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Over the past 60years, preventative public health screening programs have evolved since their Revised 5 June 2025

inception and now include newborn screening (NBS) aimed at identifying infants after birth for a Accepted 26 June 2025
number of rare, congenital, inherited diseases. Most of the conditions detected through NBS are KEYWORDS
autosomal recessive disorders or exhibit X-linked inheritance, meaning that family members of Newborn screening;
individuals with these conditions have a higher risk for being either affected or obligate prevention; relative;
heterozygotes. For example, the X-linked adrenoleukodystrophy (X-ALD) in the screening panel inheritance; reverse
identifies affected newborns and asymptomatic relatives through subsequent testing. Thus, NBS cascade screening
becomes a gateway to family-wide prevention, through the application of reverse cascade testing

(RCS). In this paper we examined the scenarios where RCS may be appropriate. Accordingly, we

have identified a list of criteria assessing whether a NBS disease would benefit from RCS: (1)

autosomal recessive or X-linked inheritance; (2) high carrier rates, (3) variable expressivity, (4) mild

or late-onset forms; and (5) association with diagnostic delays and recent addition to the screening

panel. More than one criterion usually needs to be met for a disease to benefit from RCS. We have

identified a list of diseases and highlighted the potential benefits of RCS: X-ALD, Cystic Fibrosis,

Sickle Cell Disease, Spinal Muscular Atrophy and Pompe disease. There are additional scenarios

within NBS where disease maternal conditions (3-methylcrotonyl-CoA carboxylase deficiency and

carnitine uptake deficiency) or nutritional maternal conditions (vitamin B12 deficiency) may cause

a screen-positive NBS result. Whenever a maternal nutritional deficiency is a potential reason for

a positive NBS, this is indicative of a non-inherited condition that may require treatment in the

newborn owing to possible neurological damage and delay in normal growth in newborns with

certain secondary deficiencies. For these cases RCS is recommended, as the mother’s status may

put her at risk for future adverse events (i.e. cardiovascular and musculoskeletal disorders, hepatic

involvement, and neurodegeneration). The RCS-NBS strategy discussed in this paper offers a set of

criteria against which diseases can be assessed for the potential need for RCS. Implementation of

this strategy requires several considerations including educational needs, ethical issues, uptake of

testing, logistics and costs for this expanded screening and counseling, and availability of

appropriate specialists for ongoing management.
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Background

In 2015, the United Nations identified and adopted 17
Sustainable Development Goals (SDG) toward securing
the rights and well-being of all people [1]. Goal Three of
the SDGs broadly focuses on good health and well-being
with the aim of providing access to essential health ser-
vices for the global population [2]. The World Health
Organization, in support of achieving Goal Three also
identified key targets to create action. These targets
include reducing maternal mortality, ending all prevent-
able deaths under 5years of age, and reduce mortality
from non-communicable disease through prevention
and treatment [3].

Preventative public health screening programs have
evolved since their inception in the early 1960s and
include newborn screening as well as initiatives like
the Centers for Disease Control and Prevention’s (CDC)
Tier 1 applications for screening for diseases like famil-
ial hypercholesterolemia (FH) and hereditary cancer
syndromes like Lynch syndrome [4,5]. The increase of
these programs, although with large variations in
implementation across countries have undoubtedly
contributed to lower mortality and morbidity trends
overtime. Indeed, childhood mortality under 5years of
age has reached a historic low, dropping by 59% in
35years, but is still mainly associated with preventable
and treatable causes (e.g. preterm birth, pneumonia,
and diarrhea) with huge global inequalities (highest
mortality rate for Sub-Saharan Africa) [6,7].

While these achievements are notable, the integra-
tion of advanced screening methodologies that allow
for multiplexing and improved analytical performance
(i.e. next-generation sequencing and/or tandem mass
spectrometry) into public health frameworks has not
been uniform globally, creating differences in access
and outcomes. For instance, high-income countries like
the United States and those in Western Europe have
implemented comprehensive newborn screening pan-
els that detect dozens of conditions, while many low-
and middle-income countries screen for only a handful
of diseases, if at all [8]. This gap is compounded by
differences in healthcare infrastructure, funding, and
trained personnel, which limit the scalability of such
programs. The success of screening initiatives in reduc-
ing under-5 mortality also masks persistent challenges,
such as the underdiagnosis of conditions with later
onset or variable phenotypes, which may not manifest
until after the neonatal period [9]. Moreover, the focus
on individual-level outcomes has historically overshad-
owed the potential for family-wide benefits, an area
where reverse cascade screening (RCS) could play a
transformative role [10-12]. The evolution of these

programs reflects not only technological advancements
but also a growing recognition of the social determi-
nants of health, such as access to education and
genetic counseling, which are critical for maximizing
their impact.

Preventive screening programs include newborn
screening (NBS) which may detect, early after birth,
autosomal recessive or X-linked disorders. Family mem-
bers of individuals with these conditions have a higher
risk for being either affected or obligate heterozygotes.
The purpose of this review is to summarize the poten-
tial applicability of RCS to NBS by identifying a list of
criteria assessing whether a NBS disease would benefit
from RCS. Accordingly, we examined those NBS disor-
ders where RCS may be appropriate, supporting by
evidence published in the literature.

Newborn screening

Newborn screening is a public health program aimed
at screening infants shortly after birth for a number of
rare, congenital, often inherited diseases. Early screen-
ing through this process allows for timely diagnosis
and administration of treatment prior to symptom
onset, which greatly improves health outcomes for
these infants [13].

Newborn screening is accomplished through labora-
tory analysis of dried blood spots typically collected
within three days of life via heelstick. Numerous bio-
chemical and molecular biomarkers are analyzed in a
high throughput environment with the aim of timely
identification of at-risk newborns. In the US, it has
been estimated that over 7,600 newborns are identi-
fied each year with a condition on the Federal
Recommended Uniform Screening Panel [13]. This
number is expected to grow as more diseases are
added to screening panels in the future, meaning that
newborn screening may have an even greater impact
on addressing Goal Three of the UN’s Sustainable
Development Goals. Indeed, the expansion of newborn
screening panels has expedited in recent years owing
to both technological and therapeutic advancements,
and this evolution will necessitate new ways to address
the public health and family unit impact of this screen
beyond the identified newborn [14].

While diseases included on newborn screening pan-
els worldwide largely include inborn metabolic dis-
eases (IMDs), screening is now also able to detect
numerous other categories of diseases including, but
not limited to endocrine, immune, respiratory, and
neurological conditions [13]. While most of the condi-
tions detected through newborn screening are inher-
ited in an autosomal recessive manner, several diseases



now included on screening panels exhibit X-linked
inheritance, meaning that family members of individu-
als with these conditions have a higher risk for being
either affected or obligate heterozygotes [13].

For example, the addition of X-linked adrenoleukodys-
trophy (X-ALD) to the U.S. Recommended Uniform
Screening Panel (RUSP) in 2016 prompted programs like
Minnesota to identify not just affected newborns but also
dozens of asymptomatic relatives through subsequent
testing [15]. This shift highlights a critical evolution: NBS
is no longer just a tool for individual health but a gate-
way to family-wide prevention. However, this expansion
also raises logistical challenges, such as standardizing
screening protocols across jurisdictions, managing false
positives, and ensuring equitable access to follow-up care.
In Low- and Middle-Income Countries, where resources
are limited, the reliance on heel-stick blood spots remains
a double-edged sword; portable and cost-effective yet
constrained by the need for sophisticated laboratory
analysis often unavailable locally [8,16]. Addressing these
differences will require international collaboration, poten-
tially through initiatives like the WHO’s Essential
Diagnostics List, to ensure NBS fulfills its global health
potential.

Reverse cascade screening

The conceptual framework of RCS builds on the princi-
ple of leveraging an index case to uncover a network of
at-risk individuals, a strategy rooted in genetic epidemi-
ology. Unlike traditional cascade screening, which often
starts with an affected adult and works downward to
younger relatives (usually discussed in the realm of
inherited cancer conditions like Lynch syndrome and
hereditary breast and ovarian cancer) [17], RCS inverts
this approach, using a child’s diagnosis to trace risk
upward and laterally through the family tree [18]. This
inversion is particularly powerful in pediatric settings,
where early identification can preempt decades of
untreated disease progression in relatives. For instance,
in Familial Hypercholesterolemia (FH), the identification
of a child with heterozygous FH (HeFH) prompts testing
of parents, who may be unaware of their own condition,
and siblings, who share a 50% risk [12].

Reverse cascade screening has most notably been
used in FH and Hereditary Hypercholesterolemia (HH).
Literature describing the use of RCS for these disorders
has generally suggested that the following consider-
ations should be taken into account when considering
implementing an RCS mechanism for a particular dis-
ease [12,19-26]. The first is the prevalence of the dis-
ease in the general populations along with the ability
to reliably identify those individuals at higher risk. The
second is appreciating an individual’s response to

CRITICAL REVIEWS IN CLINICAL LABORATORY SCIENCES e 3

screening and ability to adhere to and access subse-
quent recommendations for disease mitigation. And
finally, RCS programs should understand the costs
associated with screening, including the need for
genetic counseling and various therapeutic or lifestyle
interventions [27]. RCS programs for FH as described in
the literature are further elucidated below.

Familial hypercholesterolemia

Familial hypercholesterolemia (FH) is a genetically
diverse condition, which is biochemically characterized
by increased levels of low-density lipoproteins (LDL)
[21]. FH is caused by pathogenic variants in one of
four genes, LDLR, APOB, PCSK9, or LDLRAPI. FH is most
commonly caused by pathogenic variants in LDLR,
APOB, PCSK9 and exhibits an autosomal dominant
inheritance pattern [25]. FH caused by pathogenic vari-
ants in LDLRAPIT exhibit autosomal recessive inheri-
tance [26].

In the autosomal dominant forms of FH, individuals
with pathogenic variants in both copies of the gene
(Homozygous FH or HoFH) experience more severe
symptoms and higher cholesterol levels compared to
those with a single altered gene (HeFH). HeFH is rela-
tively common, affecting about 1 in 300 to 1 in 500
people worldwide [27]. This prevalence can be higher
in certain populations, such as French Canadians,
where it can be as high as 1 in 80 [28]. HoFH is con-
siderably rarer, with a reported prevalence of around 1
in 1,000,000 people [27].

Treatment of FH involves a combination of medica-
tions (use of statins), lifestyle changes, and, in some
cases, medical procedures to lower LDL cholesterol lev-
els and reduce the risk of cardiovascular disease. Early
and aggressive treatment and lifelong monitoring has
been shown to achieve the best outcomes with indi-
viduals able to achieve near-normal life expectancy
and significant reduction in cardiovascular risk [27-29].
The homozygous form of FH, however, is more chal-
lenging to treat since they express little or no activity
from the LDL receptor and exhibit extremely high LDL
levels [30].

Despite the high prevalence of FH and effective
treatment options, FH remains largely underdiagnosed
and undertreated. Some studies suggest that only
around 20% of individuals with FH are diagnosed, with
a lesser percentage receiving adequate treatments [27].

These deficiencies in diagnosis and treatment have
led numerous groups to explore options for increased
awareness and implementation of public health-level
screening programs. To this end, two approaches have
been suggested, including universal screening during
childhood (typically between the ages of 9 and 11),
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and cascade screening of family members of individu-
als diagnosed with FH [19,22,29]. This approach aims
to identify other affected relatives who may not yet
show symptoms. A combined approach of universal
screening followed by reverse cascade screening is
thought to provide the most public health benefit and
several implementation studies across the globe have
shown successful identification and treatment of
affected individuals [31].

Reverse cascade screening for FH has been reported
as a cost-effective way to identify patients and prevent
cardiovascular disease. However, this assertion relies on
several assumptions including high uptake and adher-
ence to therapeutic strategies for those found to be
affected [32].

Universal RCS programs for FH have most notably
been implemented outside of the US with reported
success. For example, between 1994 and 2014, the cas-
cade screening program in the Netherlands identified
28,000 patients with FH, subsequently enrolling these
patients into a central, national database. Owing to the
success of this program, since 2014, cascade screening
for FH has been integrated in the regular Dutch health
care system [33,34]. Slovakia has similarly implemented
a FH screening program, reporting nearly 95% of
6-14-year-old children undergoing screening during
the period of 2019-2020 [35].

Potential use of RCS in newborn screening

FH serves as a flagship example of how RCS can trans-
form public health outcomes by lowering the morbidity
and mortality associated with cardiovascular disor-
ders [36].

However, its lessons are only partially applicable to
NBS. Applying FH's RCS lessons to NBS requires adapt-
ing to pediatric timelines and associated cultural and
practical considerations in genetics and pediatric care.
For example, in many cases, newborns can't wait years
for relatives to be tested, cultural attitudes toward
genetic testing and practical considerations regarding
insurance coverage and genetic counseling and treat-
ment access must be addressed [37].

While newborn screening has historically focused
on the individual infant, there have been calls to
expand the discussions around benefit of NBS to
include the entire family unit. However, many NBS
conditions involve complex metabolic pathways or
variable expressivity, complicating RCS implementa-
tion. One way to expand benefit of NBS beyond the
newborn is to examine scenarios where reverse cas-
cade screening may be appropriate. The criteria used

in this study to identify whether a NBS disease would
benefit from RCS are outlined below. More than one
criterion usually needs to be met for a disease to
benefit from RCS. These include:

1. The disease needs to be inherited (autosomal
recessive or X-linked) making family testing rel-
evant. On the contrary, a disorder like congeni-
tal hypothyroidism is often sporadic or have low
recurrence risk, reducing familial relevance.

2. The disease should have relatively high carrier
rates, which increases the likelihood of affected
relatives.

3. The disease should have variable expressivity.
Mild or late-onset forms are often missed with-
out proactive screening. Time-critical disorders
without mild or late-onset forms such as
Medium-Chain Acyl-Coa Dehydrogenase defi-
ciency and Citrullinemia Type | do not benefit
from RCS as undiagnosed cases are unlikely to
remain asymptomatic beyond infancy.

4. The disease should result in diagnostic delays
and have been a recent (within 5 years) addi-
tion to a jurisdiction’s screening panel. Either
the disease was recently added into the screen-
ing panel, increasing the likelihood of undiag-
nosed relatives and/or the onset of the disease
can manifest years later, has high severity, but is
treatable before symptom manifestation which
is shown to improve outcomes.

Given the ongoing expansion of newborn screening
panels incorporating a wider range of diseases with
variable onsets and phenotypes, there now exists sev-
eral situations where reverse cascade screening after a
screen-positive newborn screening result should be
considered owing to the above criteria (Table 1). These
are described in more detail below.

Diseases exhibiting X-linked inheritance

In recent years, particularly in the US, diseases exhibit-
ing X-linked inheritance have been added to newborn
screening panels. This represents a departure from his-
torical newborn screening diseases, which were auto-
somal recessive in nature, and thus, family members
had a low risk of also being affected (though siblings
of the proband have a 25% risk of being affected) [38].

In X-linked diseases, on the other hand, family
members - especially males — have a 50% risk of being
affected in families where the index case is not due to
a de novo variant. As a result, it is important for family
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Table 1. Evaluation of RUSP disorders against criteria for reverse Cascade screening utility.

Criteria met:
1. Inherited disease
2. High carrier rate

RUSP disease RCS benefit 3. Variable expressivity Additional comments

3-Hydroxy-3-methyglutaric aciduria Low 1 Clinically urgent/early onset

3-Methylcrotonyl-CoA carboxylase deficiency Low 1

3-Ketothiolase deficiency Low 1 Clinically urgent/early onset

Glutaric acidemia type | Low 1 Clinically urgent/early onset

Holocarboxylase synthase deficiency Low 1 Clinically urgent/early onset

Isovaleric acidemia Low 1 Clinically urgent/early onset

Methylmalonic acidemia (cobalamin disorders) High 1 While not at risk for disease, maternal
B12 deficiency has been shown to be
a common cause for positive NBS
results

Methylmalonic acidemia (methylmalonyl-CoA mutase) High 1 While not at risk for disease, maternal
B12 deficiency has been shown to be
a common cause for positive NBS
results

Propionic acidemia High 1 While not at risk for disease, maternal
B12 deficiency has been shown to be
a common cause for positive NBS
results

Carnitine uptake defect/carnitine transport defect Low 1

Long-chain L-3 hydroxyacyl-CoA dehydrogenase deficiency Low 1

Medium-chain acyl-CoA dehydrogenase deficiency Low 1 Clinically urgent/early onset

Trifunctional protein deficiency Low 1

Very long-chain acyl-CoA dehydrogenase deficiency Low 1 Clinically urgent/early onset

Argininosuccinic aciduria Low 1 Clinically urgent/early onset

Citrullinemia, type | Low 1 Clinically urgent/early onset

Classic phenylketonuria Low 1

Homocystinuria Low 1

Maple sirup urine disease Low 1 Clinically urgent/early onset

Tyrosinemia, type | Low 1

Congenital adrenal hyperplasia Medium 1,2

Primary congenital hypothyrodisim Low None

S, Beta-thalassemia High 1,2

S,S disease (Sickle cell anemia) High 1,2

Biotinidase deficiency Low 1

Classic galactosemia Low 1

Cystic fibrosis High 1,23

Glycogen storage disease type Il (Pompe) High 1,23

Guanidinoacetate methyltransferase deficiency Low 1

Infantile Krabbe diseases Low 1 Clinically urgent/early onset

Mucopolysaccharidosis type | Low 1

Mucopolysaccharidosis type |l Medium 1 X-linked inheritance

Severe combined immunodeficiencies Low 1

Spinal muscular atrophy Medium 1,23

X-linked adrenoleukodystrophy High 1,3

members of newborns to be identified and offered
testing [38].

The relatively recent addition of X-ALD to newborn
screening panels has highlighted the importance of
reverse cascade testing, with one NBS program report-
ing numerous family members subsequently diagnosed
after newborn screening [15]. In the case of X-ALD and
several other X-linked diseases being potentially consid-
ered for NBS, RCS should include assessment of both
males and adult females as it has become clear in recent
years that female heterozygotes of some X-linked dis-
eases can also present with symptoms and can benefit
from monitoring and management [39].

It is worth noting, that implementation of NBS for
X-linked diseases has varied globally with some coun-
tries (e.g. Netherlands) choosing to only screen biologic
males and others (e.g. USA) opting to screen both

biologic males and females. This variability highlights
differences in how countries may view the goals of NBS,
with some focusing on newborn screening algorithms
that center on those affected with severe, earlier onset
sequelae and others considering a broader family impact
framework. Regardless of implementation strategy
employed, however, RCS following a diagnosis of an
X-linked disease through NBS should include adult bio-
logic females given both the risk for symptomatology in
those found to be heterozygotes and in the down-
stream 50% risk of having an affected male child.

Currently, there are four diseases on US-based NBS
panels that are inherited in an X-linked manner — Severe
Combined Immune Deficiency caused by pathogenic
variants in the IL2RG gene (also known as X-linked
SCID), Mucopolysaccharidosis Type Il (MPS 1I), X-ALD,
and Fabry disease [40-42].
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Like X-ALD, RCS is important in Fabry disease for
both male and female relatives given its wide clinical
spectrum and high penetrance, which leads to an
increased likelihood of undiagnosed affected family
members [43]. In fact, one study found that an addi-
tional 4.8 family members were diagnosed after identi-
fication of the index patient [44].

Owing to the typically severe and early-onset nature
of X-linked SCID, RCS may be less necessary in this dis-
ease as older male family members without symptoms
are unlikely to be affected and female heterozygotes
have not been shown to have signs and symptoms [15].
Similar to X-linked SCID, female MPS Il heterozygotes
typically do not exhibit any signs and symptoms, so the
benefit of RCS in these individuals is largely for future
reproductive risk. However, in males, attenuated forms
of MPS Il exist and male relatives may be at risk for a
milder phenotype that might escape clinical detection,
most notably males with valvular disease [45].

Identification of female heterozygotes of X-linked
diseases, while beneficial in cases where female het-
erozygotes exhibit symptoms and for future reproduc-
tive planning, has been more controversial. For
example, although no cure exists, early detection of
signs and symptoms of adrenomyeloneuropathy (AMN)
symptoms seen in some females (e.g. progressive stiff-
ness, weakness in legs, or adrenal insufficiency) can
lead to supportive treatments like physical therapy or
hormone replacement therapy for adrenal dysfunction,
potentially improving quality of life [46]. In addition,
knowing one’s carrier status may empower mothers to
make informed reproductive decisions, such as pursu-
ing genetic counseling or other reproductive options
[47]. Finally, identifying carriers could contribute to
longitudinal studies on ALD progression in females,
improving understanding of AMN’s natural history and
potential treatments. However, this particular benefit
typically falls outside of the scope and primary intent
of public health initiatives like NBS. On the other
hand, learning of carrier status and the risk of devel-
oping AMN later in life may cause anxiety, stress, or
depression, especially since no preventive treatment
exists for AMN onset [39]. The concern is further com-
plicated by the fact that not all carrier mothers
develop AMN (estimates suggest 20-65% may show
symptoms by age 60), and the severity and timing are
unpredictable [39]. This uncertainty can lead to unnec-
essary worry or over-medicalization for those who
remain asymptomatic.

Other X-linked diseases, most notably, Duchenne
Muscular Dystrophy (DMD) are likely to be added to
NBS panels. In fact, as of this writing, a few states in
the US have already begun screening for DMD. As

these diseases continue to be added, public health
implementation strategies for universal NBS should
consider the need for RCS, especially for programs that
seek to expand the benefits of NBS beyond the new-
born to the broader family unit [48].

Reasonably prevalent diseases with variable
phenotypes

Though NBS generally focuses on diseases considered
to be rare (defined in the US as those diseases affect-
ing fewer than 200,000 people) there are several dis-
eases included on NBS panels that have higher birth
prevalences. These include Cystic Fibrosis (CF; about 1
in 3000 live births) [49], Sickle Cell Disease (SCD; about
1 in 365 live births of African ancestry) [50], Spinal
Muscular Atrophy (SMA; about 1 in 6000 live births)
[51], and Pompe disease (PD; about 1 in 18,700 live
births) [52].

In addition to being relatively prevalent in the con-
text of being rare, these diseases also have wide rang-
ing phenotypes, including milder and later-onset
variants that may not be detected clinically. Because
these diseases have higher prevalences, carrier rates
are also higher (about 1 in 25 for CF; 1 in 20 for SCD;
1 in 40 for SMA; and 1 in 70 for PD) increasing odds
that additional family members may be affected.
Additionally, family members may have milder varia-
tions and so may be unaware of their disease status
[49-52].

Diseases with variable phenotypes, like CF and
Pompe, exemplify RCS's potential to unravel hidden
familial risks. CF’s prevalence means that a newborn
diagnosis often triggers a cascade of revelations as
several studies have found that only around 3-8% of
CF babies identified by NBS had a known family his-
tory [53]. For Pompe disease, late-onset forms (LOPD)
reportedly affect 1 in 57,000 adults, often presenting
as nonspecific myopathy. The nonspecific presentation
overlapping with common conditions (e.g. muscular
dystrophies, chronic fatigue syndrome) often leads to
misdiagnosis and 6-10years before a correct diagnosis
[54]. RCS has the potential to significantly decrease
the time to diagnosis for LOPD. These examples reveal
the pattern that higher carrier rates amplify RCS’s yield,
but variable expressivity often demands more sophis-
ticated diagnostics (e.g. next generation sequencing
for CFTR pathogenic variants) and expertise to inter-
pret results [55]. Barriers include low awareness as the
onus is on parents to inform immediate and wider
family members about the risks and carrier testing
options, only 41% of relatives eligible for testing pur-
sue CF carrier testing in Europe [56].



Newly implemented diseases

The addition of new diseases to NBS panels creates a
generational divide as older siblings and relatives did
not have the same screening opportunities, making
RCS a bridge to early detection for these individuals. In
a California study, Matteson et al. found that 38% of
SMA cases identified by newborn screening reported
prior family history [57]. As such, RCS, especially of sib-
lings of identified newborns should be recommended.
In some cases, as in diseases with latent periods like
X-ALD, the higher need for early diagnosis and subse-
quent treatment administration actually lies with the
older siblings/relatives.

In these cases, specialists involved in NBS programs
should be prepared to recommend timely RCS of sib-
lings. In some cases (e.g. symptomatic newborn, high
suspicion based on screening results or technology
used), it may even be appropriate to suggest that sib-
lings get a diagnostic work-up at the same time as the
screen-positive newborn. Programs should be prepared
that they may receive requests to screen older siblings
using their residual dried blood spots (if retained by
the program) and should develop policies around
either providing this ancillary screening or recom-
mending these individuals receive a diagnostic evalua-
tion instead.

The issue of DBS retention and its impact to RCS
could be overcome technologically through the use of
whole genome sequencing (WGS), to sequence every
newborn’s entire genome at birth, and storing this dig-
ital data. While there are current research projects
examining the application of WGS in newborns, its
potential integration into public health-based newborn
screening remains controversial and complex. Certainly,
more work will need to be done to examine the logis-
tical, ethical, and legal aspects of the use of this type
of technology in the public health domain [58,59].

However, if WGS were to be integrated with longer
term data storage, bioinformatics tools could then be
utilized to filter the data (i.e. through the use of mask-
ing software), reporting only variants associated with
the state/country’s NBS panel. This solution could
enhance RCS's ability to identify at-risk relatives with-
out physical sample constraints. While technologically
feasible, its success hinges on addressing cost, ethics,
and public trust, challenges that, if met, could redefine
NBS and RCS as a unified genomic strategy.

Maternal conditions/interferences that may lead
to positive newborn screening results

There are several scenarios within NBS where maternal
conditions may cause a screen-positive NBS result. The
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two most commonly detected maternal conditions
through newborn screening are 3-methylcrotonyl-CoA
carboxylase deficiency (3-MCC) and carnitine uptake
deficiency (CUD). These scenarios are elucidated
more below.

3-MCC’s and CUD's detection via NBS often serves
as an unexpected window into maternal health con-
firmed through RCS. Koeberl et al. in US and Rips et al.
in Israel reported 20-55% of newborns screening posi-
tive for 3-MCC were actually due to maternal cases
(approximately 1:40,000) [60,61]. Although many of the
maternal cases were asymptomatic, several of them
reported fatigue or muscle weakness, previously
attributed to postpartum recovery. RCS in 3-MCC is
straightforward; maternal blood tests confirm a diag-
nosis, but interpretation can be tricky as elevated
C50H-acylcarnitine in asymptomatic mothers may
reflect dietary factors such as dietary leucine intake
and not disease [60,61]. Lee et al. in Taiwan, reported
about 30% of NBS-positive CUD cases to be maternal
cases (approximately 1:33,000) [62]. Most of the cases
were asymptomatic, but there was a case of dilated
cardiomyopathy at diagnosis which improved after
treatment. The use of RCS to detect maternal carrier
status or disease raise some ethical dilemmas, such as
whether all mothers of positive babies be tested, even
if asymptomatic [63].

In addition to the above, non-genetic maternal con-
ditions can be detected through NBS. For example,
maternal vitamin B12 deficiency is often detected as a
result of screening for methylmalonic acidemia (MMA)
and propionic acidemia (PA). This is because maternal
B12 deficiency can result in elevations of propionylcar-
nitine, which is used as the primary biomarker for NBS
for MMA and PA. As a result, many programs recom-
mend that both the newborn and their biological
mother be worked up after a positive NBS result [64].
Although there is not a general consensus, whenever a
maternal nutritional deficiency is a potential reason for
a positive NBS, this is indicative of a non-inherited con-
dition that may require treatment in the newborn
owing to possible neurological damage and delay in
normal growth in newborns with certain secondary
deficiencies. For these cases RCS is recommended, as
the mother’s status may put her at risk for future
adverse events (i.e. cardiovascular and musculoskeletal
disorders, hepatic involvement, and neurodegenera-
tion) [65,66].

Discussion

This paper proposes considerations for the applicability
of RCS for diseases currently included on newborn
screening panels. While NBS has, historically, focused
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on the health of the screened newborn, calls for appre-
ciating NBS as a system, inclusive of the family unit
have recently grown. As a result, it is appropriate to
begin considering the need for RCS at the intersec-
tion of NBS.

The RCS-NBS strategy discussed in this paper offers
a set of criteria against which diseases can be assessed
for the potential need for RCS. Of course, this assess-
ment is only the first step in reaching the potential of
RCS in this context. Implementation of this strategy
requires several considerations taken from the experi-
ence of programs assessing RCS for FH. These consid-
erations include educational needs of healthcare
providers, disclosure of results, uptake of RCS testing,
logistics and costs for this expanded screening and
counseling, and availability of appropriate specialists
for ongoing management.

Disclosing genetic testing results and associated risk
to relatives is complicated and nuanced. Healthcare
providers should be prepared to support and guide
this communication. Particularly, assessing the family’s
feelings or reactions toward this potential communica-
tion and considering family dynamics, values, and pre-
vious openness around health issues is crucial [67].
Providing informational letters and resources that fam-
ilies can share with relatives has been shown to
improve family communications around health risk
[68]. Families and healthcare professionals should also
be prepared for a variety of responses from relatives
ranging from positive and agreement to be tested to
those that show little interest in the information to
overt negative push back. Though there may be a
defined benefit to RCS in many cases, the autonomy of
relatives to decide what they want to know and when
they want to know it should always be preserved.

Additionally, a noteworthy consideration when eval-
uating RCS is the very limited availability of specialists
who are knowledgeable in the adult manifestations of
NBS-identified disorders. This is a crucial consideration
not only for the implementation of RCS, but for the
eventual management of newborns as they become
adults. The long-term adult consequences and out-
comes of these diseases are poorly studied and under-
stood, which is of growing concern as newborn
screening continues to evolve. Ultimately, it will not be
appropriate for this oversight to solely be the respon-
sibility of general adult medicine specialists, and the
infrastructure for transition to and ongoing adult care
must be considered.

Future work in this area will need to examine the
infrastructure needed across jurisdictions to apply RCS
after NBS, inclusive of economic evaluations accounting

for the various costs associated with RCS as compared
to the benefits measured in terms of improved health
outcomes. Beyond the availability of the technology,
funding and approved therapies, the different cultural
backgrounds may significantly affect the implementa-
tion of screening for some disorders across countries.
For instance, the Health Council of the Netherlands rec-
ommended that only male newborns should be
screened for X-ALD, and females are not considered eli-
gible for screening, since they would develop the
non-treatable myelopathy in adulthood. Conversely, US
has opted to conduct carrier screening by NBS of
females [69]. Accounting for the several indirect advan-
tages of screening girls to establish an early diagnosis
of X-ALD, this policy prioritizes the health of the patient
and of the family unit over the individual infant.

This paper represents the first assessment of the
potential value of RCS after NBS in identifying affected
relatives and serves as a foundation for consideration
of current and future diseases that may be added to
NBS panels. As NBS panels expand and new approaches,
like whole genome sequencing, are integrated into the
newborn period, an expanded system of familial care
post NBS will likely be needed.
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