant, early childhood, adoles-
cent) while reducing potential ethical and psychosocial con-
An Age-Based Framework for Evaluating Genome-Scale Sequen
cerns associated with other types of nonactionable genomic
information.50

Implementation of universal NGS-NBS will require both a
standardized method for determining which conditions
should be screened for and the development of guidelines
for incorporating additional genes over time. The ASQM
method of categorization provides a robust framework to
identify conditions that may be appropriate and a starting
point for policy decisions; additional criteria such as disease
prevalence and economic considerations would still need to
be weighed. Pediatricians will need to engage in this
decision-making process by first understanding the potential
actionability of different genetic conditions and then consid-
ering the impact of screening for these conditions on routine
care of infants and children. Further research into the clinical
outcomes and psychosocial impacts experienced by families,
elucidation of disease penetrance and efficacy of interven-
tions, and cost effectiveness will be required before wide-
spread population screening can be responsibly initiated. n
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