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Newborn genomic sequencing (NBSeq) has the potential to substantially improve early detection of rare genetic conditions,
allowing for pre-symptomatic treatment to optimize outcomes. Expanding conceptions of the clinical utility of NBSeq include
earlier access to behavioral early intervention to support the acquisition of core motor, cognitive, communication, and adaptive
skills during critical windows in early development. However, important questions remain about equitable access to early
intervention programs for the growing number of infants identified with a genetic condition via NBSeq. We review the current
NBSeq public health, clinical, and research landscape, and highlight ongoing international research efforts to collect population-
level data on the utility of NBSeq for healthy newborns. We then explore the challenges facing a specific Early Intervention (El)
system—the US federally supported “Part C" system—for meeting the developmental needs of young children with genetic
diagnoses, including structural limitations related to funding, variable eligibility criteria, and lack of collaboration with newborn
screening programs. We conclude with a set of questions to guide future research at the intersection of NBSeq, newborn screening,
and El, which once answered, can steer future policy to ensure that El service systems can optimally support the developmental

needs of infants impacted by broader implementation of NBSeq.
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IMPACT:

® Existing literature on the clinical benefits of genome sequencing in newborns tends to focus on earlier provision of medical
interventions, with less attention to the ongoing developmental needs of very young children with genetic conditions.

® This review outlines the developmental needs of a growing number of children diagnosed with genetic conditions in infancy
and describes the strengths and limitations of the United States Early Intervention system (IDEA Part C) for meeting

those needs.

INTRODUCTION

Rare genetic conditions, considered together, affect an estimated
300 million individuals worldwide and are the leading cause of
child mortality and disability in high-income countries.'™
Recognition of the substantial public health impact of such
conditions led to the establishment of state-run newborn screen-
ing (NBS) programs in the USA in the 1960s. With the advent in
recent decades of genome sequencing, newborn genomic
sequencing (NBSeq)—used here to refer to genetic risk screening
via sequencing of either the exome or the genome—has the
potential to shift the landscape of early detection of rare genetic
disorders. NBSeq would allow for screening of thousands of
conditions at birth, including conditions not detectible through
traditional NBS. Proponents of NBSeq emphasize the life-saving
potential of identifying and treating newborns before they

experience morbidity or mortality from a genetic condition.*”
However, the utility of NBSeq as a universal screening method for
healthy newborns has not yet been established.”> NBSeq raises a
number of challenges, including the potential to expose families
to uncertainty and other negative psychosocial impacts, further
burden healthcare systems, and exacerbate health disparities.®™

In this review, we focus on a specific challenge of NBSeq
implementation: whether current service systems can equitably
support the developmental needs of infants identified with
genetic disorders via NBSeq. Developmental services like speech
and language therapy, physical therapy, occupational therapy, and
special education can support the acquisition of core skills for
infants and toddlers with delayed development. Specifically, the
US federally supported “Part C" system, often referred to as Early
Intervention (El), could provide additive benefits over and above
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Fig. 1 The public health, clinical, and research landscape for NBSeq.

medical treatments.'®'® However, due to geographic differences
in El systems, developmental supports may not be equally
available to all infants with genetic diagnoses,'*'> and socio-
economically disadvantaged families may face particular chal-
lenges leveraging a genetic diagnosis to access necessary
services.'®

In four sections, we describe (1) the current public health,
clinical, and research landscape for NBSeq (Fig. 1), (2) the
developmental needs of children diagnosed with monogenic
conditions, and (3) gaps in developmental services that are likely
to impact the growing number of children with identified genetic
conditions, with a particular focus on the US El system. We
conclude with (4) suggestions for future research to fill knowledge
gaps and inform evaluations of the potential benefits and harms
of implementing NBSeq at scale.

CURRENT PUBLIC HEALTH, MEDICAL, AND RESEARCH
LANDSCAPE FOR NBSEQ

Public health

Since the 1960s, the USA has implemented NBS as a public health
program intended to identify infants at birth who have serious
medical conditions. Today, NBS programs include a hearing screen
to detect hearing loss, a pulse oximetry screen to test for critical
congenital heart defects, and most relevant for our purposes, a
blood-spot test to detect genetic conditions. Newborns tend not
to show symptoms of NBS conditions at birth; however, without
timely treatment, these conditions could cause significant harm, or
in some cases, death. Diagnosis of many conditions first flagged
via NBS is considered a medical emergency.'”

The blood-spot test is intended to detect genetic conditions.
However, for the first 5 decades of state NBS programs, the
technology employed did not test genes directly. Only since 2010
has DNA-based screening been included as a first-tier test in NBS
programs (first used for the TREC assay to detect severe combined
immunodeficiency or SCID).'® More recently a few states have
begun to adopt genomic sequencing as part of tiered testing
strategies.'®?° Incorporation of sequencing into existing NBS
programs is a market opportunity for companies that are
developing next-generation sequencing-based panels and work-
flows designed for NBS dried blood spots.2’ The resulting large
datasets could be leveraged or made available to researchers or
industry partners working to develop therapeutics for rare
disease.?? However, whether and when state-based NBS programs
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will begin to use genomic sequencing on a broader scale is
debated, and integration would require substantial overhaul of
current systems.?>#*

Clinical care

Clinical use of NBSeq as a diagnostic tool for infants already
showing symptoms is quite different from its potential incorpora-
tion into universal, public-health NBS. The clinical setting in which
diagnostic sequencing has been most broadly implemented thus
far is in neonatal intensive care units (NICUs). When applied to
critically ill newborns, diagnostic sequencing shows superior
performance for detecting genetic conditions compared to
conventional methods.>>*” The relatively high diagnostic rate
and potential for immediate changes in medical management
together make a particularly strong argument for the clinical utility
of diagnostic sequencing in the NICU setting.

Beyond the NICU, genome sequencing is being increasingly
implemented as a diagnostic test for young children with
developmental delays.”?® Evidence-based clinical guidelines from
the American College of Medical Genetics and Genomics (ACMG)
now strongly recommend genome sequencing as a first-tier test
for all patients <1 year with one or more congenital anomalies and
all patients <18 years with developmental delay or intellectual
disability.® However, not all insurers cover clinical sequencing,
and without coverage out-of-pocket costs for families are often
prohibitively high.*°

Research

A growing body of research studies have motivated clinical
adoption of newborn sequencing for diagnostic purposes.?®
However, the evidence base for NBSeq applied as a universal
screening tool to healthy newborns is nascent. The first iteration of
BabySeq, a pilot randomized clinical trial of genome sequencing
that included a subsample of healthy newborns, found variants
that conferred monogenic disease risk in 10/127 (8%) of healthy
newborns who were sequenced.?' Follow-up analyses of medical
actions taken 3-5 years after results disclosure determined that all
genomic findings were moderately or highly actionable.> How-
ever, the initial study was underpowered to assess clinical utility or
cost-effectiveness, and like many genomic research studies, the
sample lacked sociodemographic diversity. The second iteration of
BabySeq>? addresses these issues by recruiting a larger sample
with substantially modified recruitment protocols, developed with
input from a community advisory board, and has reported initial
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Table 1. Large-scale NBSeq research studies.
Study name Location Goal sample Number of genes or Uses existing NBS sample, or Launch date
size conditions screened requires new collection

Generation Study England 100,000 250 conditions New 2024
PERIGENOMED France 20,000 150 conditions - 2023
BabyScreen-+ Australia 1000 500 conditions Existing 2023
NewbornsinSA Australia 40,000 600 conditions Existing 2023
GUARDIAN USA 100,000 450 conditions Existing 2022
BeginNGS USA, Greece 2000 500 conditions Existing 2022
Baby Detect Belgium 40,000 126 conditions, 363 genes New 2022
Screen4Care European Union 25,000 200 genes - 2021
ScreenPlus USA 100,000 14 conditions Existing 2021
Early Check USA 10,000 200 conditions Existing 2018
BabyBeyond Australia 106 222 genes New 2016
NC Nexus USA 400 - New 2016
BabySeq USA 1000 4300 genes New 2015
NBSeq Team USA 1200 78 genes Existing 2013

Study details were derived, when available, from public websites or published materials.

rates of enrollment (17-25% of those approached enrolled) that
are similar across racial/ethnic groups.®

To generate the larger and more diverse samples needed to
assess the utility of universal screening via NBSeq, a number of
international studies are currently evaluating the risks and benefits
of employing universal sequencing, with parent consent, in
population-based samples of healthy newborns (Table 1). Impor-
tantly, some of these studies are conducted in collaboration with
national/state NBS programs, performing sequencing on the same
dried blood spots already collected for NBS, with a goal to provide
initial evidence that NBSeq could be feasibly integrated into NBS.
Others are focused on the integration of NBSeq into pediatric
primary care and require new blood sample collection. Participat-
ing families are required to provide informed consent for research
in all of these studies, meaning that families who do not want to
participate in research will not be represented in these large-scale
efforts, potentially compromising their generalizability.

Each research group has curated an independent list of genes
and corresponding disorders to test for during the NBSeq process,
ranging from a few hundred to over 1000 conditions. Of note,
across 26 large-scale NBSeq programs, only 74 of a total of 1750
genes were included on >80% of gene lists.>* This variation is due
to different condition inclusion criteria used by studies (e.g.,
focusing on gene-disease validity vs. treatability vs. age of
condition onset). Across all studies, the top factors that predicted
gene-list inclusion were a strong evidence base for the gene-
disease pair, high disease penetrance, and availability of effective
treatments.>* Efforts to develop consensus guidelines for gene-list
inclusion, based on expert opinion,*® are ongoing.

Two studies, GUARDIAN and Early Check, adopted a model of
allowing parents to decide the conditions for which their child
should be screened using a tiered-consent process. These studies
screen all enrolled children for a group of conditions designated
as clinically actionable (Group 1) and ask parents to decide
whether they would like their child to be screened for a group of
additional conditions (Group 2: mostly neurodevelopmental
conditions) for which treatments are still in development. Notably,
GUARDIAN's recruitment website specifically mentions El in
relation to Group 2 (non-treatable) conditions: “Early diagnosis
of these conditions can support you and your child with El services
including physical therapy, occupational therapy, and speech
therapy.”® From publicly available information, it is unclear
whether other studies factored El/developmental supports into
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their definitions of actionable conditions to be included on gene-
condition lists. In recognition of the need to standardize practices
across studies, groups like the International Consortium on
Newborn Sequencing (ICoNS) have formed with a goal to create
common practices and policies for NBSeq efforts worldwide.

As the use of genome sequencing technology increases in
national/state public health programs, clinical care, and research,
it is likely that the number of infants and toddlers with genetic
diagnoses confirmed by genome sequencing is increasing and
will continue to do so. Many monogenetic conditions are
associated with a significant risk for developmental delay and
intellectual disability, which can be further exacerbated by clinical
features of the condition (e.g., epilepsy).>” Regardless of whether
sequencing was conducted because of evident delays or prior to
their onset, young children diagnosed with genetic conditions
represent a growing group of patients in need of developmental
supports.

DEVELOPMENTAL NEEDS OF CHILDREN WITH GENETIC
DISORDERS

The primary reason to employ genomic sequencing in the
newborn period is to identify genetic risk so that appropriate
treatment can be accessed as early as possible to reduce
morbidity and mortality in early childhood. As described, NBS
programs focus their efforts on genetic conditions that are
treatable, consistent with the Recommended Uniform Screening
Panel (RUSP)—a list of conditions recommended by the US
Department of Health Human Services for inclusion on state
screening panels.*® Conditions are added to the RUSP after a
defined process weighing benefits (i.e., treatability), feasibility, and
program readiness.>® Ultimately, decisions rely on the notion of
medical “actionability”*°—conditions that can be prevented,
treated, or cured, via pharmacologic, dietary, surgical, or more
recently, gene-based therapies. Developmental supports are not
considered treatments or factored into RUSP inclusion decisions.
However, as the utility of genome sequencing for identifying
neurodevelopmental conditions has become evident, scholars
have called for a broadening of the category of “treatment” to
include interventions that target symptoms (e.g., anti-seizure
medications) but are not curative of the underlying disorder, as
well as developmental supports such as physical and occupational
therapy, speech therapy, and special education.54'=**
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Most children with genetic conditions will require a combination of
medical treatment and developmental support. An estimated 85% of
RUSP conditions are likely to result in developmental delays and thus
could benefit from supportive services.'® For example, spinal
muscular atrophy (SMA)—a RUSP disorder affecting motor neurons
—can lead to significant physical impairments due to muscle
weakness and death in early childhood without treatment. Even
with optimal medical treatment, children with SMA require develop-
mental supports. Among children with SMA treated with nusinersen,
those who also received physical therapy showed superior muscle
strength, range of motion, and ability to perform daily tasks
compared to those who received nusinersen without physical
therapy."’

Providing developmental supports during early childhood,
when brain plasticity and skill acquisition are at their lifetime
peak, is critical. Emerging evidence, largely from preclinical animal
models, suggests that providing interventions presymptomatically
—prior to the onset of delays—can improve outcomes by taking
advantage of critical windows in development.**™*° A randomized
clinical trial for infants 9-15 months old showing very early signs
of autism found that early behavioral intervention reduced autism
diagnostic behaviors, resulting in fewer children meeting diag-
nostic criteria for autism at age 3.*® A preclinical mouse model of
Rett syndrome—a progressive neurodevelopmental disorder
characterized in humans by skill regression in the 2nd year of
life—found that preemptive motor and memory training prior to
the onset of symptoms improved task performance and delayed
symptom onset; the same performance benefits were not
observed if training started after symptoms had already
appeared.*®

The importance of supporting the acquisition of core develop-
mental skills during the earliest years for infants with genetic
diagnoses has led some scholars to suggest that a new system of
specialty clinics be established to provide follow-up services for
infants with genetic diagnoses.>’”%*' A more resource-efficient
approach, we argue, would be to leverage existing service systems
that already support the developmental needs of young children
and equip those systems with the skills (and funding) needed to
serve the growing number of children expected to receive genetic
diagnoses during infancy as a result of newborn sequencing. In
the next section, we explore one existing service system—the US
El system—and its potential for supporting the developmental
needs of children with genetic diagnoses.

STRENGTHS AND LIMITATIONS OF THE US El SYSTEM
In the USA, a federally funded, state-administered system that
supports the developmental needs of children under 3 years of age
is authorized under the Individuals with Disabilities Education
Improvement Act (IDEA) Part C. IDEA (originally the Education for All
Handicapped Children Act) was established by Congress in 1975
with the intent to provide access to education for children ages
3-18 years with disabilities.>* The reauthorization in 1986 added
“Part C" to support El for infants and toddlers (age 0-2 years),
responding to “an urgent and substantial need” to minimize the
potential for developmental delay, reduce later special education
costs, and build the capacities of families to meet their children’s
needs.>® From 2022 to 2023, a cumulative total of 853,298 children
ages 0-2 years were served in Part C El across the USA and
territories.>® Estimates based on concurrent census data suggest
that Part C El serves 3.7% of the total US population ages 0-2.
Services provided to children in Part C El include physical
therapy, occupational therapy, speech therapy, and early child-
hood education.>®> Most services are provided in the home, but
they can also take place in childcare or community settings, and
are usually delivered weekly for a period of months to years.>%>’
Part C legislation focuses explicitty on meeting the needs of
minority and low-income children,*® with services provided at low
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or no cost to families, and no denial of services based upon
inability to pay. In addition, the law requires that materials and
procedures be provided in a family’s preferred language. Part C El
services are explicitly family-centered, and therapists employ a
parent-coaching model to teach parents how to provide learning
and skill-building opportunities as part of everyday routines with
their child.>® Studies support the efficacy of Part C El for improving
outcomes for children with a wide range of delays and
disabilities.®°"52 Part C El also benefits parents, building resilience
against the challenges of raising a child with developmental
differences, even in the context of social disadvantage.®®

Part C El eligibility

Federal Part C legislation provides guidance but leaves it up to
states to determine the specific criteria by which a child is eligible
for El services. Generally, eligibility for Part C El is established by
demonstrating that a child either has a developmental delay
(delay-based eligibility, most common) or has been diagnosed
with a condition with a high probability of resulting in
developmental delay (diagnosis-based eligibility). Only six states
(CA, FL, MA, NH, NM, WV) also serve infants and toddlers who are
not yet showing delays but are considered “at risk” for reasons
that can include exposure to psychosocial adversity and trauma.>*

Diagnosis-based eligibility follows the logic that infants and
toddlers already diagnosed with a condition known to result in
developmental delays should be automatically eligible for Part C El
services. This pathway to eligibility is particularly relevant for infants
diagnosed following NBSeq: having a genetic diagnosis at the point
of entry to Part C El could significantly increase a child’s chances of
receiving services, regardless of whether they are yet showing
delays that meet their states’ threshold for eligibility. Indeed,
existing evidence suggests children who enter the system with a
diagnosis (of any kind) are more likely to get, and potentially
benefit from, Part C El services.**®> Presumptive eligibility via
diagnosis-based eligibility could also be helpful for expediting the
enrollment process, allowing for more efficient use of Part C El
program resources.’® However, the “Established Conditions” lists
that are used to confer automatic eligibility differ widely across
states. An analysis in 2019 found a total of 620 distinct conditions
listed by at least one state, but no single condition was present on
all lists, and 89% of conditions were listed by fewer than ten
states.%” The three most commonly listed conditions were hearing
impairment (38 states), fetal alcohol syndrome (34 states), and
Down syndrome (32 states).

Therefore, whether a child will qualify for Part C El services
based on determination of developmental delay or diagnosis-
based eligibility can differ greatly based on the state in which they
live. States with broad eligibility criteria have greater participation
in El programs compared to states with narrow eligibility,>>%*°®
and this difference particularly impacts poor children: the
probability that a poor child (<100% federal poverty level)
receives Part C El is 18% lower if they live in a state with narrow
vs. broad El eligibility.°* Evidence suggests that states have
attempted to reduce Part C El expenditures by narrowing
eligibility criteria,>>%® and the pressure to do so may be increasing
as the amount of federal funding provided to states on a per-child
basis has decreased 24% from $1616 in 2004 to $1222 per child in
2022 (unadjusted for inflation).*®

Lack of coordination between state NBS and Part C El
programs

In theory, infants diagnosed with a genetic condition that has a
high likelihood of resulting in developmental delay should
automatically qualify for El services via diagnosis-based eligibility.
But does this happen in practice? This is difficult to answer, as
there is no national database that tracks children enrolled in Part C
El. However, insights can be gleaned from examining the extent
to which children diagnosed with genetic disorders following

SPRINGER NATURE



K.E. MacDuffie et al.

traditional state-based NBS are granted automatic eligibility to
Part C El services.

Despite sharing similar goals—to ensure treatments or services
for children begin as early as possible*®*—state-run NBS and Part C
El programs do not overlap administratively and, in most states,
do not actively collaborate. A survey of state Part C El and NBS
coordinators found that the two groups had limited interaction
and few coordinated processes for infants to enter Part C El after
an NBS diagnosis.®® Perhaps the most obvious coordinated effort
would be to ensure that the conditions listed on a state’s NBS
panel are also included on the state’s Part C El established
conditions list. However, currently, only one state (MI) automati-
cally qualifies any child diagnosed through NBS for Part C EI. Most
states include only a few NBS conditions (avg. 7.8) on Part C El
Established Conditions lists, and six states had no Established
Conditions list at all. The divide between NBS and Part C El
condition lists is striking, given that an estimated 29/34 (85%) of
RUSP conditions are associated with developmental delays and
should thus automatically qualify a child for Part C EL'* If more
states follow the path of including genomic sequencing in NBS,
the disconnect between the number of conditions included on
NBS panels and those that confer automatic eligibility for El will (in
the absence of policy reform) only grow.

Aside from administrative/bureaucratic barriers, another potential
reason for lack of collaboration between state-run NBS and El
programs is that the cultures of the two programs differ
considerably.>® As a public health program, NBS is focused on
preventing potentially devastating harm to affected infants.'”” NBS
programs might ask the question: “Is there net benefit to screening
for condition X?"”° Part C El, in contrast, has roots in special
education and aims to improve outcomes for infants and toddlers
by providing family-centered support. El programs might ask the
question “What does this family need to be able to support this
child’s development?”®” Given that the majority of children gain
access to Part C El through delay-based eligibility, the services
provided tend to be agnostic to diagnosis, focusing on what a
child’s current needs are, rather than trying to identify the
underlying reason for them. Therefore, the way that NBS programs,
and most medical providers, might approach a case (diagnose, then
treat) is different from the approach taken by Part C El providers
(evaluate, then support). In addition, the types of developmental
supports offered in El are not considered “treatment” and thus not
included in net benefit calculations by NBS programs.®® The extent
to which these divergent philosophies represent a true barrier to
collaboration between public health NBS, medical systems, and El is
unknown and could be informed by comparison to the degree of
collaboration seen in other countries.

QUESTIONS TO GUIDE FUTURE RESEARCH
Thus far we have established that through a combination of public
health, clinical, and research efforts, the number of infants and

Clinical care . 9

2%

= When are El referrals made?
= How do El providers and medical
providers interact?

= What types of developmental
supports are best provided outside
of EI?

Public health NBS

= How can NBS and El programs
increase collaboration?

= Should all NBS conditions confer
automatic eligibility to EI?

Fig. 2 Questions for future research.
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toddlers with a genetic diagnosis made via newborn sequencing
is expected to increase. This increase in the number of children
with an identified need for developmental supports is likely to
place a burden on the already overtaxed Part C El system in the
USA. Currently, El does not adequately serve children who live
below the poverty level or are from culturally or linguistically
diverse backgrounds,®*”"”? and does not sufficiently coordinate
with state-run NBS programs.'*%°

Solving this challenge will likely require a multi-pronged
approach including increased federal and state funding of Part C
El programs and system-wide policy change. For example, a
national-level effort similar to the RUSP could harmonize Estab-
lished Conditions lists for Part C El programs and align this list with
the RUSP, thus ensuring that all US children identified via NBS are
able to access Part C El services. Exactly which policy solutions are
needed, however, requires further scholarship. In this final section
and in Fig. 2, we pose research questions relevant to public health
NBS, clinical care, NBSeq research, and El that should be addressed
to guide future policy initiatives.

As a first step, it is important to gain a better understanding of
the developmental services landscape for infants with genetic
diagnoses. Are parents able to leverage genetic diagnoses into
developmental services, particularly within the Part C El system?
Do parents who receive Part C El services feel that their child is
appropriately supported by these services, and if not, why not?
Infants with many genetic diagnoses face significant medical
complexity, and parents take on the role of coordinating care
across multiple specialists. For children served in the Part C El
system, how do El providers and medical subspecialists interact to
support a child’s care? How can this communication be improved?
As described, most children served in Part C El qualify on the basis
of developmental delay, and the services provided are intended to
support a child’'s currently evident delays; services are not tailored
to preemptively address potential delays associated with specific
diagnoses. It is important, then, to understand how current El
providers working with children who qualify under diagnosis-
based eligibility tend to incorporate that diagnosis into their
treatment planning, and how a given diagnosis (particularly of a
very rare condition) shapes the provision of Part C El services, if at
all. Finally, and critically, studies evaluating whether and how Part
C El services improve developmental outcomes for children with
genetic diagnoses are lacking, and these studies will be critical for
advocating for and designing system change.

Answering these initial empirical questions can set the stage for
considering broader normative, systems-level questions in antici-
pation of broader implementation of NBSeq. How should Part C El
systems be structured to support needs of children with genetic
diagnoses? As described, Part C El is a limited resource, and
already does not serve all children in need of developmental
services. Is serving pre-symptomatic infants and toddlers with a
genetic diagnosis, who are at risk for delays that in some cases
may be mild and in others quite profound, the best use of Part CEl

w‘ = How should researchers support families who
receive a diagnosis through their study?
® How should access to/receipt of El be factored
into clinical utility of NBSeq?

= How can researchers collaborate with El to
generate natural history & outcome data?

= How do infants with genetic diagnoses gain
access to El services?

= How do genetic diagnoses guide treatment
planning in EI?
® How should the El system be structured to

best support infants with genetic diagnoses?
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resources?” How can the Part C El system be leveraged to
generate much-needed data on both the natural history/devel-
opmental functioning of young children with rare conditions as
well as the efficacy of El for improving developmental trajectories?
When conducting research on NBS in the setting of a country like
the USA with unequal access to Part C El services based on
geography and family circumstances, what are the “post-trial”
responsibilities of researchers and funders to support families who
learn of a genetic disorder via NBSeq?”37*

CONCLUSION

Two decades after the completion of the Human Genome Project,
technological innovations in next-generation sequencing have
made it possible to screen every newborn for thousands of rare
genetic conditions. However, normative questions about whether
we should employ this technology remain; many of these focus on
treatment availability and equitable provision of services. In the
USA, additional work is needed to understand the strengths,
limitations, and readiness of Part C El—the primary system that
supports the development needs of infants and toddlers—for
serving the anticipated growing number of children with genetic
diagnoses following newborn sequencing.

REFERENCES

1. Wojcik, M. H. et al. Infant mortality: the contribution of genetic disorders. J.
Perinatol. 39, 1611-1619 (2019).

2. Owen, M. J. et al. Reclassification of the etiology of infant mortality with whole-
genome sequencing. JAMA Netw. Open. 6, €2254069 (2023).

3. Stark, Z. & Scott, R. H. Genomic newborn screening for rare diseases. Nat. Rev.
Genet. 24, 755-766 (2023).

4. Kingsmore, S. F. et al. A genome sequencing system for universal newborn
screening, diagnosis, and precision medicine for severe genetic diseases. Am. J.
Hum. Genet. 109, 1605-1619 (2022).

5. Green, R. C. et al. Actionability of unanticipated monogenic disease risks in
newborn genomic screening: findings from the babyseq project. Am. J. Hum.
Genet. 110, 1034-1045 (2023).

6. Goldenberg, A. J. Integrating genomics into pediatric health care: the long road
ahead. Pediatrics 152, €2023061616 (2023).

7. Sobotka, S. A. & Ross, L. F. Newborn screening for neurodevelopmental disorders
may exacerbate health disparities. Pediatrics 152, 2023061727 (2023).

8. Furlow, B. Newborn genome screening in the usa: early steps on a challenging
path. Lancet Child. Adolesc. Health 7, 231-232 (2023).

9. Roundtable on genomics and precision health, board on health sciences policy,
health and medicine division, & national academies of sciences, engineering, and
medicine. The Promise and Perils of Next-Generation DNA Sequencing at Birth:
Proceedings of a Workshop-in Brief. 27243 (National Academies Press, Washington,
D.C,, 2023). https://doi.org/10.17226/27243

10. Grantham-McGregor, S. M., Powell, C. A,, Walker, S. P. & Himes, J. H. Nutritional
supplementation, psychosocial stimulation, and mental development of stunted
children: the jamaican study. Lancet 338, 1-5 (1991).

11. Mirea, A. et al. Physical therapy and nusinersen impact on spinal muscular
atrophy rehabilitative outcome. FBL 27, 179 (2022).

12. Stingone, J. A, Sedlar, S., Lim, S. & McVeigh, K. H. Receipt of early intervention
services before age 3 years and performance on third-grade standardized tests
among children exposed to lead. JAMA Pediatrics 176, 478-485 (2022).

13. Connolly, B. H., Morgan, S. B, Russell, F. F. & Fulliton, W. L. A Longitudinal study of
children with down syndrome who experienced early intervention programming.
Phys. Ther. 73, 170-179 (1993).

14. Reynolds, E. Blanchard, S., Jalazo, E., Chakraborty, P. & Bailey, D. B. Newborn
screening conditions: early intervention and probability of developmental delay.
J. Dev. Behav. Pediatr. 44, e379-e387 (2023).

15. Chung, W. K, Kanne, S. M. & Hu, Z. An opportunity to fill a gap for
newborn screening of neurodevelopmental disorders. Int. J. Neonatal Screen. 10,
33 (2024).

16. Ackerman, S. L., Brown, J. E. H., Zamora, A. & Outram, S. “I have fought for so many
things”: disadvantaged families’ efforts to obtain community-based services for
their child after genomic sequencing. AJOB Empir. Bioeth. 0, 1-10 (2023).

17. Grosse, S. D., Boyle, C. A, Kenneson, A., Khoury, M. J. & Wilfond, B. S. From public
health emergency to public health service: the implications of evolving criteria
for newborn screening panels. Pediatrics 117, 923-929 (2006).

Pediatric Research (2025) 97:1320-1326

K.E. MacDuffie et al.

18. Currier, R. & Puck, J. M. SCID newborn screening: what we've learned. J. Allergy
Clin. Immunology 147, 417-426 (2021).

19. Rock, M. J,, Baker, M., Antos, N. & Farrell, P. M. Refinement of newborn screening
for cystic fibrosis with next generation sequencing. Pediatric Pulmonol. 58,
778-787 (2023).

20. Orsini, J. J. et al. Newborn screening for krabbe disease in new york state: the first
eight years’ experience. Genet. Med. 18, 239-248 (2016).

21. Zhang, H. Rewvity Launches NGS Panel, workflow to complement current new-
born screening. GenomeWeb https://www.genomeweb.com/sequencing/revvity-
launches-ngs-panel-workflow-complement-current-newborn-screening (2024).

22. Roberts, J. L., Pereira, S. & McGuire, A. L. Should you profit from your genome?
Nat. Biotechnol. 35, 18-20 (2017).

23. Andrews, S. M, Porter, K. A, Bailey, D. B. & Peay, H. L. Preparing newborn
screening for the future: a collaborative stakeholder engagement exploring
challenges and opportunities to modernizing the newborn screening system.
BMC Pediatr. 22, 90 (2022).

24. Bailey, D. B. et al. Expert evaluation of strategies to modernize newborn screening
in the united states. JAMA Netw. Open. 4, e2140998 (2021).

25. Kingsmore, S. F. et al. A Randomized, controlled trial of the analytic and diag-
nostic performance of singleton and trio, rapid genome and exome sequencing
in ill infants. Am. J. Hum. Genet. 105, 719-733 (2019).

26. Smith, H. S. et al. Clinical application of genome and exome sequencing as a
diagnostic tool for pediatric patients: a scoping review of the literature. Genet.
Med. 21, 3-16 (2019).

27. Dimmock, D. et al. Project baby bear: rapid precision care incorporating rwgs in 5
california children’s hospitals demonstrates improved clinical outcomes and
reduced costs of care. Am. J. Hum. Genet. 108, 1231-1238 (2021).

28. Savatt, J. M. & Myers, S. M. Genetic testing in neurodevelopmental disorders.
Front. Pediatr. 9, 526779 (2021).

29. Manickam, K. et al. Exome and genome sequencing for pediatric patients with
congenital anomalies or intellectual disability: an evidence-based clinical guide-
line of the american college of medical genetics and genomics (ACMG). Genet.
Med. 23, 2029-2037 (2021).

30. Phillips, K. A, Douglas, M. P, Wordsworth, S., Buchanan, J. & Marshall, D. A.
Availability and funding of clinical genomic sequencing globally. BMJ Glob. Health
6, €004415 (2021).

31. Ceyhan-Birsoy, O. et al. Interpretation of genomic sequencing results in healthy
and ill newborns: results from the babyseq project. Am. J. Hum. Genet. 104, 76-93
(2019).

32. Smith, H. S. et al. The BabySeq Project: A clinical trial of genome sequencing in a
diverse cohort of infants. Am. J. Hum. Genet. 111, 2094-2106 (2024).

33. Christensen, K. et al. P491: enroliment of a diverse population into a trial of
newborn genomic sequencing: preliminary data from the babyseq project. Genet.
Med. Open 2, 101390 (2024).

34. Minten, T. et al. Determining the characteristics of genetic disorders that predict
inclusion in newborn genomic sequencing programs. Preprint at https://doi.org/
10.1101/2024.03.24.24304797 (2024).

35. Gold, N. B. et al. Perspectives of rare disease experts on newborn genome
sequencing. JAMA Netw. Open. 6, 2312231 (2023).

36. GUARDIAN study. Conditions screened. https://guardian-study.org/conditions-
screened/

37. Wojcik, M. H,, Stewart, J. E,, Waisbren, S. E. & Litt, J. S. Developmental support for
infants with genetic disorders. Pediatrics 145, €20190629 (2020).

38. Ellinwood, N. M. Newborn screening and the recommended uniform screening
panel: optimal submissions and suggested improvements based on an advocacy
organization’s decade-long experience. Am. J. Med. Genet. Part. C: Semin. Med.
Genet. 190, 156-161 (2022).

39. Kemper, A. R. et al. Decision-making process for conditions nominated to the
recommended uniform screening panel: statement of the us department of
health and human services secretary’s advisory committee on heritable disorders
in newborns and children. Genet. Med. 16, 183-187 (2014).

40. Armstrong, B. et al. Parental attitudes toward standard newborn screening and
newborn genomic sequencing: findings from the babyseq study. Front. Genet. 13,
867371 (2022).

41. Chung, W. K. et al. Newborn screening for neurodevelopmental diseases: are we
there yet? Am. J. Med. Genet. Part. C, Semin. Med. Genetics 190, 222-230 (2022).

42. Smith, H. S. et al. Parent-reported clinical utility of pediatric genomic sequencing.
Pediatrics 152, 2022060318 (2023).

43. Childerhose, J. E. et al. The Therapeutic odyssey: positioning genomic sequencing
in the search for a child’s best possible life. AJOB Empir. Bioeth. 12, 179-189
(2021).

44. Brothers, K. B. et al. Moving to the middle ground: redefining genomic utility to
expand understanding of familial benefit. Ethics Hum. Res. 46, 43-48 (2024).

45. Mei, Y. et al. Adult restoration of shank3 expression rescues selective autistic-like
phenotypes. Nature 530, 481-484 (2016).

SPRINGER NATURE


https://doi.org/10.17226/27243
https://www.genomeweb.com/sequencing/revvity-launches-ngs-panel-workflow-complement-current-newborn-screening
https://www.genomeweb.com/sequencing/revvity-launches-ngs-panel-workflow-complement-current-newborn-screening
https://doi.org/10.1101/2024.03.24.24304797
https://doi.org/10.1101/2024.03.24.24304797
https://guardian-study.org/conditions-screened/
https://guardian-study.org/conditions-screened/

K.E. MacDuffie et al.

1326

46.

47.

48.

49.

50.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Silva-Santos, S. et al. Ube3a reinstatement identifies distinct developmental
windows in a murine angelman syndrome model. J. Clin. Invest. 125, 2069-2076
(2015).

Tsai, P. T. et al. Sensitive periods for cerebellar-mediated autistic-like behaviors.
Cell Rep. 25, 357-367.e4 (2018).

Whitehouse, A. J. O. et al. Effect of preemptive intervention on developmental
outcomes among infants showing early signs of autism. JAMA Pediatr. 175,
€213298 (2021).

Achilly, N. P, Wang, W. & Zoghbi, H. Y. Presymptomatic training mitigates func-
tional deficits in @ mouse model of rett syndrome. Nature 592, 596-600 (2021).
Doyle, L. W. et al. Long term follow up of high risk children: who, why and how?
BMC Pediatrics 14, 279 (2014).

. Summers, J. et al. An integrated clinical approach to children at genetic risk for

neurodevelopmental and psychiatric conditions: interdisciplinary collaboration
and research infrastructure. J. Neurodev. Disord. 16, 37 (2024).

Education for All Handicapped Children Act. Public Law 94-142 89 Stat. 773 (1975).
Education of the Handicapped Act Amendments. Public Law 99-457 100 Stat. 1145
(1986).

ECTA. Early chidlhood technical assistance center: improving systems, practices,
and outcomes. ectacenter.org (2024).

Rosenberg, S. A., Robinson, C. C,, Shaw, E. F. & Ellison, M. C. Part C early inter-
vention for infants and toddlers: percentage eligible versus served. Pediatrics 131,
38-46 (2013).

Bailey, D. B. Early intervention and newborn screening: parallel roads or divergent
highways? Infants Young Child. 34, 3-16 (2021).

Hebbeler, K. et al. Early intervention for infants and toddlers with disabilities and
their families: participants, services, and outcomes. Final Report of the National
Early Intervention Longitudinal Study (NEILS) (2007).

20 USC Chapter 33, Subchapter lll: Infants and Toddlers with Disabilities. Public Law
108-446 118 Stat. 2746 (2004).

Zhao. who receives early intervention services in washington state? an analysis of
early support for infants and toddlers program administrative data. Education
Research & Data Center (2019).

Bailey, D. B. et al. Thirty-six-month outcomes for families of children who have
disabilities and participated in early intervention. Pediatrics 116, 1346-1352
(2005).

Raspa, M. et al. Measuring family outcomes in early intervention: findings from a
large-scale assessment. Exceptional Child. 76, 496-510 (2010).

Guralnick, M. J. Why Early Intervention Works. Infants Young Child. 24, 6-28
(2011).

Kuhn, J. et al. Parenting stress, child social functioning, and part c early inter-
vention in predominantly low-income families of children with or at high risk for
developmental delay from minoritized racial and ethnic groups. J. Early Inter-
vention 45, 467-487 (2023).

McManus, B., McCormick, M. C., Acevedo-Garcia, D., Ganz, M. & Hauser-Cram, P.
The effect of state early intervention eligibility policy on participation among a
cohort of young CSHCN. Pediatrics 124, S368-S374 (2009).

Javalkar, K. & Litt, J. S. Reason for referral predicts utilization and perceived
impact of early intervention services. J. Developmental Behav. Pediatrics 38, 706
(2017).

Mott, D. W. & Dunst, C. J. Use of presumptive eligibility for enrolling children in
part c early intervention. J. Early Intervention 29, 22-31 (2006).

Barger, B. et al. State variability in diagnosed conditions for idea part c eligibility.
Infants Young Child. 32, 231-244 (2019).

McManus, B. M., Magnusson, D. & Rosenberg, S. Restricting state part c eligibility
policy is associated with lower early intervention utilization. Matern. Child. Health
J. 18, 1031-1037 (2014).

SPRINGER NATURE

69. Reynolds, E. et al. State coordinator perceptions of linkages between
newborn screening and early intervention. J. Early Interv. 10538151231204816
(2023). https://doi.org/10.1177/10538151231204816.

70. Bailey, D. B. The krabbe conundrum-how are benefits and harms weighed to
determine the net benefit of screening? JAMA Pediatr. 177, 995-996 (2023).

71. Twardzik, E, MacDonald, M. & Dixon-Ibarra, A. The relationship between state
lead agency and enrollment into early intervention services. J. Early Interv. 39,
253-263 (2017).

72. Rosenberg, S. A., Zhang, D. & Robinson, C. C. Prevalence of developmental delays
and participation in early intervention services for young children. Pediatrics 121,
e1503-1509 (2008).

73. Cho, H. L., Danis, M. & Grady, C. Post-trial responsibilities beyond post-trial access.
Lancet 391, 1478-1479 (2018).

74. Gaviglio, A. M. et al. Gene-targeted therapies: towards equitable development,
diagnosis, and access. Am. J. Med. Genet. Part. C: Semin. Med. Genet. 193, 56-63
(2023).

AUTHOR CONTRIBUTIONS

KM. and B.C.: drafting the article, revising it critically for important intellectual
content, final approval of the version to be published. P.A, KB., D.D., AG., ER, H.S.,
AW., and J.H.Y.: revising critically for important intellectual content, final approval of
the version to be published.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to
Katherine E. MacDuffie.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Pediatric Research (2025) 97:1320-1326


https://doi.org/10.1177/10538151231204816
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Early Intervention services in the era of genomic medicine: setting a research agenda
	Introduction
	Current public health, medical, and research landscape for NBSeq
	Public health
	Clinical care
	Research

	Developmental needs of children with genetic disorders
	Strengths and limitations of the US EI system
	Part C EI eligibility
	Lack of coordination between state NBS and Part C EI programs

	Questions to guide future research
	Conclusion
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




