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ABSTRACT

OBJECTIVE To evaluate systematic review
approaches to synthesising evidence for policy
advisers who are considering whether to screen
newborns for hundreds of rare diseases using whole
genome sequencing.

DESIGN Series of systematic reviews and roadmap
for evidence generation for policy advisers.

DATA SOURCES Medline, Embase, Science Citation
Index, Cochrane Library.

METHODS 200 conditions included in Genomics
England's Generation Study were stratified into five
groups and one condition randomly selected from
each group using criteria designed to maximise
variability and availability of data. 30 systematic
reviews were undertaken (five conditions, six
review questions) about penetrance, detection rate,
accuracy, benefit of earlier treatment, and benefits
and harms of screening for the five conditions
(search from inception to November 2023). Results
were synthesised and reviewer time recorded.
Genomic studies of newborn screening cohorts that
reported penetrance were systematically reviewed
using a non-condition specific approach (search
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WHAT IS ALREADY KNOWN ON THIS TOPIC

conditions

= Whole genome sequencing is a potentially transformative tool for the
detection of rare monogenic diseases

= 15 genomic projects to sequence a total of 400000 healthy newborns have
been started worldwide to evaluate genetic sequencing as a screening tool
for hundreds of genetic disorders

= Methods are needed for synthesising evidence on the benefits and harms of
using whole genome sequencing to simultaneously screen for hundreds of

WHAT THIS STUDY ADDS

= Using systematic review methods to synthesise the evidence for hundreds of
conditions would take a team of five reviewers more than 20 years and would
not produce the evidence needed for policy making because the evidence is
not available to synthesise

= Alternative approaches are hampered by lack of evidence

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE, OR POLICY

= Aroadmap for evidence generation is proposed that could deliver the high
quality evidence needed for contemporaneous policy making
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inception to January 2024). The conditions and
genes selected for reporting by these studies were
identified. ClinGen was explored for synthesising
evidence. All approaches were assessed by
considering review effort and level and quality of
evidence.

RESULTS The five conditions selected for
systematic review were pyridoxine dependent
epilepsy, heritable retinoblastoma, X

linked hypophosphataemic rickets, familial
haemophagocytic lymphohistiocytosis, and medium
chain acyl-CoA dehydrogenase deficiency. 19 689
titles were screened and 268 papers included

that addressed two of six research questions
(detection rate and treatment benefit). No studies
were identified for the remaining four research
questions. Total reviewer time for five conditions
was seven months. A team of five reviewers would
take over 20 years to conduct similar reviews for
200 conditions. 10 published genomic studies of
newborn screening cohorts were identified with a
total of 76 268 newborns. The number of conditions
screened for varied from 74 to 903, with low
concordance (two of 1453 genes were included in all
10 studies). Selection of conditions was primarily
based on clinical opinion. All studies reported and
acted on genetic findings considered clinically
significant, preventing collection of penetrance
data.

CONCLUSIONS Current evidence synthesis
methods are neither feasible nor fruitful to provide
policy advisers like the UK National Screening
Committee with the evidence needed to understand
the benefits and harms of newborn screening

for multiple conditions using whole genome
sequencing because the evidence is not available
to synthesise. Evidence should be created through
studies that only report pathogenic variants to
parents and clinicians where penetrance and
expressivity have been established through
empirical evidence rather than clinical opinion. A
roadmap for future evidence generation is proposed
to highlight the need for new evidence generation
combined with a staged approach to evaluation,
focusing on pathogenic variants with evidence of
high penetrance and expressivity.
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REGISTRATION Review registration PROSPERO
(CRD42023475529).

Introduction

Whole genome sequencing (WGS) has been suggested
as a transformative tool in the detection of rare
monogenic childhood diseases. Each rare monogenic
disease typically affects less than one in 2000 people
and is caused by a single gene variant. Although
individually rare, approximately 300 million people
worldwide live with rare diseases. Around 80% of
rare diseases have a genetic cause and almost 70% of
those present in childhood." Although about 95% of
rare diseases lack approved treatments," for approx-
imately 600 of about 12 000 childhood onset mono-
genic diseases there is a potential intervention.? 3
Early detection may be crucial to improve outcomes.
WGS offers potential to identify genetic variants
associated with hundreds of childhood onset condi-
tions simultaneously by examining the entire DNA
sequence. It could theoretically allow an expansion
of current newborn screening programmes as a first
line screening test to identify these rare diseases
before symptoms develop. WGS also presents unique
challenges because of an additional need to under-
stand the presumed association of genetic variants
with disease. This involves a shift in concept from
current newborn screening that detects biomarkers
that are themselves manifestations of the disease.

Interpreting the clinical significance of genetic
variants for future health is fraught with uncertainty.
Every person has millions of genetic variants when
compared with the reference genome.> Although
some variants are pathogenic, most are benign or
of uncertain significance. A meticulous process of
systematic evaluation and classification of genetic
variants is required to distinguish between disease
causing variants and harmless variants as part of gene
variant curation efforts for population screening.
This process includes assessing the clinical signifi-
cance of each variant through comprehensive anal-
ysis of scientific literature, population frequency
data, functional studies, and computational predic-
tions and collaboration among geneticists, bioinfor-
maticians, and clinicians. The goal is to differentiate
between pathogenic (or likely pathogenic) variants
that may warrant clinical intervention (defined
as causing disease in at least 90% of people)* and
benign variants that do not affect health.

The current classification of variants is primarily
based on studies of people who are clinically affected
or those with a family history who are more likely
to carry the most pathogenic and penetrant vari-
ants. This classification needs to be reassessed for
the screening context because this will have impli-
cations for benefits and harms of WGS for newborn
screening (frequently termed genetic newborn
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screening—gNBS). Predicting disease presentation
accurately is difficult, even for pathogenic variants
with a well characterised genetic cause, because of
incomplete penetrance (not all people with the same
pathogenic variant show symptoms of the disease)
and variable expressivity (the degree to which a
genotype is expressed in a person's phenotype).
Reporting pathogenic variants that have low pene-
trance, reduced expressivity, or are associated with
adult onset disease will result in a situation in which
many children identified as at risk might undergo
medical surveillance, treatments, or lifestyle
changes without benefits.> Additional variants iden-
tified through screening with no previous evidence
on pathogenicity (variants of uncertain signifi-
cance), which should not be disclosed to parents of
newborns, could result in children with symptoms
not being identified.

In the UK, the Generation Study, using WGS to
sequence 100000 newhorns to screen for over
200 rare diseases (covering 478 genes), is under
way to examine the potential for an expanded
UKNBS programme.® New screening programmes,
however, require a robust, evidence based under-
standing of the benefits and harms.” Currently, we
are not aware of any comprehensive reviews rigor-
ously evaluating the balance of benefits and harms
of implementing gNBS, and methods are needed
to do this for hundreds of conditions at once. The
traditional approach for evaluating evidence for a
new screening programme is to conduct a review of
published evidence and a cost effectiveness anal-
ysis of the programme. Established processes, like
those used by the UK National Screening Committee
(UKNSC), have been developed for single condi-
tions to assess the volume, direction, and quality of
evidence for a number of criteria that allow recom-
mendations to be formulated. In the UK, this involves
determining whether the 20 UKNSC criteria relating
to the condition, test accuracy, the advantages of
early treatment, the harms and benefits of screening,
and the programme's ethics, acceptability, feasi-
bility, and cost effectiveness have been met or not.
This traditional approach is unlikely to be feasible
for hundreds of conditions.

Therefore, we compared the standard UKNSC
approach, applied to five of the conditions included
in the Generation Study,® with an alternative
approach that is not condition specific and an online
resource of curated evidence on genetic conditions.
In our first approach, we sought to establish the
evidence base for each of the five conditions and to
gauge the feasibility of extending this traditional
approach to hundreds of conditions.” The second
approach to evaluating the evidence for hundreds
of proposed conditions aimed to focus evaluation
efforts on conditions that have pathogenic variants
with evidence of high penetrance (similar to a high
positive predictive value of a genetic risk factor). Any
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lack of evidence on penetrance for pathogenic vari-
ants associated with a condition under consideration
could be used to rule out conditions from evidence
review. This is because penetrance relates to UKNSC
criterion number 1: “The development from latent
to declared disease should be understood and/or
there should be robust evidence about the associa-
tion between the risk or disease marker and serious
or treatable disease.”*° Ruling out conditions from
evidence review based on penetrance evidence may
allow a stepped approach to evaluation in the future.

In our third approach, we evaluated the US
National Institute of Health funded Clinical Genome
Resource (ClinGen). ClinGen is an open access and
centralised resource of clinically relevant genes, and
ClinGen's paediatric working group uses a stand-
ardised protocol to produce summary actionability
reports and semi-quantitative metric scores of action-
ability for childhood onset rare genetic disorders.""
Clinical actionability is defined as knowledge of
penetrance combined with the extent to which avail-
able interventions can be used to mitigate the effect
of the disease.!? Although ClinGen aims to define
the clinical relevance and actionability of secondary
findings in paediatric patients undergoing clinically
indicated diagnostic testing, their paediatric protocol
states that elements relevant for population based
screening decisions may be captured'’ without
consideration of systems based practice and avail-
ability of population scale follow-up. We assessed
whether the evidence summaries and actionability
scores in ClinGen's paediatric actionability reports
may provide an evidence source for a future review of
genomic screening of 200 conditions by comparing
them to our assessment of the evidence using the
UKNSC criteria.

The aim of this research was to assess these three
approaches to synthesising evidence for the evalu-
ation of gNBS and to scrutinise available evidence
from different sources for informing policy decisions.
The full report is available elsewhere.’ In this paper,
we provide an overview of the methods, findings, and
limitations of each approach when applied to gNBS,
and discuss the challenges for decision makers.

This research was undertaken in collaboration
with and for the UKNSC to inform a balanced and
evidence based response to the expected need to
evaluate gNBS by defining the evidence that policy
makers will need to make decisions about what
should be included in a gNBS programme in the
future. Our approach was from the public health
perspective, focused on understanding the evidence
about the balance of benefit and harm for the
population offered screening. This approach is of
international importance. Several international initi-
atives have begun exploring the feasibility of genetic
screening for newborns,'® and many national and
private providers will have to consider what gNBS
could offer for screening.

Freeman K, et al. BMJMED 2025;4:e001726. doi:10.1136/bmjmed-2025-001726

OPEN ACCESS

Methods

We followed a carefully designed protocol prespec-
ifying three approaches to evidence synthesis
of benefits and harms of gNBS (PROSPERO
CRD42023475529). Firstly, a condition focused set
of systematic reviews of five conditions; secondly,
a non-condition specific review of genetic newborn
screening studies reporting penetrance; and thirdly,
an evaluation of ClinGen, an existing resource
providing evaluations of actionability of genetic
childhood diseases. We assessed the approaches by
considering their feasibility for evaluation of more
than 200 conditions, and the level and quality of
evidence they deliver. Fundamental to the evalua-
tion of gNBS and to the design and delivery of our
research was patient and public involvement and
engagement (PPIE). We briefly describe our methods
for the three approaches and for PPIE below.

Review of five conditions using a traditional
approach to evaluation

We randomly sampled five conditions for system-
atic review. Random selection was from conditions
considered to meet the four principles of Genomics
England's Generation Study (GEL score 1, judgment
in July 2023)® and to have high prevalence within
the context of rare diseases. Random selection was
stratified based on a range of five scenarios (online
supplemental material 1) that might reasonably have
an impact on the UKNSC's recommendations relating
to gNBS. These scenarios were primarily driven by
the nature of the interventions that could be intro-
duced on detection of the condition (risk of harm,
cost and impact in the short and long term).® The
five randomly chosen conditions were pyridoxine
dependent epilepsy, heritable retinoblastoma, X
linked hypophosphataemic rickets, familial haemo-
phagocytic lymphohistiocytosis, and medium chain
acyl-CoA dehydrogenase deficiency.

Data sources for the review of the five conditions
included Medline (through Ovid), Embase (through
Ovid), Science Citation Index (through Clarivate), and
the Cochrane Library (through Wiley) from inception
to November 2023. We developed five broad search
strategies.” Study eligibility criteria were defined
for six review questions (table 1 and online supple-
mental material 2 for detailed review questions
using the PI/ECOS (population, intervention/expo-
sure, comparator, outcome study) framework) that
deal with key UKNSC criteria on penetrance, detec-
tion rate, test accuracy, benefits of earlier treatment,
benefits and harms, and effectiveness of WGS. We
included studies of newhorn screening cohorts or of
newborns and children (age <18 years) with clinical,
or biochemical and clinical features of the five condi-
tions. Studies were eligible if the presence of path-
ogenic variants in the relevant genes was detected
by sequencing. For the question of benefits of early
treatment, we defined “early” separately for each
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Table 1 | Overview of studies screened and included for
evidence reviews of five conditions

No of

Screened and included studies studies
Titles and abstracts screened 19689
Full texts screened 1357
Included studies

Total 268

Question 1: Penetrance* 0

Question 2: Sensitivity of WGS in children with 245

diseaset

Question 3: Test accuracyF 0

Question 4: Early v late treatment§ 23

Question 5: Effectiveness of WGS1| 0

Question 6: Harms of WGS** 0
Approximate time taken for evidence review 7 months

Data are number of studies unless stated otherwise.

*Question 1. What is the penetrance and expressivity of different gene
variants associated with each condition? (Related UKNSC criteria 1 and 3.)

TQuestion 2. What is the prevalence of genetic variants in those with
biochemical or biochemical and clinical features of each condition?
(Related UKNSC criterion 1.)

+Question 3. What is the diagnostic accuracy (clinical validity) of gene
sequencing for each condition? (Related UKNSC criteria 4, 5, and 8.)

§Question 4. What is the effectiveness of earlier versus later intervention
(treatment or surveillance) for each condition? (Related UKNSC criteria 9
and 10.)

flQuestion 5. What is the effectiveness of WGS for newborn screening for
each condition? (Related UKNSC criterion 11.)

**Question 6. What are the harms of WGS for newborn screening for each
condition and any additional benefits beyond those from earlier treatment?
(Related UKNSC criterion 13.)

UKNSC, UK National Screening Committee; WGS, whole genome
sequencing.

condition by considering the aim of screening for
each condition (prevention, surveillance, early treat-
ment). We produced a narrative synthesis of included
studies.

Review of genomic studies in newborn screening
cohorts reporting penetrance

We undertook a review of genomic studies of
newborn screening cohorts reporting penetrance of
pathogenic variants. We searched Medline (through
Ovid), Embase (through Ovid), Science Citation
Index (through Clarivate), and the Cochrane Library
(through Wiley) from inception to January 2024.
Search strategies are available in a previous publi-
cation.’ We included studies of unselected newborns
sequenced for any rare condition with outcomes of
penetrance or an approximation.” We produced a
narrative synthesis of findings on the proportion of
people with positive genetic screening results identi-
fied to have confirmed disease on clinical follow-up.
We considered positive genetic screening results
as unconfirmed if, within the type and length of
follow-up (confirmatory testing, clinical follow-up,
or both), the condition could not be confirmed.

We also assessed the extent of overlap of gene lists
from published newhorn genomic studies to gauge
consensus on which genes to report to parents of
newborns. We used the R (version 4.3.1)'* package
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eulerr (version 7.0.2)"> to draw a Euler diagram
to illustrate the overlap of genes considered for
reporting across the different studies and the UpSetR
package (version 1.4.0)'° to create an UpSet plot to
simultaneously show the number of genes and the
number of unique genes for each study.

Evaluation of ClinGen to provide evidence base for
policy advisers

We searched the ClinGen database on 30 April
2024 for actionability reports for each of the genes
included in the review of five conditions, and action-
ability scores for all 478 genes on the gene list from
the Generation Study (April 2024).” Actionability
reports summarise the evidence of genetic conditions
under four dimensions: severity of disease, likeli-
hood of disease (similar to penetrance), effectiveness
of intervention, and nature of intervention. The
dimensions are scored from O to 3 (3 being best for
actionability) based on the evidence reviewed, and
the evidence is rated from poor evidence to substan-
tial evidence. The scores are summarised across
the four dimensions to provide an overall score.
The scores and the evidence are taken into consid-
eration for the final assertion on actionability. We
mapped the dimensions to relevant UKNSC criteria
to compare the individual and final scores with our
assessment of the evidence for the five conditions
against the UKNSC criteria (online supplemental
material 3). We produced a narrative of the scope
and level of evidence informing the actionability
scores of the ClinGen resource in comparison to our
assessment using the UKNSC criteria and the current
gene list of the Generation Study.

Patient and public involvement

We recruited eight people to a PPIE group, six of
whom were directly affected by rare diseases (five
were parents of children with a rare disease and
one was an adult living with a rare disease), who
attended five, twohour virtual meetings between
15 January and 21 May 2024 organised by a dedi-
cated PPIE researcher. Meetings were deliberative
and explored predefined topics related to evaluation
of gNBS: harms and benefits, genetic uncertainties,
systematic review findings, and the role of PPIE in
future reviews. Important themes from the PPIE work
are reported in each results section and are docu-
mented in detail in online supplemental material 4.

Results

Lack of evidence from traditional review approach
by condition

For our first approach, we screened 1357 full
texts across five conditions but found no studies
addressing four of the six pivotal questions we inves-
tigated to assess nine UKNSC criteria required for
policy decisions (table 1). There was no evidence on
penetrance of pathogenic variants identified through
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screening; no evidence on the test accuracy of WGS in
the newborn screening setting; and no studies on the
clinical effectiveness, harms, and additional benefits
associated with WGS in newborns. Therefore, using
the traditional condition by condition approach, we
found no studies that investigated gene sequencing
in unselected newborns without family history or
symptoms.

We included 23 studies (ranging from one to
nine across the five conditions) on early versus late
treatment. However, in all studies, “early” approxi-
mated screen detected disease; none of the studies
was designed to compare treatment effectiveness in
screen detected versus symptomatically detected
disease. Therefore, we do not know whether treat-
ment of newborns with a genetic risk factor is
better than treating symptomatic disease in infants
and how many might be overtreated. The evidence
identified is less robust than that usually required
to meet the UKNSC criteria for which there should
be an effective intervention for patients identified
through screening, with evidence that intervention
at a presymptomatic phase leads to better outcomes
for the screened person compared with usual care.

We included 245 studies (26-73 studies across
the five conditions) reporting sequencing in children
with confirmed disease to estimate the proportion of
patients missed with WGS.? Despite the large volume
of evidence, we could not determine the detection
rate of WGS from these studies.’ Firstly, sequencing
was frequently supplemented by additional testing
to increase the sensitivity of testing. Secondly, four of
the five conditions reviewed were defined by symp-
toms common to other conditions where sequencing
resulted in a host of alternative genetic diseases
(lack of consistent case definitions).'® Thirdly,
sequencing results in children with abnormal
biomarkers (biochemically defined disease) differed
from sequencing results in clinical cohorts (sympto-
matically defined disease). For example, in medium
chain acyl-CoA dehydrogenase deficiency the path-
ogenic c.985A>G variant frequently reported in
children with symptomatic disease was found to be
less frequent in babies with molecular risk factors
in whom “milder” variants were detected and had
reduced penetrance than estimated from clinical
cohorts.’ Knowledge on the genetic spectrum
obtained from clinical cohorts does not necessarily
apply to the screening context, a finding that is
likely to be exacerbated when sequencing unse-
lected newborns. Finally, the studies showed that
WGS may work better in some conditions than in
others. We observed large numbers of new vari-
ants (65% of variants detected)?® to 77%?! which,
for two conditions (pyridoxine dependent epilepsy
and X linked hypophosphataemic rickets), occurred
only in a small number of people. Considering the
known challenges in assessing pathogenicity and
penetrance, the potential for large numbers of new
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variants of unknown significance resulting from
screening would negatively affect the sensitivity of
WGS and create considerable uncertainty. The possi-
bility of being left with uncertainty rather than clarity
after screening and the fact that not all disease will
be identified may disagree with public expectation
and was a major concern in our PPIE group. This
concern developed over time with growing apprecia-
tion of the complexities of WGS (online supplemental
material 4).

Extrapolating the person days required to conduct
these reviews of five conditions to a scenario in which
WGS is used to detect 200° or even 600 conditions?
would take a team of five reviewers about 23 and
69 years, respectively. For 200 conditions, the total
number of records to screen would be about 787 560
titles and abstracts, 54 280 full texts, with synthesis
of 10720 studies, and for 600 conditions, 2363 680
titles and abstracts, 161760 full texts, and 26520
studies for synthesis.

Overall, using condition based systematic reviews
to examine the evidence for using WGS to screen for
rare conditions was neither fruitful nor practical. The
impracticality of systematic reviews in this context
underscores the need for innovative approaches to
efficiently identify and synthesise evidence, ensuring
timely and informed policy making.

Lack of penetrance estimates from published
genomic studies of newborn cohorts for non-
condition specific approach to evaluation

For our second approach, we screened 4970 records
and identified 14 studies (16 references)?>—®
that reported experiences with newborn gene
sequencing. Of these studies, four>>® only inves-
tigated one condition that is not the use case
under consideration and the studies are therefore
not discussed further. The remaining 10 studies
included a total of 76 268 newborns and between
134°° and 954% genes for reporting (74-903 condi-
tions).”> 3° The studies reported diagnostic yield
(the number of newborns with positive screening
results divided by the total number of newborns
screened) with insufficient follow-up to iden-
tify health outcomes to inform an assessment of
benefits and harms of WGS in newborn screening.
Therefore, the studies were insufficient to assess our
staged approach to evaluation, where full evalua-
tion would be based on the availability of evidence
on penetrance.

We approximated penetrance for five studies that
specified short follow-up of newborns with positive
screening results.?? > 2673° The proportion of infants
with confirmed disease for all genes combined
ranged from 1.6% after 24-48 months of follow-up?®
to 58.4% after up to three years of follow-up (online
supplemental material 5).>° The evidence was insuf-
ficient to reliably estimate penetrance for any specific
pathogenic variant owing to several factors:
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» The number of infants with a specific and named
variant was generally too low across studies and
conditions.

» Infants with confirmed genetic disease received
management that precluded estimation of
penetrance and expressivity for those without
symptomatic confirmation of disease

» Clinical follow-up was not long enough to include
all childhood onset diseases.

However, even with the relatively short follow-up,
the studies produced evidence of overdiagnosis
(online supplemental material 5). Overall, more than
50% (1449/2687) of those identified could not be
confirmed by the studies' follow-up methods—often
because of lack of follow-up to clinical disease, but
also owing to incorrect variant interpretation leading
to overdiagnosis.

Comparison to conventional biochemical or
symptomatic screening without follow-up (reported
in four of 10 studies) did not compensate for short
follow-up in most cases because agreement between
conventional screening and genetic screening was
generally poor, without any indication of how to
interpret discrepancies. Furthermore, many condi-
tions predicted were not included in the conven-
tional screening panels (online supplemental
material 5).

Hao (China)
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Lack of agreement on clinical significance of genes
for reporting for any approach to evaluation
Concordance in gene selection between the 10
studies was low (figure 1). Only two of 1453 genes
were included in all 10 studies (BTD associated
with biotinidase deficiency and IL2RG associ-
ated with severe combined immunodeficiency).
Half (766 of 1453; range 0-386) of all genes were
included as clinically significant in only one of 10
studies (figure 2) and only two studies with small
gene lists were devoid of unique genes.?” > The
processes for gene selection varied greatly across
studies.’ This variation cannot be fully explained
by different populations, healthcare perspectives,
and motivations for testing, but indicates substan-
tial disagreement in the genes deemed actionable
across these studies and uncertainty about what
should be reported to parents of newborn babies.
Furthermore, the studies were not large enough to
produce evidence for individual rare conditions (eg,
X linked hypophosphataemic rickets incidence one
in 20000-70000).>° The use of different sequencing
methods further signifies a lack of consensus on
which testing method to use in newborn screening
programmes. Understanding these discrepancies
requires a thorough examination of gene or condi-
tion selection processes, variant annotation and
interpretation, and calling rules used by different

Huang (China)

Yang (China)
Bodian (US)

Figure 1 | Euler diagram showing lack of overlap of genes included in 10 published studies evaluating genetic

screening for newborn babies
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Figure 2 | UpSet plot showing number of unique genes by study (evaluating genetic screening for newborn babies) and

their respective total number of genes selected for reporting

studies and a better understanding of differences in
clinical opinions.

Overall, the 10 studies highlight that gNBS is
still in its infancy and precludes a conclusive eval-
uation of the feasibility of the approach to gNBS
evaluation that focuses on penetrance. There was
a lack of consensus on which genes to consider for
newborn screening, no indication of how to inter-
pret discordant results from conventional newborn
screening programmes and genetic screening,
uncertainty over which test is most appropriate for
newborn screening, and a large number of posi-
tive results that could not be confirmed within the
studies' follow-up, resulting in interventions, routine
surveillance, and regular follow-up of uncertain
benefit. Our PPIE group raised concerns over unnec-
essary worry and parental anxiety that would be
created with unconfirmed positive screening results,
and over the quality of education for parents about
what screening results mean for their families (online
supplemental material 4).

Insufficient evidence from international gene
curation efforts to use existing evidence synthesis
products for decision making

Our third approach evaluated the ClinGen resource.
Four of the five conditions reviewed (pyridoxine
dependent epilepsy, heritable retinoblastoma, X
linked hypophosphataemic rickets, and medium
chain acyl-CoA dehydrogenase deficiency) had a
paediatric actionability report available on ClinGen
in April 2024. However, ClinGen provided no infor-
mation on pathogenicity and penetrance at variant
level for any of the disease causing genes. The
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overall decision on actionability differed for four of
four conditions between ClinGen and our assess-
ment from the five systematic reviews using the
UKNSC criteria.” Taking into account the severity of
the condition, penetrance, and treatment effective-
ness in children without symptoms, none of the four
conditions met the UKNSC criteria but were rated as
highly actionable by ClinGen (online supplemental
material 3).

ClinGen covered only 15.5% (74/478) of genes
included in the Generation Study (online supple-
mental material 6, table S1), indicating limited scope
as a potential evidence source for evaluating contem-
porary genomic projects. The summary actionability
scores for the 74 genes covered ranged from 3 (low
actionability) to 12 (strong actionability) (mean=9.6,
median=10). ClinGen genes not included in the
Generation Study showed comparable actionability
scores (mean=9.7, median=10). Two genes included
in the Generation Study did not pass ClinGen's stage
one rule-out (ie, not taken forward to full review)
owing to insufficient evidence (online supplemental
material 6, table S2). Overall, there was considerable
lack of agreement on the importance of the genes
included for reporting in the Generation Study and
included for assessment by ClinGen.

Currently, it would be inappropriate for the UKNSC
to base decisions on potential screening programmes
using ClinGen actionability reports without further
assessment because they were not designed for
population based testing. ClinGen's rule out deci-
sions may, however, be useful to rule out condi-
tions for further assessment. This strategy needs
further assessment by investigating the reasons for
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BOX 1] ROADMAP FOR EVIDENCE GENERATION
The problem (what we have got)

Knowledge on penetrance and expressivity of pathogenic variants is key to decision making but evidence is
lacking.

Current knowledge about rare diseases is generally based on clinical cohorts, family studies, or case control

studies with limited applicability to the screening context. The presence of a variant believed to be pathogenic

in a person with a family history of symptomatic disease can be highly predictive of phenotypic disease. The

same variant detected by population screening in a person with no other risk factors can be poorly predictive of

phenotypic disease.

Evidence from screening using biochemical markers suggests that screening cohorts show a wider genetic

spectrum, variants associated with milder disease, and greater variation in expressivity.

The genetic spectrum with information on penetrance and expressivity for apparently healthy newborns with a

genetic risk factor is unknown.

Current studies are not expected to provide the evidence needed for decision making, because they are too

small and report genetic findings to parents with the aim of managing presymptomatic disease. Reporting of

genetic findings precludes evidence collection of penetrance, particularly in those with available preventative

treatment where symptom development is prevented, and true disease defined by clinical symptoms cannot be

confirmed or refuted.

Ways to estimate penetrance and expressivity (what we need)

To estimate penetrance data, the ideal follow-up for each condition needs to be established. For some

conditions, where a link between a biochemical marker and clinical disease is well established, a confirmatory

biochemical test may be sufficient. In others, follow-up to symptomatic disease needs to be long enough to

capture all childhood onset diseases.

Close collaboration with policy advisers to design studies that deliver the evidence that is needed for decision

making is essential. Proposed study designs include the following:

= Ideal studies would be large cohort studies where either screening with whole genome sequencing
(WGS) is given to newborn babies, without reporting results to parents, or very few conditions of well
evidenced penetrance and expressivity are reported. Other potential conditions or genes should not
be reported to participants unless they present symptomatically. These studies will allow measuring
the penetrance and clinical significance of pathogenic variants and consequently the benefits and
overdiagnosis harms of revealing the test results. However, these studies would raise considerable
ethical questions and would only be possible with parents' complete understanding, agreement, and
consent.

= Gene frequency information from healthy adult cohorts, such as the UK Biobank and worldwide datasets
like gnomAD, could be used to identify low penetrance variants that are not suitable for inclusion on a
screening panel. However, these studies are less useful for identifying which variants to include because
they will exclude people with the disease who have died before reaching adulthood.

= Whole genome or exome sequencing of stored dried blood spot samples could provide data on penetrance.
The challenges of doing these studies at scale are the cost and linking to good phenotype data to
determine symptomatic disease status.

A staged approach to WGS evaluation (the future)

Once evidence on penetrance and expressivity has been generated, a stepped approach to evaluation may be

possible in the future. A full evaluation of benefits and harms can be restricted to conditions associated with

genes with at least one pathogenic variant with sufficient evidence on high penetrance and expressivity. Any

future, large scale WGS testing and screening programmes need to be established in ways that support robust

evaluation, research, and assessment of clinical effectiveness.

disagreement between the Generation Study and assessthe benefits and harms of a newborn screening

ClinGen. programme using WGS. As a consequence, there is

uncertainty surrounding which genetic diseases
Discussion should be reported to parents of newborn babies
Main findings who are asymptomatic, and this is reflected in the

Current evidence synthesis methods are neither
feasible nor fruitful for the evaluation of gNBS
because the evidence is not available to synthesise.
The current evidence base on gNBS is insufficient to

differences in gene lists across studies. The condi-
tion based systematic review approach is imprac-
tical for hundreds of conditions and did not deliver
evidence from the screening setting. However, there

Freeman K, et al. BMJMED 2025;4:¢001726. doi:10.1136/bmjmed-2025-001726



is some indication that available evidence from clin-
ical cohorts is not easily applicable to the screening
context, which is unsurprising because it is widely
accepted that risk estimates for genetic disease from
high risk groups do not translate to the general popu-
lation, as has been shown for cancer predisposition
genes in people with and without family history.*
A staged approach to evaluation, for example, one
starting with available evidence on penetrance, is
not yet feasible. This approach requires new large
studies that allow conclusions to be drawn on variant
level, and could include screening cohort studies
with long follow-up and without reporting to parents
considering their ethical complexities, studies using
stored newborn blood spot samples, and studies
using biobanks of healthy adults to rule out low
penetrance variants (box 1). ClinGen is an open
access gene curation resource funded by the National
Institute for Health and has different evidence
requirements than required for UK policy decisions.
The ClinGen protocol explicitly states that it has
a relatively low threshold for the type of evidence
accepted, including non-systematic or expert based
references.'! The definition of clinical actionability
of secondary findings in paediatric patients under-
going clinically indicated diagnostic testing does
not translate well to the screening context. ClinGen
is unlikely to be a useful evidence source for UKNSC
decision making. Evaluation of gNBS is not feasible
without further research.

Findings in light of existing studies
AsofJune 2024, atleast 15 ongoing projects have been
aimed at sequencing over 400 000 healthy newborns
worldwide. Full evaluation of the ongoing projects
is premature, however the consensus between gene
lists across these projects has been investigated in
two recent studies. Downie and colleagues compared
gene lists across six of the ongoing genomics projects.
They identified 55 genes that were common to all six
panels and a further 59 that were on five of the six
panels.*! The authors suggested that the consensus
list of 55 genes could be the starting point for harmo-
nisation of gene lists internationally. In contrast,
comparison of gene lists across the same six projects
and 13 additional published studies showed lower
agreement on which gene variants to report to new
parents (17/1750 genes (1%) were included in all
lists). Our comparison identified only two genes
(2/1453, 0.1%) that were included by 10 published
studies, including three studies not included by
Minten and colleagues.*” In combination, these
studies show overall low levels of consensus, which
differ greatly based on which studies are included.
International efforts are under way to harmonise
the evidence and resources to responsibly implement
newborn sequencing, with a promise to predict treat-
able disease in babies and intervene before symp-
toms develop.”> Minten and colleagues suggested
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prioritising genes that are included on more than
80% of gene lists for population-wide implementa-
tion.*> However, a consensus list of genes for imple-
mentation may be inappropriate and premature
for two key reasons. Firstly, the reason for the lack
of consensus is the lack of evidence, and reaching
consensus will preclude creation of penetrance
evidence for any genes on the agreed list. Secondly,
evidence indicates that gene selection is skewed
towards western Europeans because non-European
people are underrepresented in reference popula-
tion databases used for variant frequency annota-
tion.”> A gene list based on consensus rather than
new evidence could further exacerbate inequalities
and deepen health disparities in populations with a
broad mix of ethnicities such as in the UK and the US.

Strengths

We attempted to identify an approach to assessing
the benefits and harms of gNBS for hundreds of
conditions, taking the perspective of policy advisers,
and counteracting the push for implementation
based on poor evidence. We consulted widely with
policy advisers and clinicians throughout the review
process to ensure that we framed the right research
questions for policy advisers and explored patient
and public views on involvement in future eval-
uations. Our review applied traditional and new
approaches, and has the potential to guide policy
makers towards a new approach for producing and
synthesising the evidence required to make evidence
based policy decisions in this complex area.

Limitations

Our review focused on methods to evaluate the clin-
ical effectiveness of gNBS. The limited evidence base
meant that we could not deal with several questions
that are fundamental to the evaluation of newborn
sequencing. Additionally, questions such as the cost
effectiveness of gNBS and health related quality of
life data for newborn screen detected diseases**
require further research before they can be addressed
for policy decisions.

Our review did not address the question of whether
WGS is the most appropriate test for expanded
newborn screening compared with whole exom
sequencing, panel testing, sequencing combined
with other tests, or biochemical assays. A technology
centric approach has been identified as inappro-
priate for population screening,” but is actively
pursued by gNBS studies. Many conditions could
be tested for more appropriately using biochemical
assays or bespoke genetic tests that could be supe-
rior to WGS.?® *> WGS is limited in the detection of
large deletions and inversions, and further, the use of
shallow sequencing, as is frequently implemented in
clinical practice for economic reasons, may worsen
these limitations so that study results might not be
achieved in clinical practice.



Furthermore, we did not assess the impact of
sequencing results on clinician behaviour and subse-
quent clinical care, nor did we look into anticipated
workforce challenges with the implementation of
WGS as a new screening programme. Challenges
include the number of genetic counsellors needed,
training of staff to correctly interpret WGS results, and
the availability of evidence based clinical pathways
for babies with rare asymptomatic genetic disease.
Establishing a newborn screening programme using
WGS would incur considerable opportunity costs.

Finally, more work is needed to explore key ethical
issues around storing blood samples and genetic
information (highlighted by our PPIE group as a
concern), including for secondary use*®; masking
findings versus knowing but not reporting findings of
certain variants; and acceptability of WGS in the light
of overdiagnosis, and variable accuracy in different
ethnic groups, with additional ethical and equity
issues.*’

Implications for decision makers
Traditional approaches to evidence synthesis
are impractical, and traditional and alternative
approaches are hampered by lack of evidence.
Currently, no evidence supports large scale imple-
mentation of gNBS with simultaneous testing of
many conditions. The balance of benefit and harm is
unknown, and implementation efforts, unless care-
fully considered, might preclude theresearch required
to measure the benefits and harms. Furthermore,
ongoing gNBS studies are not set up to answer these
questions,*® because children with an identified
variant will all be treated, and the natural history
of the variant will therefore not be determined. The
high level of uncertainty surrounding gene selection
and the harms and benefits from gNBS, together with
ethical and civil liberty concerns, risk eroding public
confidence about newborn screening more generally.
Although much is still unknown about the benefits
and harms of screening, a helpful approach might
be to consider the accurate measurement of pene-
trance first, so that review efforts concerning other
aspects, such as the benefit of earlier treatment, can
be targeted to those conditions that have pathogenic
variants with sufficient penetrance. This pragmatic
stepwise approach is motivated by the paucity of data
and the need to engage with the broader scientific
community to conduct the types of studies that will
deliver the required penetrance data for pathogenic
variants. However, there is a widespread belief that
population-wide genomic screening will deliver the
knowledge on penetrance.*? Furthermore, reporting
genetic findings to families with the goal of early
intervention precludes data collection on disease
onset and accurate acceptability, because parents
are likely to report positively when their child is
treated and does not get symptoms of the condition.
As such, current efforts to implement sequencing for
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newborns are a critical risk to being able to answer
these questions.

If future large scale programmes for WGS testing
and screening are established, they should be deliv-
ered in ways that support robust evaluation, research,
and assessment of clinical effectiveness to determine
immediate and longer term benefits and harms.
Future research will also require time intensive,
collaborative PPIE engagement considering a greater
diversity of experience to map diverse views to social
characteristics, backgrounds, and particular lived
experiences to facilitate a nuanced understanding of
perceived harms and benefits, and help inform policy
recommendations and implementation.

We have produced a roadmap for evidence genera-
tion (box 1) to refocus discussion on evidence relating
to WGS for newborn screening. Our roadmap lays out
the shortcomings of the current evidence base and
the type of research that is needed to generate new
evidence required to support a robust evaluation of
WGS.

Conclusions

Current evidence synthesis methods are neither
feasible nor fruitful to provide policy advisers
such the UKNSC with the evidence needed to
understand the benefits and harms of newborn
screening for hundreds of conditions using WGS
because the evidence is not currently available to
synthesise. International gene curation efforts do
not provide a source of existing summaries of the
evidence base. The current lack of evidence and
uncertainty will produce harms (eg, overdiagnosis
and overtreatment) if WGS is implemented prema-
turely. Evidence should be created through studies
that only report pathogenic variants to parents
and clinicians where penetrance and expressivity
have been established through empirical evidence
rather than clinical opinion. We propose that any
future large scale programmes for WGS testing and
screening are established in ways that support
robust evaluation, research, and assessment of
clinical effectiveness.
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