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Therapid development of therapies for severe and rare genetic conditions
underlines the need to incorporate first-tier genetic testing into newborn
screening (NBS) programs. A workflow was developed to screen newborns
for 165 treatable pediatric disorders by deep sequencing of regions of
interestin 405 genes. The prospective observational BabyDetect pilot
project was launched in September 2022 in a maternity ward of a public
hospital inthe Liege area, Belgium. In this ongoing observational study,
4,260 families have been informed of the project, and 3,847 consented to
participate. To date, 71 disease cases have beenidentified, 30 of which were
not detected by conventional NBS. Glucose-6-phosphate dehydrogenase
deficiency was the most frequent disorder detected, with 44 positive
individuals. Of the remaining 27 cases, 17 were recessive disorders. We also
identified one false-positive case in anewbornin whom two variantsin the
AGXT gene were identified, which were subsequently shown to be located
onthe maternal allele. Nine heterozygous variants were identified in genes
associated with dominant conditions. Results from the BabyDetect project
demonstrate the importance of integrating biochemical and genomic
methodsin NBS programs. Challenges must be addressed in variant
interpretation within a presymptomatic population andin result reporting
and diagnostic confirmation.

Every year, thousands of children are born with rare genetic dis-
eases that may lead to death or lifelong disability’. Newborn
screening (NBS) has been used for decades to identify treatable
conditions before the onset of the first symptoms to allow timely
interventions that can prevent or minimize long-term health
effects. Traditionally, NBS involves collecting a few drops of blood
immediately after birth and analyzing this sample by biochemical
methods to detect the presence of specific biomarkers. The inclu-
sion of new conditions into an NBS program is driven by criteria
formulated by Wilson and Jungner?in 1968. The criteria include the

existence of an effective treatment and a reliable and cost-effective
analytical method.

Recent technological advances have led to the identification of
the genetic causes of several diseases, and the rate of introduction of
new therapies for rare diseases has remarkably increased in the past
decade’. Spinal muscular atrophy and severe combined immunode-
ficiency are examples of diseases for which new treatments are now
available. Importantly, these treatments are most effective if initiated
before symptoms appear*. The US Food and Drug Administration
estimates that by 2025, there will be 10-20 new cell and gene therapy
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Table 1| Characteristics of the newborn population

Characteristics n (%)
Sex
Male 1,957 50.9
Female 1,890 491
Birth weight (g)
<2,500 478 124
2,500-4,000 3,155 82.0
>4,000 214 5.6

Gestational age (weeks)

<37 497 12.9
37-38 964 251
39-40 2,092 54.4
>40 294 76

approvals per year’, and it is expected that early or presymptomatic
administration of treatments will be correlated with higher life expec-
tancy, avoidance of severe disabilities and fewer complications.

The rarity and lack of medical awareness of rare genetic diseases
often lead to a long diagnostic journey, as biomarkers that can be
detected by biochemical assays have not been identified for many
rare disorders. This has prompted a growing interest in expanding
NBS by integrating genomic technologies® ™. In September 2022,
we launched the BabyDetect project (ClinicalTrials.gov identifier:
NCT05687474; www.babydetect.com) to explore the feasibility and
acceptability of a population-based, first-tier genomic NBS using tar-
geted next-generation sequencing (tNGS). We report here the results
of the first 18 months of this ongoing observational study, which was
conducted in asingle maternity ward in southern Belgium.

Results

Screened population and samples

From September 2022 to the end of April 2024, the families of 4,260
neonates were informed of the BabyDetect trial. A total of 3,847 neo-
nates were enrolled, corresponding to a 90% acceptance rate. Most
(53%) of the parents who opted not to enroll their baby in the study did
not disclose a reason for their refusal. Among those who were more
forthcoming, the primary rationale was that they deemed the test
unnecessary considering that the family and siblings were healthy,
the pregnancy had proceeded smoothly or the child appeared to be
in good health®. The characteristics of the newborns enrolled in the
study are presented in Table 1. Of the 3,847 samples analyzed, 84 (2.2%)
were retested because of technical issues. The main reasons for testing
failures were sample cross-contamination (n=16), sequencing worksta-
tion failure (n = 48) and poor library quality (n =20).

Variant filtering and review

Thelistof genesincluded in BabyDetect target panel is shownin Fig. 1.
Zygosity criteria for variant reporting are outlined in Fig. 2. Between
4,000and 11,000 variants were inferred for each neonate. A dedicated
classificationtree onthe Alissa Interpret platformwas used to automati-
cally process variants. The sorting algorithm consisted of a sequence
of filters and output bins with optional labels and scores, incorporated
intoadecisiontree topology. The tree allowed us to systematically tri-
age and classify variants. Benign and likely benign variants and variants
of unknownssignificance (VUS) were discarded by the tree, and patho-
genic or likely pathogenic genome variants were flagged for manual
review before reporting. To comply with the requirement for actionable
screening, we report only variants with genotypes known to be associ-
ated withadisease. Figure 3 summarizes the applied filtering criteria.

After filtering, flagged samples were manually reviewed to validate
variant classification as pathogenic or likely pathogenic and to rule
out any potential conflicting interpretations before reporting. This
variant review included the American College of Medical Genetics and
Genomics interpretation using the Franklin'*" and VarSome'° tools, an
extended literature review, and correlation with biochemical results
when available. Samples were considered negative if no consensus
on the variant was found among the ClinVar, VarSome and Franklin
databases.

Positive screening cases

In this ongoing observational study, 3,847 neonates have been tested
thus far. After variant filtering, 1% of screened samples required man-
ual review, of which 71 were identified as positive cases for a patho-
genic or likely pathogenic variant. Among those neonates, no issues
related to discrepancies between phenotypic and genetic sex were
observed. Of the positive cases, 44 neonates were identified to have
glucose-6-phosphate dehydrogenase (G6PD) deficiency. The positive
cases are summarized in Table 2. Nine heterozygous variants were
detectedingenesassociated with conditions that canbeinheritedina
dominant manner: familial exudative vitreoretinopathy in one neonate,
maturity-onset diabetes of the young 13 in one neonate, cardiomyopa-
thy due toamutationin MYBPC3intwo neonates and cardiomyopathy
due to a mutation in MYH7 in five neonates. Eighteen neonates were
identified to have recessive disorders, including two with glycogen
storage disease 1b/c, one with Shwachman-Diamond syndrome, two
with hemophilia A, two with hemophilia B, five with cystic fibrosis,
one with phenylketonuria, two with partial biotinidase deficiency,
one with short-chain acyl-CoA dehydrogenase deficiency, one with
carnitine palmitoyltransferase 2 (CPT2) deficiency and one with two
class 5 variants in the AGXT gene.

We also recorded one false-negative case in a neonate who was
referred for cholestasis, jaundice and skin ichthyosis. As part of the
diagnostic evaluation, whole-exome sequencing (WES) analysis identi-
fied anonsense c.1030C>T (p.Arg344*) homozygous variantin the T/P2
gene that was reported as pathogenic given the clinical context. This
alteration was detected in the BabyDetect sequencing data, but this
variant was not present in our curated variant list and in ClinVar and,
to our knowledge, had not been described previously. Consequently,
the variant was not flagged for manual review by our sorting tree and
was not reported by our workflow. This variant has now been added to
our managed variant database.

Seventeen cases were flagged by the filtering tree but were not sub-
sequently reported. These casesincluded 16 newborns with the benign
homozygous Duarte variant c.940A>G (p.Asn314Asp) inthe GALT gene.
Allhad galactose concentrations within normal limits based on routine
NBS, and the BabyDetect results were thus not reported. One neonate
was also identified to have the c.1397C>G (p.Ser466*) and c.3209G>A
(p.Argl070GIn) variantsin the cystic fibrosis transmembrane conduct-
anceregulator gene (CFTR).Acomprehensive literature review revealed
thatthese variants are frequently reported ina complex cis-segregating
allele®, The level ofimmunoreactive trypsinin this neonate was also
far below the cutoffforreporting. Thus, we decided not to report these
variants to the attending pediatrician.

Follow-up of positive screening cases

Ofthe 71 positive cases reported by BabyDetect, 41 cases were identi-
fied through conventional NBS (Fig.4). Among the 30 cases notidenti-
fied by standard NBS, 10 were G6PD deficiency cases. Measurement of
G6PD activity in whole blood confirmed mild deficiencies in all these
babies. Patients with G6PD deficiency do not require interventional
care unless they experience a hemolytic crisis. However, preventive
measures have been taken for the 44 newborns identified to have G6PD
deficiency by providing the parents with alist of drugs, chemicals and
foods likely to trigger oxidative stress and whose consumption should,
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Fig.1]|List of genesincluded in the BabyDetect target panel. Boxed genes were added to version 2.0 of the panel, whereas genes in white font were removed from
version1.0. Genes marked with a superscript letter (°) are associated with a disorder covered by our conventional NBS.

therefore, be avoided. These babies are followed up by community
pediatricians.

In one newborn suspected of having CPT2 deficiency, the con-
dition was also not detected by biochemical NBS. The two variants
identified in the CPT2 gene (c.1339C>T and c.1436A>T) were sugges-
tive of a myopathic form of this deficiency. The result was reported
to the pediatrician, and the baby was referred for further metabolic
testing. The diagnosis was confirmed by measuring CPT2 activity in
cultured cells from the patient. The neonate had a CPT2 activity of
2.6 nmol min™ per mg protein, notably lower than the reference range
0f9-22.6 nmol min™ per mg protein. The deficiency was also confirmed
by acylcarnitine profiling performed on a plasma specimen, which
showed a moderate increase in long-chain acylcarnitines compared
to the reference range. Conventional NBS analysis is known to have
poor sensitivity for CPT2 screening'. This neonate was hospitalized
for rhabdomyolysis attacks and myoglobinuria. The availability of
BabyDetect results allowed for rapid and appropriate care.

One neonate withahomozygous CFTR:c.1865G>A variant, known
tobe prevalentin African populations and on Reunion Island and asso-
ciated with abroad spectrum of cystic fibrosis-related phenotypes®,
was also identified. Conventional NBS tests for cystic fibrosis use
a two-tier protocol: the first-tier assay measures immunoreactive
trypsin, and the second-tier assay involves CFTR genotyping. Report-
ing of the CFTR genotyping resultsis restricted to the 12 most frequent
variants foundin the Belgian population (Extended Data Table1). As the
CFTR:c.1865G>A variant is not one of these variants and because the
immunoreactive trypsin level in the patient was far below the positivity
threshold, the clinical expert who evaluated the BabyDetect results did
not recall the baby for further evaluation.

Two neonates were identified to have hemizygous variantsin the
F8 gene. Factor VIII activity measured in fresh plasma samples con-
firmed mild (activity: 48%) and moderate (activity: 21%) hemophilia
Ain these neonates. These patients would benefit from the preven-
tive use of desmopressin in preoperative settings to reduce the risk
of bleeding complications. The two neonates with glycogen storage
disease b/c were twin sisters. After the diagnosis was confirmed, they
were immediately placed on a restricted diet. Treatment with empa-
gliflozin was initiated at 8 months of age to prevent neutropenia. One
case of MYH7-related cardiomyopathy with the heterozygous variant
MYH?7:c.4498C>T was noteworthy. During the confirmatory evaluation,

a familial investigation revealed that the father exhibited signs of
undiagnosed cardiac hypertrophy. None of these patients were treated
with innovative therapies.

The neonate carrying two class 5 variants in the AGXT gene
(c.33dupCandc.332G>A) was demonstrated to be afalse-positive case.
Segregation analysis of parental DNA showed that the father carries
neither variant and the mother carries both mutations. The mother
showed no symptoms of hyperoxaluria.

Turnaround time

The average turnaround time for the BabyDetect screening was calcu-
lated as the average of the intervals between the consent date and the
variant interpretation date. Goldcards were processed in batches of
96 samples. As around 50 neonates were enrolled per week, analyses
were run every 2 weeks. We observed a notable improvement in our
average turnaround time over the 18 months of the study to date. The
average turnaround time for the first 300 samples analyzed was 64
days (s.d. 33 days), whereas that for the last 300 samples was 51 days
(s.d.10 days). When a conventional NBS comparator was not available,
reanalysis took an average of 3 weeks.

Cost

The cost per sample of screening for 165 diseases in the context of this
study was 365 euros, which was entirely covered by study funds. This
cost does notinclude material depreciation, overhead, license for sec-
ondary analysis (as bioinformatics was conducted on the Humanomics
program developed in-house) or follow-up of positive cases.

Discussion

Through the prospective BabyDetect pilot project, we demonstrated
the feasibility of agenomic NBS approach atamidscale level. The rapid
development of innovative therapies for severe genetic conditions,
which cannotbe diagnosed by current NBS assays, underlines the need
to incorporate genetic testing into NBS. Accordingly, several large
prospective studies of genomic NBS have been launched across North
America, Europe and Australiato assess the acceptability and feasibility
of afirst-tier genomic NBS approach'>?. To identify affected babies,
these pilot trials have implemented tNGS, WES or whole-genome
sequencing (WGS) approaches, and the genes queried vary widely
between programs®-?2,
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Table 2 | Positive cases of diseases detected in the BabyDetect study

Case no.

Disorder

Sex

Genotype

Conventional Conventional NBS result

NBS

(if available)

Confirmatory result,
follow-up

Treatment

G6PD deficiency

Female

G6PD:C.[292G>A;
466A>G]-0.[292G>A;
466A>G]

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.[292G>A;466A>G]

Positive

G6PD activity<30%
(RR>30%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.[292G>A;466A>G]

Positive

G6PD activity<30%
(RR>30%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.[292G>A;466A>G]

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.[292G>A;466A>G]

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.[292G>A;466A>G]

Positive

G6PD activity<30%
(RR>30%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.[292G>A;466A>C]

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.1450C>T

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.[292G>A;466A>G]

Positive

G6PD activity<30%
(RR>30%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.[292G>A;466A>C]

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.[292G>A;466A>C]

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.[292G>A;466A>G]

Positive

G6PD activity<30%
(RR>30%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.[292G>A;466A>C]

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.494A>C

Positive

G6PD activity<30%
(RR>30%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures
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Table 2 (continued) | Positive cases of diseases detected in the BabyDetect study

Case no.

Disorder

Sex

Genotype

Conventional Conventional NBS result

NBS

(if available)

Confirmatory result,
follow-up

Treatment

15

G6PD deficiency

Male

G6PD:c.[292G>A;466A>G]

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.[292G>A;466A>G]

Positive

G6PD activity<30%
(RR>30%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Female

G6PD:C.[292G>A;
466A>G]-c.[292G>A;
466A>G]

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Female

G6PD:c.[292G>A;
466A>G]-c.[292G>A;
466A>G]

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

G6PD deficiency

Male

G6PD:c.653C>T

Positive

G6PD activity<30%
(RR>30%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

20

G6PD deficiency

Male

G6PD:c.653C>T

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

21

G6PD deficiency

Male

G6PD:c.[292G>A;466A>C]

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

22

G6PD deficiency

Male

G6PD:c.[292G>A;466A>G]

Positive

G6PD activity<30%
(RR>30%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

23

G6PD deficiency

Female

G6PD:c.653C>T-c.1093G>A

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

24

G6PD deficiency

Male

G6PD:c.[292G>A;466A>C]

Positive

G6PD activity<30%
(RR>30%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

25

G6PD deficiency

Male

G6PD:c.494A>C

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

26

G6PD deficiency

Male

G6PD:c.653C>T

Positive

G6PD activity<30%
(RR=30%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

27

G6PD deficiency

Male

G6PD:c.[292G>A;466A>C]

Positive

G6PD activity<30%
(RR230%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures

28

G6PD deficiency

Male

G6PD:c.[292G>A;466A>G]

Positive

G6PD activity<30%
(RR>30%)

Reduced G6PD
activity measured
in red blood cells,
under conventional
NBS follow-up

Preventive
measures
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Table 2 (continued) | Positive cases of diseases detected in the BabyDetect study

Caseno. Disorder Sex Genotype Conventional Conventional NBSresult Confirmatoryresult, Treatment
NBS (if available) follow-up
29 G6PD deficiency Male G6PD:c.1058T>C-c.466A>G  Positive G6PD activity<30% Reduced G6PD Preventive
(RR>30%) activity measured measures
in red blood cells,
under conventional
NBS follow-up
30 G6PD deficiency Male G6PD:c.[292G>A;466A>G] Positive G6PD activity<30% Reduced G6PD Preventive
(RR230%) activity measured measures
in red blood cells,
under conventional
NBS follow-up
31 G6PD deficiency Female  G6PD:c.[292G>A; Positive G6PD activity<30% Reduced G6PD Preventive
466A>G]-c.[292G>A; (RR230%) activity measured measures
466A>G] in red blood cells,
under conventional
NBS follow-up
32 G6PD deficiency Male G6PD:c.[292G>A;466A>G] Positive G6PD activity<30% Reduced G6PD Preventive
(RR>30%) activity measured measures
in red blood cells,
under conventional
NBS follow-up
33 G6PD deficiency Male G6PD:c.[292G>A;466A>G] Positive G6PD activity<30% Reduced G6PD Preventive
(RR230%) activity measured measures
in red blood cells,
under conventional
NBS follow-up
34 G6PD deficiency Male G6PD:c.[292G>A;466A>G] Positive G6PD activity<30% Reduced G6PD Preventive
(RR230%) activity measured measures
in red blood cells,
under conventional
NBS follow-up
35 Biotinidase Female  BTD:c.1270G>C-c.1308A>C Positive Biotinidase activity=31.5% Confirmed by NGS Standard of
deficiency (RR>47%) and decreased care: biotin
biotinidase activity administration
in serum, under
conventional NBS
follow-up
36 Biotinidase Male BTD:c.535G>A-c.1270G>C Positive Biotinidase activity=30.5% Confirmed by NGS Standard of
deficiency (RR>47%) and decreased care: biotin
biotinidase activity administration
in serum, under
conventional NBS
follow-up
37 Cystic fibrosis Male CFTR:c.1521.1523delCTT- Positive Positive IRT+CFTR Under conventional ~ Standard of care®
¢.1521.1523delCTT analysis NBS follow-up
38 Cystic fibrosis Male CFTR:c.1521.1523delCTT- Positive Positive CFTR analysis Under conventional  Standard of care?
¢.1521.1523delCTT NBS follow-up
39 Cystic fibrosis Female CFTR:c.1521.1523delCTT- Positive Positive IRT+CFTR Under conventional  Standard of care®
¢.1521.1523delCTT analysis NBS follow-up
40 Cystic fibrosis Female  CFTR:c.1521.1523delCTT- Positive Positive IRT+CFTR Under conventional  Standard of care®
C.2657+5G>A analysis NBS follow-up
11 Mild Male PAH:c1222C>T-c.688G>A Positive Phenylalanine=164 Confirmed by NGS, Standard of care:
phenylketonuria pumoll™ (RR<120 umoll™) under conventional restrictive diet
NBS follow-up
42 G6PD deficiency Male G6PD:c.[292G>A;466A>G] Negative G6PD activity>30% Reduced G6PD Preventive
(RR230%) activity measured measures
in red blood cells,
under conventional
NBS follow-up
43 G6PD deficiency Male G6PD:c.[292G>A;466A>G] Negative G6PD activity>30% Reduced G6PD Preventive
(RR230%) activity measured measures
in red blood cells,
under conventional
NBS follow-up
44 G6PD deficiency Male G6PD:c.[292G>A;466A>G] Negative G6PD activity>30% Reduced G6PD Preventive
(RR>30%) activity measured measures

in red blood cells,
under conventional
NBS follow-up
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Table 2 (continued) | Positive cases of diseases detected in the BabyDetect study

Caseno. Disorder Sex Genotype Conventional Conventional NBSresult Confirmatoryresult, Treatment
NBS (if available) follow-up
45 G6PD deficiency Male G6PD:c.[292G>A;466A>G] Negative G6PD activity>30% Reduced G6PD Preventive
(RR230%) activity measured measures
in red blood cells,
under conventional
NBS follow-up
46 G6PD deficiency Male G6PD:c.[292G>A;466A>G] Negative G6PD activity>30% Reduced G6PD Preventive
(RR>30%) activity measured measures
in red blood cells,
under conventional
NBS follow-up
47 G6PD deficiency Female  G6PD:c.[292G>A; Negative G6PD activity>30% Reduced G6PD Preventive
466A>G]-c.[292G>A; (RR230%) activity measured measures
466A>G] in red blood cells,
under conventional
NBS follow-up
48 G6PD deficiency Male G6PD:c.[292G>A;466A>G] Negative G6PD activity>30% Reduced G6PD Preventive
(RR230%) activity measured measures
in red blood cells,
under conventional
NBS follow-up
49 G6PD deficiency Male G6PD:c.934G>C Negative G6PD activity>30% Reduced G6PD Preventive
(RR230%) activity measured measures
in red blood cells,
under conventional
NBS follow-up
50 G6PD deficiency Male G6PD:c.[292G>A;466A>G] Negative G6PD activity>30% Reduced G6PD Preventive
(RR230%) activity measured measures
in red blood cells,
under conventional
NBS follow-up
51 G6PD deficiency Male G6PD:c.[292G>A;466A>G] Negative G6PD activity>30% Reduced G6PD Preventive
(RR230%) activity measured measures
in red blood cells,
under conventional
NBS follow-up
52 Short-chain Female = ACADS:c.596C>T-c.1147C>T  Negative C4-carnitine=0.06umoll”  Pending
acyl-CoA dehydro- (RR<0.08 umoll™)
genase deficiency
53 Cystic fibrosis Male CFTR:c.1865G>A-c1865G>A  Negative IRT=31ugl” Neonate not /
(RR<59.8ugl™) referred, see the text
54 CPT2 deficiency Male CPT2:c1339C>T-c.1436A>T  Negative Long-chain acylcarnitines  CPT2 activity: Standard of care
within normal values 2.6nmolmin™ initiated at 5
per mg protein months of age®
(RR=9-23nmolmin™
per mg protein)
55 Hyperoxaluria 1 Female  AGXT:c.33dupC-c.332G>A / / Not confirmed— Not applicable
false-positive
BabyDetect result
56 Hemophilia A Male F8:c.396A>C / / Factor VIII: 48% Preventive care
(RR>50%) in preoperative
settings
57 Hemophilia A Male F8:c.6089G>A / / Factor VIlI: 21% Preventive care
(RR>50%) in preoperative
settings
58 Hemophilia B Male F9:¢c1345C>T / / Lost to follow-up /
59 Hemophilia B Male F9:c1024A>G / / Pending
60 Familial exudative  Female FZD4:¢c.313A>G / / Fundus of the eye Surveillance
vitreoretinopathy examination planned
at 9 months of age
61 Maturity-onset Male KCNJ11:c.902G>A / / Confirmed by Surveillance
diabetes of the Sanger sequencing,
young 13 positive familial
history
62 Cardiomyopathy, Male MYBPC3:¢.3407_ / / Pending

hypertrophic, 4

3409delACT
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Table 2 (continued) | Positive cases of diseases detected in the BabyDetect study

Caseno. Disorder Sex Genotype Conventional Conventional NBSresult Confirmatoryresult, Treatment
NBS (if available) follow-up
63 Cardiomyopathy, Female = MYBPC3:c.2618C>T / / Pending
hypertrophic, 4
64 Cardiomyopathy, Female  MYH7:c.4498C>T / / Confirmed by Surveillance
dilated 1S Sanger sequencing,
positive familial
history
65 Cardiomyopathy, Male MYH7:c1750G>A / / Confirmed by Surveillance
dilated 1S Sanger sequencing
66 Cardiomyopathy, Male MYH7:c.4498C>T / / Pending
dilated 1S
67 Cardiomyopathy, Male MYH7:c.2572C>T / / Pending
dilated 1S
68 Cardiomyopathy, Male MYH7:c1370T>C / / Pending
dilated 1S
69 Shwachman- Male SBDS:c.258+2T> / / Pending
Diamond C-c.258+2T>C
syndrome
70 Glycogenstorage Female  SLC37A4:c.1015G> / / Increased Standard of care:
disease 1b/c T-c1015G>T 1,5-anhydroglucitol restrictive diet;
empagliflozin
initiated at
8 months of age
Ul Glycogen storage  Female  SLC37A4:c.1015G> / / Increased Standard of care:
disease 1b/c T-c1015G>T 1,5-anhydroglucitol restrictive diet;

empagliflozin
initiated at
8 months of age

In the fifth and sixth columns, a slash indicates that the disease is not included in conventional NBS. RR, reference range; IRT, immunoreactive trypsin. *Novel therapies for cystic fibrosis
are available in Belgium only to patients aged 2 years and older. "Initiation of care was subject to the availability of biochemical results, which were obtained after several months. The baby

received standard of care at 5 months of age.

At 18 months after the BabyDetect project was launched in one
maternity ward, the acceptance rate of the test (>90%) by families
attests to the strong buy-in to genomic NBS by the southern Belgian
population. The proportion of positive cases identified (1.8%; 0.8% not
identified by conventional NBS) must be understood in the context of
the broad gene list covered by the panel and by the inclusion of G6PD.
G6PD deficiency was by far the most frequent disorder detected, with
44 positive individuals (38 male and 6 female neonates). Thirty-five
were diagnosed with moderate deficiencies associated with the com-
mon A haplotype (G6PD:c.[292G>A;466A>G]); the residual G6PD
activity in the identified neonates was between 10% and 60% of the
reference levels. Conventional NBS programs usually do not screen
for G6PD deficiency, but the G6PD gene has been included in most
genomic NBS trials”. Genomic NBS has the potential to diagnose cases
notidentified by conventional screening, such as the myopathic form
of CPT2 deficiency asillustrated in the identification of an infant dur-
ingour pilot.

The BabyDetect trial is an ongoing prospective observational
study. As part of the diagnosis of positive cases, DNA extracted from
anindependently collected, fresh sample is analyzed by an external
laboratory. For certain cases, confirmatory analysis results are still
pending, with some delayed by several months. This accounts for the
absence of confirmatory and follow-up information for some new-
borns. We acknowledge this missing information as alimitation of this
ongoingstudy and note that this highlights the challenges inherent in
genomic NBS programs.

For the BabyDetect study, a relatively conservative approach in
variant reporting is used. Our gene panel is designed to capture only
exons and intron-exon boundaries. Consequently, pathogenic vari-
ants located within introns, promoters or untranslated regions are
not detected by our approach. Additionally, the methodology is not

designed to identify certain genetic alterations, such as copy number
variations, large deletions, mosaicism or other complex structural
abnormalities (for example, translocations, inversions or intricate
genomic rearrangements), which further limitsits diagnostic accuracy.
We also reportonly pathogenic and likely pathogenic variants that have
aconsensual curationinseveral databases, disregarding VUS. Following
variant filtering, 1% of screened samples required manual review. The
workload generated by this manual review stems from the limitations
of our variant filtering tool in assigning X-linked disorders, as well as
the conflictinginterpretations of certain variants found in the ClinVar
database. Whether or not to report VUS is a subject of debate. In the
presymptomatic context of population-based NBS, reporting VUS could
overload the variant review process, result in an unmanageable recall
rate, increase anxiety and mistrust among the screened populations,
andrequire the allocation of substantial resources for confirmatory test-
ing. Therisk of false-negative resultsisillustrated by a patient with anon-
sense homozygous variantinthe 7/P2gene, not reported by BabyDetect,
inwhom the disease was subsequently diagnosed following symptom
onset. As genomic NBS becomes more widely used, new pathogenic
variants will be detected, particularly in populations traditionally under-
represented in genetic databases. Continuously populating our curated
variant list with newly validated disease-causing variants willimprove
sensitivity and negative predictive value, enhancing the identification
of disorders not covered by conventional NBS. Data sharing between
genomic NBS programs and careful documentation of false-negative
cases are crucial for this process.

False-positive screening results occurred due to cis-located
double-heterozygous mutations. Variants with a cis configuration are
notuncommonin the general population'?’, Unless parental blood is
collected simultaneously with the collection of the baby’s blood, bial-
lelic localization of variants cannot be confirmed without contacting
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Fig. 2| Zygosity criteria, based on Mendelian inheritance, for pathogenic (class 5) or likely pathogenic (class 4) variant reporting. Classes 1,2 and 3 are benign,
likely benign and VUS, respectively. Green indicates negative results. Red indicates samples reviewed manually for the accuracy of variant annotations.
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Fig. 3| Variant filtering criteria. P, pathogenic; LP, likely pathogenic.
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the parents. We do not collect blood samples from parents at the time
of blood sample collection in neonates owing to logistical hurdles
(for example, the need for informed consent and sample storage and
tracking), because of the potential of this requirement to decrease
the consent rate and because samples are useful only if blood can be
collected from both parents. Addressing this limitation will require
future genomic NBS programs to incorporate second-tier tests to
ascertain the allelic status of variants (for example, using long-read
sequencingtechnologies).

The biochemical data available through coordination with the
conventional NBS program also notably assisted in variant assessment.
For example, the correlation of BabyDetect results with biomarker
concentrations, such as galactose for the homozygous Duarte variant
and immunoreactive trypsin for complex CFTR alleles, prevented 17
cases from being reported unnecessarily.

The recall rate of 1in 54 newborns reported here is challenging
to manage in a population-based NBS context. The identification
of 33 cases of mild G6PD deficiency raises the question of whether
reporting such genotypes is warranted, as 10 of these 33 cases were
notidentified through conventional screening. Within the BabyDetect
framework, members of the expert panel and clinical geneticists
convene biannually to review and refine the gene panel. This process
involves assessing the inclusion of genes linked to newly approved
treatments and addressing the challenges of reporting variants with
poorly defined penetrance. As an example, the panel chose to revise
the reporting of variants in MYH7, MYBPC3 and KCNJ11 after the iden-
tification of five, two and one babies, respectively. The natural history
of MYH7-and MYBPC3-related cardiomyopathies, which have variable
ages of onset, and the phenotypic heterogeneity among members of
the same family*** are inconsistent with our disease selection criteria.
Consequently, the reporting criteria for MYH7 and MYBPC3 variants
were revised to restrict reporting to instances in which two variants
are identified (either homozygous or possibly compound heterozy-
gous). We removed the KCNJ11 gene from our panel. These examples
highlight that the current variant reporting process, which primarily
relies on the mode of inheritance, does not take into account crucial
information regarding the penetrance of each variant and the age of
symptom onset of each disease within populations. Enhancing the

characterization of variants will require support from large-scale,
long-term, multigenerational studies.

The identification of disorders with a dominant mode of inher-
itance raises additional questions. For instance, the detection of a
heterozygous MYH7 variantin aneonate subsequently resulted inthe
diagnosis of cardiomyopathy in the father. Exceptin cases of de novo
mutations, dominant phenotypes are generally expected to be known
within affected families. Moreover, as apublic health effort, NBS should
not aim to identify mild phenotypes.

The sensitivity and positive predictive value of genomic NBS are
challenging to calculate reliably. Although sequencing results are
generally accurate, the age of symptom onset and the penetrance of
many variants are not well defined, making it difficult to determine
whether or not toreport positive screening results and making it almost
impossible to identify false-negative cases. To partially address this
limitation, we have amended our consent formto ask parents to agree
tobe recontacted when their child reaches1year of age; this will allow
us to collect information on the child’s development. Additionally,
we will collectinformation on the treatment and follow-up of positive
cases from the physicians.

Despite promising results, tNGS and WES have several short-
comings, including poor coverage, diversity of captured regions,
challenges in variant calling and filtering, lack of consensus on the
interpretation of many variants, and the absence of information
on whether variants are located cis or trans. Although WES allows a
greater number of diseases to be screened than does tNGS, WES has
lower sensitivity and specificity than conventional NBS as a primary
screening method for inborn errors of metabolism®*. Implementa-
tion of large-scale pilot programs and intergenerational population
follow-up are necessary to enhance the accuracy of genomic NBS.
The development of guidelines for clinical practice will depend on
furthering our understanding of how genomic sequences correlate
with pathology. Dominant, epistatic, epigenetic and oligogenic
mechanisms or other processes that remain unexplained may cause
false-negative results. The parents and medical teams need to be
aware of this limitation.

BabyDetect sample preparationis currently performed manually.
Managing around 2,000 samples a year requires highly skilled staffto
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Fig. 4| BabyDetect screening and diagnostic flowchart. The Goldcard is adedicated golden filter paper card from LaCAR MDx. The BabyDetect timeline represents

the theoretical schedule for BabyDetect result availability.

minimize errors. Extending coverage to screen several thousand babies
ayear, whichwould be the case if genomic NBS were extended to all of
Belgium, would not be feasible without workflow automation. We made
notable strides in reducing our average turnaround time over the 18
months evaluated here, with negative results now available in 51 days,
onaverage, after parental consent is obtained. Theimprovementin the
turnaround time was due to the optimization of the entire process, from
double-checking consents before submission to the NBS laboratory
to automating DNA extraction with QIAsymphony and accelerating

variantinference through ourin-house bioinformatics pipeline. Manual
assessment of variants is a time-consuming process that adversely
affects turnaround time. The number of variants reviewed was limited
by precurated lists of pathogenic and likely pathogenic variants, which
allowed for higher degrees of automation of the reporting workflow'.
Finally, with around 50 newborns enrolled each week, analyses were
conducted on a biweekly basis. Expanding the project to include a
larger population would increase the analysis throughput, thereby
notably reducing the turnaround time. Future optimization of methods
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and processes could also decrease turnaround time, as demonstrated
inNBS for spinal muscular atrophy’.

Managing the substantial volume of data generated by genomic
NBS demands scalable, resilient solutions ensuring data encryption,
access control and deidentification to safeguard privacy, adhering to
GDPR (General Data Protection Regulation) or HIPAA (Health Insurance
Portability and Accountability Act of 1996) regulations. Given that
sequencing samples from 3,847 babies by tNGS resulted in 3.5 terabytes
of data and raw data must be securely stored for 5 years, expanding
the project to hundreds of thousands of babies will inevitably lead to
data storage issues.

The cost per sample (365 euros) is notably higher than the 42
euros dedicated by the southern Belgium government to screen for
19 diseases through conventional NBS. However, when considered on
a disease basis, the screening of 405 genes is in the same price range
as conventional NBS. We expect that technology development and
increased volume will considerably decrease these costs over the next
several years.

Adisadvantage of tNGSisits limited flexibility. For instance, add-
ing 61 new genes to the second version of our panel required a4-month
validation process. To increase the adaptability of the BabyDetect
framework, and given that the cost of WES is now comparable to that
of tNGS, we plan to transition to WES technology. This shift will elimi-
nate the need for revalidating the entire panel with each new gene
inclusion and will streamline the process overall. Looking ahead, we
are also considering WGS, as global WGS costs (that is, sequencing,
analysis and data storage) are expected to decrease over time. WGS
has numerous advantages over WES, including reduced hands-on
time for sample preparation and more consistent coverage allowing
for easier interpretation of copy number variations or tandem repeat
expansions?.

Although genomic NBS has considerable potential, its practical
implementation is undeniably complex. Biochemical and genomic
strategies are expected to complement each other in future NBS
programs. However, healthcare systems must prepare to handle the
increased demand for genetic counseling and follow-up care that will
result from the implementation of genomic NBS. Pilot programs such
as BabyDetect will help identify and solve clinical, economic, societal,
legal and ethical issues that must be addressed before the broad imple-
mentation of genomic NBS.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
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Methods

Ethics

The project was approved by the CHU Liege ethics committee (no.
2021/239) and was conducted in accordance with the Declaration of
Helsinki. Patients or guardians provided voluntary informed consent
to participatein the study, free of coercion or coercive circumstances.

Population

Newbornrecruitment was carried out over 18 months in one maternity
ward at the publichospital of CHR Citadellein Liege, Belgium, one of the
largestinour area, with approximately 2,500 births annually. From Sep-
tember 2022 tothe end of April 2024, atotal of 4,260 babies werebornat
CHR Citadelle. Patients of this hospital reflect the general population of
the Liege area, whichis highly diversein terms of ethnic origin and socio-
economicstatus. The proportion of non-Belgianinhabitantsin Liege is
20.38% (versus10.97% in southern Belgium), and the medianincome per
householdis 21,589 euros (14.3% below the southern Belgium average;
https://walstat.iweps.be). Consanguinity in this population is uncom-
monbutoccasionally observedinsome ethnic groups. Information on
the sex of the neonates (male or female) was collected to support the
interpretation of sex-chromosome sequencing data. This phenotypic
sex was provided by the referring pediatrician. Information on gender
was not relevant as the study population comprised newborns.

We previously reported the overall study setup and consent pro-
cess'. Briefly, all parents are informed about the project before deliv-
ery.Flyers, posters and audiovisual content with information and links
tothe study website are available in the waiting rooms of the maternity
ward and those of gynecologists who support the project. After birth
and before sample collection, good clinical practice-certified data
managers and trained students collect digital informed consent from
parentson adedicated and secured website. This consent confirms that
datacould be used for further medical consults and research purposes.
Enrollment in the trial is free of charge. For consented babies, a few
dropsof blood are collected on the Goldcard, adedicated golden filter
paper card (LaCAR MDx), on the first days after birth. Then, testing
is performed in our region’s conventional NBS reference laboratory.

Selection of genes

The general inclusion criteria for genes incorporated into the initial
test panel and the version of the panel implemented after 1 year were
as follows: notable consequences for life expectancy or severe dis-
ability associated with an untreated disease, disease onset before 5
years of age, strong genotype-phenotype correlation, the existence
of adisease-modifying treatment accessible to the diagnosed patients
and notable benefit of prompt treatment. Genes with mutations that
underlie diseases currently screenedin our biochemical panel were also
included evenifthey did not match these criteria (for example, G6PD
deficiency). Approval by pediatricians who specialize in the treatment
ofthe disease was mandatory. Screening for a given disease would have
been discontinued if a disease-modifying treatment became unavail-
able (forexample, withdrawn from the market or no longer reimbursed,
which did not occur) orifthere were operational issues that precluded
accurate testing. Discussions were held periodically with experts to
review the list of disorders and genes in the tNGS panel. We first used
apaneltargeting 359 genes, including 104 genes coding for disorders
currently screened by conventional NBS (Extended Data Table 1) and
255 additional genes coding for defects not amenable to biochemical
screening. The panel was reviewed after 1year of testing; 61 genes were
added and 15were removed, leaving a total of 405 genes. These genes
are associated with 165 treatable severe pediatric disorders. The full
list of genesincluded s presented in Fig. 1.

Gene panel-based sequencing
DNA was initially extracted manually from three 3.2-mm dried blood
spots using the QIAamp DNA Investigator kit (Qiagen). Currently,

DNA is extracted using the QIAsymphony instrument (Qiagen). Target
enrichmentis performed using Twist Bioscience preparation reagents.
Captured regions cover only the coding regions and intron-exon
boundaries (-50 base pairs from the intronic borders) of selected
genes. Deepintronic variants, promoter and untranslated regions, and
homopolymericregions are not sequenced. With target panel version
2.0, approximately 1.5 Mb are sequenced.

Libraries are sequenced onthe NovaSeq 6000 or NextSeq 550 plat-
form (Illumina) with an average read depth coverage of 200x. Sequence
alignmentonto the GRCh37 (hgl9) humanreference genome, dataqual-
ity control and variantinference are performed on the Humanomics (12
September 2024) bioinformatics pipeline developed in the Genetics
Department of the CHU Liege following the GATK (Genome Analysis
Toolkit) best practices pipeline?*?. Briefly, all paired-end reads are
mapped to the reference genome, and optical and PCR duplicates are
removed. Identification of small nucleotide variants, insertions and
deletions, and quality control evaluation are performed with Haplo-
typeCaller. All values of quality control metrics are stored in a local
database for traceability. Raw sequencing data and results are stored
in a hospital-grade storage facility that follows the standard policies
for redundancy, data integrity and availability, and network security.
Computationis performed onthe hospital-hosted high-performance
computing infrastructure. The Humanomics tool allows identifying
single-nucleotide polymorphisms and indels located within exons or
attheintron-exon boundary (-50 base pairs of flanking regions). The
pipeline does not call copy number variations, large deletions, mosai-
cism or other structural abnormalities (for example, translocations
and inversions).

Variant reporting

Variantannotation, prioritization, classificationand interpretation are
performed using AlissaInterpret v.5.4.2 (Agilent Technologies), which
isasecure variantassessment cloud platformalsointended for variant
storage. Phenotype-driven interpretation of variants using Human
Phenotype Ontology codesis not useful for neonates. Therefore, vari-
antannotationis performed using aninternally curated list of genomic
variations and the ClinVar database’’. According to the American Col-
lege of Medical Genetics and Genomics classification of variants™, we
reportonly class 4 (likely pathogenic) and class 5 (pathogenic) variants.
Benign, likely benign and VUS are disregarded. Additionally, variants
notdocumentedin ClinVar or our curated list are not reported. Variants
reportedin ClinVar are subsequently reviewed with particular caution
using the Franklin'*" and VarSome' platforms, which have an advanced
artificial intelligence-driven engine designed to prioritize and interpret
variant data. In genes associated with autosomal recessive disorders,
the identification of two pathogenic or likely pathogenic variants is
necessary to report a positive result for the corresponding disease.
Forautosomal dominant diseases, the identification of one pathogenic
or likely pathogenic variant is considered a positive result. For genes
located on the X chromosome, hemizygous identification of patho-
genic or likely pathogenic variants in male neonates and homozygous
or possible compound heterozygous identification of pathogenic or
likely pathogenic variantsin female neonates are considered positive
results (Fig. 2).

Screening process

Goldcard specimens areregistered inthe laboratory information sys-
tem used for the conventional NBS program under the same patient
entry, enabling genotype-phenotype correlation assessment for genes
covered by both the conventional NBS program and BabyDetect. For
disorders not covered by conventional NBS, first-tier positive samples
arereanalyzed (from DNA extraction to variantinterpretation) torule
outerrorsinspecimen assignment to a particularindividual. For disor-
dersincludedinour conventional NBS program, BabyDetect sequenc-
ing data are matched to biochemical results to confirm the result.
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Parents were informed that, as is the case for conventional NBS
in southern Belgium, no negative reports will be issued, and the test
should be considered negative in the absence of a report within 3
months. When BabyDetect identified a disease also identified by con-
ventional NBS, no further action was taken through the BabyDetect
program as the baby was managed per standard of care. Positive tests
not identified by conventional NBS were communicated by the labo-
ratory to the neonate’s pediatrician, the referent specialists of the
identified disorder and referent geneticists. Parents were contacted
to planaconsultation as soon as possible. At this consultation, afresh
blood sample was collected from the neonate, and blood samples
were collected from the parents for segregation analysis. Independent
confirmatory testing was performed by Sanger sequencing, tNGS or
biochemical assays depending on the disorder (Fig. 4). After the con-
firmation of a positive screening result, appropriate care was initiated,
and parents were recommended to seek genetic counseling.

Outcomes

The study outcomes focused on assessing the acceptability and feasibil-
ity of genomic NBS within the studied population. The proportion of
parents who provided consent for the proposed screening was meticu-
lously recorded in relationto the total number of mothers approached.
The clinical performance of the screening process was rigorously evalu-
ated, with particular attention to the rate of positive findings. Estimates
of false-positive and false-negative results were derived through close
collaboration with physicians managing the associated conditions.
Furthermore, the turnaround time of the screening process was care-
fully monitored to ensure the timely delivery of results.

Reporting
We report the study results following the STROBE (Strengthening the
Reporting of Observational Studies in Epidemiology) guidelines™.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Inaccordance with theinformed consent agreements, the raw sequenc-
ing data can be stored for each patient for a period of 10 years. Metadata
files are retained with no time limit. The raw sequencing data and
metadatafiles generated inthe study cannot be made publicly available
because of ethical and data protection constraints. Deidentified data
that supportthe results reported in this article will be made available
to suitably qualified researchers through any requests that comply
with ethical standards to the corresponding author (F.B., f.boemer@
chuliege.be). Data must be requested between 1and 12 months after
the paper has been published, and the proposed use of the data must
be approved by an independent review committee identified for this
purpose by mutual agreement. Requests will be forwarded by the cor-
responding author to the identified ethics review committee. Upon
acceptance by that committee, deidentified data will be provided
by the corresponding author to the applicants through a secured
web platform within 2 months. The minimum dataset required to run
our code and reproduce results is available via Zenodo at https://doi.
org/10.5281/zenod0.13935241 (ref. 29).

Code availability

The Humanomics pipeline used in this article is publicly distrib-
uted under GNU Affero General Public License version 3 (https://
gitlab.uliege.be/bif-chu/humanomics). The version used for anal-
yses described here (12 September 2024) is available as an official
release on the GitLab repository. For traceability and reproducibil-
ity concerns, a Zenodo record is provided (https://doi.org/10.5281/
zenodo.13935241)%.
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Extended Data Table 1| Conventional NBS
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* CFTR genotyping is perfomed using Elucigene kit, which allows the identification of 50 CFTR variants. Only the 12 most frequent variants in the Belgian population are reported (variant legacy names: F508del, G542X, N1303K, 1717-
1G>A, 3272-26A>G, S1251N, A455E, 2789+5G>A, R553X, W1282X, 3849+10kbC>T, R1162X)
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Digital consents were collected via a secure web interface developed for the purposes of the project by Atracore, a commercial company
specializing in digital health intelligence (https://atracore.com).
The consent collection interface is available at https://babydetect.atramed.solutions.
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Data analysis Libraries were sequenced on Novaseq 6000 or Nextseq 550 platforms (lllumina). Sequence alignment onto the GRCh37 (hg19) human
reference genome, data quality control, and variant inference were performed on the Humanomics v2024.09.12 bioinformatics pipeline
developed in the Genetics Department of the CHU of Liege following the GATK best practices (see below for software versions and links to the
repositories where data and code are deposited). Briefly, all paired-end reads are mapped to the reference genome (bwa, samtools), and
optical and PCR duplicates are removed (elprep). Small nucleotide variants, insertions, and deletions are inferred (GATK) and quality control
evaluation is performed (PICARD, mosdepth, somalier). All quality control metrics values are stored in a local database for traceability
(MultiQC, ChronQC, MariaDB). Raw sequencing data and results are stored in a hospital-grade storage facility that follows the standard
policies for redundancy, data integrity and availability, and network security. Computation is performed on the hospital-hosted high-
performance computing infrastructure. The Humanomics tool allows identification of single nucleotide polymorphisms (SNPs) and indels
located within exons or at the intron-exon boundary (~50 base pairs of flanking regions). The pipeline does not call copy number variations,
large deletions, mosaicism, or other structural abnormalities (e.g., translocations).

The Humanomics pipeline used in this article is publicly distributed under GNU Affero General Public License version 3 (https://
gitlab.uliege.be/bif-chu/humanomics). The version used for analyses described here (2024.09.12) is available as an official release on the
GitLab repository. For traceability and reproducibility concerns, a Zenodo record is provided (https://doi.org/10.5281/zenodo.13739359).
Variant annotation, prioritization, classification, and interpretation are performed using a dedicated Alissa Interpret v.5.4.2 (Agilent
Technologies) platform. This application is available at https://babydetect.alissa.agilent.com/

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

In accordance with the informed consent, the raw sequencing data can be stored for each patient for a period of 10 years. Metadata files are retained with no time
limit. The raw sequencing data and metadata files generated in the study cannot be made publicly available because of ethical and data protection constraints.
Deidentified data that support the results reported in this article will be made available to suitably qualified researchers through any requests that complies with
clinical study ethical to the corresponding author (FB, email: f.boemer@chuliege.be). Data must be requested between 1 and 12 months after the manuscript has
been published and the proposed use of the data must be approved by an independent review committee identified for this purpose by mutual agreement.
Requests will be forwarded by the corresponding author to the identified ethics review committee. Upon acceptance by that committee, de-identified data will be
provided by the corresponding author to the applicants through a secured web-platform within two months. The minimum dataset required to run our code and
reproduce results is available at https://doi.org/10.5281/zenodo.13739359.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender The sexes of the neonates (male or female) were collected to support the interpretation of sex-chromosome sequencing
data. This phenotypic sex was provided by the referring pediatrician. Information on gender was not relevant, as the study
population comprised newborns.

Among the 3,847 neonates, 1,957 were males and 1,890 were females.

Population characteristics The studied population are neonates. Dried blood spots samples were collected during the first days of life.

Recruitment Newborn recruitment was carried out in one maternity ward at the public hospital of CHR Citadelle in Liége, Belgium, one of
the largest in our area, with approximately 2,500 births annually. From September 2022 to the end of April 2024, a total of
4,260 babies were born at CHR Citadelle. We previously reported the overall study setup and consent process. Briefly, all
parents were informed about the project prior to delivery. Flyers, posters, and audio-visual content with information and
links to the study website were available in the waiting rooms of the maternity ward and from gynecologists who supported
the project. After birth and prior to sample collection, GCP-certified data managers and trained students collected digital
informed consent from parents on a dedicated and secured website. Guardians were also asked whether the data of their
child could be used for further medical consultation and research purposes. Enroliment in the trial was free of charge. For
consented babies, a few drops of blood were collected in the first days after birth on a Goldcard, a dedicated golden filter
paper card (LaCAR MDx), and testing was performed in our region's conventional NBS reference laboratory.

Ethics oversight The project was approved by the CHU Liege ethics committee (n° 2021/239) in accordance with the Declaration of Helsinki.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. Newborn recruitment was carried out in one maternity ward at the public
hospital of CHR Citadelle in Liege, Belgium. From September 2022 to the end of April 2024, a total of 4,260 babies were born at CHR Citadelle.
All families were informed of the BabyDetect trial, and 3,847 neonates were enrolled.

Data exclusions  No data were excluded from the analysis.

Replication Prior to the launch of the clinical study in September 2022, the accuracy, sensitivity and concordance of our analytical workflow were
validated using the reference sample NA24385-HGO002 (Coriell Institute). Analytical sensitivity was calculated at 97.2% for single nucleotide
polymorphisms (SNPs) and at 81.5 % for indels. Predictive positive value is 93.7% for SNPs and 59% for indels. The concordance in variant
identification among replicates exceeds 95%.
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Randomization  Samples were not randomized, as this study was designed as a prospective observational investigation. Positive screening results were
communicated to pediatricians and parents.

Blinding Results were not blinded. Positive results were communicated to pediatricians and parents to ensure appropriate care. The investigators were
also informed of the results to support the continuous population of the managed variant database.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  NCT05687474

Study protocol Every year, thousands of children around the world are born with rare genetic diseases leading to death or lifelong disability. With
technological advancements in the field of genetics and medicine, the rate of introduction of treatments for these rare conditions
has grown remarkably. However, timing is of great importance for medication administration. The benefit that can be measured in a
patient who has already suffered from a long irreversible degenerative disorder is small and, sometimes, it hardly justifies the cost
and the burden of the treatment. Early diagnosis is, thus, of primary importance both to obtain the best effect of the innovative
medications and to accelerate their development.
Our project methodology includes parental consent, blood sampling of newborns on a filter paper card, DNA extraction, gene panel
sequencing, variant inference, variant interpretation and communication of results to pediatricians and parents. Confirmation of
screening-positive cases, and their follow-up, enables the sensitivity and specificity of this genomic screening to be evaluated.

Data collection Newborn recruitment was conducted over an 18-month period in a single maternity ward at CHR Citadelle, a public hospital in Liege,
Belgium. The recruitment began on September 1, 2022, and concluded on April 30, 2024.

Outcomes The study outcomes focused on assessing the acceptability and feasibility of genomic newborn screening within the studied
population. The proportion of parents who provided consent for the proposed screening was meticulously recorded in relation to the
total number of mothers approached. The clinical performance of the screening process was rigorously evaluated, with particular
attention to the rate of positive findings. Estimates of false-positive and false-negative results were derived through close
collaboration with physicians managing the associated conditions. Furthermore, the turnaround time of the screening process was
carefully monitored to ensure the timely delivery of results.
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