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Summary
To facilitate early deployment of whole-genome sequencing (WGS) for severely ill children, a standardized pipeline for WGS analysis

with timely turnaround and primary care pediatric uptake is needed. We developed a bioinformatics pipeline for comprehensive

gene-agnostic trio WGS analysis of children suspected of having an undiagnosed monogenic disease that included detection and inter-

pretation of primary genetic mechanisms of disease, including SNVs/indels, CNVs/SVs, uniparental disomy (UPD), imprinted genes,

short tandem repeat expansions, mobile element insertions, SMN1/2 copy number calling, and mitochondrial genome variants. We as-

sessed primary care practitioner experience and competence in a large cohort of 521 families (comprising 90%WGS trios). Childrenwere

identified by primary practitioners for recruitment, and we used the UK index of multiple deprivation to confirm lack of patient socio-

economic status ascertainment bias. Of the 521 children sequenced, 176 (34%) received molecular diagnoses, with rates as high as 45%

for neurology clinics. Twenty-three of the diagnosed cases (13%) required bespoke methods beyond routine SNV/CNV analysis. In our

multidisciplinary clinician user experience assessment, both pediatricians and clinical geneticists expressed strong support for rapid

WGS early in the care pathway, but requested further training in determining patient selection, consenting, and variant interpretation.

Rapid trioWGS provides an efficacious single-pass screening test for children when deployed by primary practitioners in clinical settings

that carry high a priori risk for rare pediatric disease presentations.
Introduction

Rapid genomic analysis of children in intensive care units

(ICUs) has been heralded as the most significant change in

clinical practice in the past 10 years.2 More than 20 studies

using a range of case selection and genomic technologies,

including gene panels, whole-exome and whole-genome

analysis, have reported diagnostic yields of 20%–50%.1,3–6

Although analysis of single-nucleotide variants (SNVs) is

well reported, accurate analysis of other types of diagnostic

variants varies among sequencing strategies, bioinformatics

pipelines, and publications. Whole-genome sequencing

(WGS) has the advantage that multiple mechanisms of dis-

ease that cause Mendelian disease can be analyzed without

additional experimentation. However, there are still some

barriers and challenges to implementation in routine

care.1,4,7 For example, inwhich clinical settings should rapid

WGS be deployed by primary practitioners at the first medi-

cal encounter or admission? Iterative clinician feedback is a

crucial tool to improve this implementation.

Wepreviouslydescribed resultsofWGStrioanalysis of195

patients recruited primarily from neonatal intensive care
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units (NICUs) and pediatric intensive care units (PICUs)

with a 2 week turnaround time.1 Here, we expanded our

cohort anddevelopedamorecomprehensivebioinformatics

pipeline to determine the genomic architecture of 521

young, seriously ill children, applied in several pediatric ser-

vice settings (NICU, PICU, and neurology and genetics

clinics) without socio-economic ascertainment bias in the

NationalHealthService (NHS) inEngland.Thedata illustrate

the multiple different disease-causing mechanisms that

need to be considered in a comprehensive first-pass WGS

analysis. Furthermore, the data show the importance and

utility of primary clinician education anduptake in the initi-

ation of rapid WGS diagnostic testing in both the intensive

care and pediatric clinic settings.
Subjects and methods

Participants were recruited under NRES Cambridge South Research

Ethics 13/EE/0325.Of the1,554 individuals recruited, 189consented

to initial diagnostic analysis, 1,352 (87.7%) consented to longitudi-

nal research within the National Institute for Health and Care

Research (NIHR) Bioresource, and 13 withdrew. The study protocol
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Table 1. Special cases of pediatric rare disease requiring refined filtering

Exceptions to filtering rules Refinement of bioinformatics pipeline NGC cases affected

Non-Mendelian inheritance pattern:
imprinted genes

Reports heterozygous inherited variants for a
list of known disease-associated imprinted genes.

Case 484 (heterozygous stop gain variant
in MAGEL2 inherited from the
unaffected father).

Non-Mendelian inheritance pattern:
PCDH19

Reports heterozygous variants inherited from the
father for this X-linked gene (female patients only).

Case 456 (heterozygous stop gain variant
in PCDH19 inherited from the
hemizygous unaffected father).

Non-Mendelian inheritance pattern:
incomplete penetrance/variable
expressivity

Reports heterozygous inherited variants for a list of
genes associated with the patient’s HPO terms or
provided by the clinician. Also appropriate for cases
with an affected parent.

Sixteen cases had inherited dominant
variants, including case 466 (SLC2A1, G
LUT1 deficiency/epilepsy, incomplete
penetrance) and case 68 (PTPN11,
Noonan syndrome, mildly affected
parent).

Common in population datasets:
incomplete penetrance/variable
expressivity

Higher population thresholds for recessive variants in
genes known to have incomplete penetrance or variable
expressivity and variants that are common
(e.g., CYP21A2).

Case 274 had compound heterozygous
variants in CYP21A2 that were found
multiple times as homozygous in
gnomAD, and p.Val282Leu has AF > 1%.

Common in population datasets:
somatic mutations

Higher population thresholds for de novo variants in
genes known to be enriched for somatic mutations in
blood (ASXL1, DNMT3A).

Case 420 (de novo frameshift variant in
ASXL1 that has an allele count of 121 in
gnomAD).

Common in population datasets:
founder variants

Higher population thresholds for recessive variants in genes
known to have common pathogenic founder mutations
(e.g., CFTR:p.Phe508del, the most common pathogenic
allele for cystic fibrosis in Caucasians, which make up the
bulk of most large population datasets).

–

Common in population datasets:
functional polymorphisms

Higher population thresholds for recessive variants in genes
known to have common pathogenic functional
polymorphisms (e.g., hypomorphs such as NM_005105.5:c.-
21G>A in RBM8A that are only disease causing for
TAR syndrome when in trans with a loss-of-function variant).

–

was as previously described1 except that (1) WGS was aligned to the

GRCh38humanreferencegenomebuild, at50–603; (2)anexpanded

data analysis pipeline was used (see below); and (3) research reports

were sent to referring clinicians. Variants of uncertain significance

(VUS) were not reported except in specific cases as detailed.

SNVs/indels (insertion/deletions), copy number variants

(CNVs)/structural variants (SVs), and mitochondrial genome (MT)

variants were annotated and filtered as previously described,1,8–10

with a few improvements (Table 1; Supplemental methods). The

SNV/indel annotation and filtering pipeline was validated us-

ing 487 trio exomes with reportable findings provided by the

Exeter Genomics Laboratory. In addition, mobile element

insertions (MEIs) were called by MELT,11 annotated and filtered

similarly to SNVs. Copy numbers for SMN1 and SMN2 were called

by SMNCopyNumberCaller,12 and tandem repeat expansions

were called for specific genes with ExpansionHunter13 and

ExpansionHunter DeNovo.14 Uniparental hetero- and isodisomy

(UPD) was determined for specific disease-associated regions. De-

tails of additional analyses are described in supplementalmethods.

The impact and clinician user experience outlining the

perceived advantages and challenges of recruiting patients and im-

plementation of routine rapid trio WGS in pediatric care were as-

sessed using a survey at the end of the project.

Results

Comprehensive gene-agnostic trio WGS analysis

pipeline for pediatric genetic diseases

WGS analysis was performed on 521 severely ill neonatal

or pediatric patients recruited over the course of 3.5 years
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(2016–2020) from NICU (194 [37%]), PICU (118 [23%]),

pediatric neurology (122 [23%]), and clinical genetics

(87 [17%]) clinics. Recruitment rates of eligible patients

in pediatric neurology and clinical genetics were high

(82%–88%), while recruitment rates in NICU and PICU

improved over time, with higher rates in the last 1.5 years

(80% and 73%, respectively) compared with the first 2

years (47% and 49%, respectively) (Table S2). Families

were consented to the study by a trained research coordi-

nator after referral to the study by clinicians. Consent

discussions used a standard script that was adapted to indi-

vidual parents’ needs and questions. Results from the first

195 patients were previously published.1 The overall

median age was 8.5 months (Table S1; Figure S1), and no

socio-economic bias in eligibility and consent to the study

was observed using UK index of multiple deprivation

(IMD) scores (Figure S2), reflecting equity of access pro-

vided by the UK National Health Service. A gene-agnostic

trio analysis was performed in 90% of cases, as both par-

ents contributed DNA samples (467 families).

We developed a comprehensive bioinformatics pipeline

designed to identify the cause of severe early-onset rare dis-

eases. Analysis included rare SNVs and small insertion/de-

letions with a predicted impact on gene function; CNVs

and SVs of all sizes including deletions, duplications, inser-

tions, inversions, translocations, and MEIs; variants in the

mitochondrial genome; known pathogenic tandem repeat

expansions; imprinted genes and UPD; and deletions
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Figure 1. Comprehensive trio WGS bioinformatics pipeline
Schema of the bioinformatics pipeline. The color corresponds to the main steps (variant calls and various filtering types). CNV, copy
number variant; MEI, mobile elements insertion; MT, mitochondria; SNV, single-nucleotide variant; SV, structural variant; UPD, unipa-
rental disomy.
affecting SMN1, causative of spinal muscular atrophy

(SMA; MIM: 253300) (Figure 1).7,12,13,15–18

Several exceptions and refinements were incorporated to

accommodate genes with different disease-causing mecha-

nisms (Table 1). Potential causal variants were discussed in

multidisciplinary team meetings (MDTs), and variants

were interpreted following the American College of Medi-

cal Genetics (ACMG) guidelines19,20 (Table S3). Patho-

genic, likely pathogenic, and a few variants of uncertain

significance were reported, or a negative report was issued.

All positive results were independently confirmed using an

appropriate alternative method. Reports were understand-

able to both non-specialist physicians and patients

(Figure S3), with technical details as appendices.21 Variants

in genes of certain significance were submitted to ClinVar

with ACMG classification. Variants in candidate genes of

uncertain significance were submitted to GeneMatcher.

Results from the application of the comprehensive

analysis pipeline

One hundred seventy-six of the 521 families (34%)

received confirmed molecular diagnoses (Tables S3 and

S4). Of these, 56% (n ¼ 99) had de novo variants, 34%

(n ¼ 60) had recessive inherited variants, and 10% had in-

herited variants with reduced penetrance or affected family
Hu
members (n ¼ 14), different disease mechanisms such

as PCDH19 (MIM: 300460) (n ¼ 1), imprinted genes

(n ¼ 1), or mitochondrial genome variants (n ¼ 1)

(Figure 2). Trio analysis and frequency filtering for rarity

permitted efficient interpretation of de novo and com-

pound heterozygous variants (76% of cases with causal var-

iants). Ethnicity was determined from genotyping, and the

majority of probands were of European ancestry (79%,

compared with 86% in the UK population22). Increased

diagnostic rates for families of South Asian ancestry

(47%) compared with European ancestry (31%) were

observed, driven by an increased number of reported ho-

mozygous causative variants (Figure 2).

A total of 137 cases had disease-causing SNVs/indels in

the nuclear genome, 54 (31%) with predicted loss-of-func-

tion variants (42 coding, 8 canonical splice sites, 4 non-ca-

nonical splice sites) and 83 (47%) withmissense variants or

in-frame indels (Figure 3A). Four cases (2%) were explained

by variants in the mitochondrial genome: one was homo-

plasmic in both patient and mother (case 909) and the

others were de novo and heteroplasmic in blood from the

patient (case 445, 16% heteroplasmy; case 268, 61%; and

case 223, 69%). Finally, disease-causing SVs or CNVs were

present in 35 cases (20%). Of these, 12 were large CNVs

(>500 kb), and 15 cases had smaller intragenic deletions
man Genetics and Genomics Advances 3, 100113, July 14, 2022 3
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Figure 2. Inheritance patterns of variants in diagnosed cases
Distribution of inheritance patterns of variants in (A) all diagnosed
cases and (B) split by genomic ethnicity.
and duplications, ranging in size from 77 to 126 kb, 50% of

which were in trans with disease-causing SNVs/indels. The

remaining 8 cases required specialized analysis and molec-

ular genetic confirmation, including two with non-coding

structural variants affecting the promoter region where

biochemical or immunological analysis also confirmed

pathogenicity (cases 440 and 490), three with SMN1 dele-

tions causing SMA (cases 142, 299, and 481; Figure 3B),

two with disease-causing uniparental disomy (cases 437

and 441; Figure 3C), and one with a pathogenic repeat

expansion in DMPK causing myotonic dystrophy (MIM:

160900) (case 388; Figure 3D).

The diagnostic rate varied by referral specialty location,

with the highest yields in the pediatric neurology depart-

ment (46%) and clinical genetics clinic (40%) and lower

yields in the PICU (31%) and NICU (25%) (Table 2). Pa-

tients with neurodevelopmental delay, hypotonia, sei-

zures, or suspected mitochondrial disorder had higher

diagnostic rates (45%, 46%, 35%, and 46%, respectively;

Table 2). Of the 16 cases with molecular diagnoses and sus-

pected mitochondrial disease, 7 (44%) had pathogenic var-

iants in genes not previously associated with mitochon-

drial biology. Children born very or extremely preterm

(23–32weeks) andmoderate to later preterm (32–37weeks)

had lower genetic diagnostic rates compared with term in-

fants in both the PICU and NICU (10% versus 25% versus

32%) and non-ICU settings (0% versus 33% versus 45%)

(Table S5). A higher diagnostic rate (51% versus 32%) was

observed in children with the most severe disease who

did not survive beyond 1 year of age.

Gene-agnostic trio analysis allows both the identifica-

tion of novel phenotypes for known disease-causing genes
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and gene discovery. Multiple cases expanded the pheno-

typic spectrum of known genes, including TTN,23

TELO2,24 UNC45A,25 PPCS,26 NSD1,27 and FBN128 (MIM:

188840, 611140, 611219, 609853, 606681, and 134797,

respectively). Variants in these genes were not suspected

prior to testing. The variants in TTN were associated with

an antenatal diagnosis of arthrogryposis, polyhydramnios,

and neonatal respiratory difficulties in keeping with a rare

titinopathy, and the child with a de novo PPCS variant pre-

sented with severe hypotonia, necrotizing myopathy, and

intermittent rhabdomyolysis who only later developed a

severe cardiomyopathy post-diagnosis. TELO2 and

UNC45A are only recently reported genes, and such young

patients had not been identified before. For NSD1 and

FBN1, these syndromes had not been considered in the

clinical differential diagnosis, but in retrospect the pheno-

type of the cases fitted well as the children developed.

Nearly 15% of the cases with causal variants (n ¼ 24) had

variants in genes first reported since the start of the study

in 2016, and for 9, the variants were reported after iterative

re-analysis, indicating the importance of regular review

and ‘‘updating.’’ Three families contributed to the first

identification of novel disease-causing genes or pheno-

types: VPS4A,29 NDUFA6,30 and TARS231 (MIM: 609982,

602138, and 600124, respectively). Nine negative cases

(not included in the overall diagnostic rate) have variants

in candidate disease genes submitted to GeneMatcher

and are undergoing further investigations.

Clinical impact and professional user experience

To assess the impact and user experience of the Next Gen-

eration Children’s (NGC) project, referring pediatricians

and clinical geneticists completed a survey. The response

rate was 34% from the NICU, the PICU, pediatric immu-

nology, neurology, and clinical genetics (32 of 94)

(Figure S4). The numbers of respondents from pediatrics

(n ¼ 18) and clinical genetics (n ¼ 14) were comparable,

and although some differences in responses between the

groups can be observed, they are not statistically signifi-

cant by Fisher’s exact test (Table S6; Figure S5).

More than 90% of clinicians found the study ‘‘very use-

ful’’ or ‘‘somewhat useful’’ with regard to contributing to

research (n ¼ 32 [100%]); increased confidence in decision

making, especially when a molecular diagnosis was made

(n ¼ 31 [97%]); improved communication with parents

(n¼ 31 [97%]); gaining knowledge about a genetic etiology

(n ¼ 31 [97%]); the ability to offer an additional test to

families (n ¼ 30 [94%]); helping explain a poor outcome

(n ¼ 30 [94%]); and improved clinical management of pa-

tients (n ¼ 29 [91%]) (Figure 4A; Table S7).

There were also documented challenges to the study. Cli-

nicians described an increased workload, but the majority

(n ¼ 23 [72%]) regarded this as ‘‘insignificant.’’ More chal-

lenging was the requirement to decide on patients’ suit-

ability for testing (n ¼ 13 [41%] ‘‘somewhat significant’’

or ‘‘very significant’’) and the need to perform extra

research into reported variants (n ¼ 13 [44%] ‘‘somewhat
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significant or ‘‘very significant’’). The biggest challenges

occurred around having to communicate with the parents,

with almost half of clinicians reporting the need for addi-

tional communication about genetic testing (n ¼ 15

[47%] ‘‘somewhat significant’’ or ‘‘very significant’’) and

uncertainty about explaining genetic results to parents

(n ¼ 16 [50%] ‘‘somewhat significant’’ or ‘‘very signifi-
Hu
cant’’), including discussing negative results (Figures 4B;

Table S7).

Finally, we asked clinicians to comment on the future use

ofWGS by scoring questions and entering free text. Thema-

jority (n ¼ 29 [91%]) strongly (score 5 out of 5) recommen-

ded the use of trio WGS in their specialty, but pediatricians

weremuch less confident about their ability in determining
man Genetics and Genomics Advances 3, 100113, July 14, 2022 5



Table 2. Diagnostic rates by medical specialty and phenotype

Specialty

All With seizuresa With delaya With hypotoniaa Suspected mitochondriala

Total Diagnosed Total Diagnosed Total Diagnosed Total Diagnosed Total Diagnosed

NICU 194 48 (25%) 44 8 (18%) 4 1 (25%) 25 12 (48%) 5 1 (20%)

PICU 118 37 (31%) 43 16 (37%) 46 16 (35%) 20 8 (40%) 5 2 (40%)

Pediatric neurology 122 56 (46%) 63 29 (46%) 65 34 (52%) 28 13 (46%) 20 12 (60%)

Clinical genetics 87 35 (40%) 19 6 (32%) 57 26 (46%) 21 10 (48%) 5 1 (20%)

ALL 521 176 (34%) 169 59 (35%) 172 77 (45%) 94 43 (46%) 35 16 (46%)

NICU, neonatal intensive care unit; PICU, pediatric intensive care unit.
aThe phenotype categories are not mutually exclusive (patients may belong to more than one).
patient suitability (41% scoring 5 out of 5) and consenting

for testing (56%), although some geneticists were also lack-

ing in confidence in selecting suitable children and the con-

senting process (Figure S6). Half of the respondents wanted

additional training in determining eligibility, consenting,

analysis, and variant interpretation.
Discussion

We performed a large prospective gene-agnostic WGS trio

analysis of 521 severely ill children and their parents (trios)

within the National Health Service in England. The NHS

provides universal health care for almost 100,000 children

admitted to ICUs each year and >0.5 million new hospital

outpatient pediatric appointments per year. Our demo-

graphic analysis of recruitment showed that WGS can be

offered and accepted equitably across the socio-economic

spectrum and yields beneficial insights into the burden

of genetic disease across all social groups. As rapid

genome-wide sequencing becomes integrated into routine

pediatric care, a key question is how to expand the analysis

pipeline to its full potential, including deployment by pri-

mary practitioners. Our study reports recruitment from

several clinical specialist units (NICU, PICU, pediatric

neurology, and genetics clinic) and demonstrates the

occurrence of a high a priori risk for genetic disease in these

patients. Although referrals came from the specialist con-

sultants (e.g., a neonatologist in the NICU), identifying

appropriate patients was frequently based on a multidisci-

plinary discussion with attending neurologists and geneti-

cists who also supported the consenting process.

We developed an in-house comprehensive bioinformat-

ics pipeline to determine the genomic architecture of this

young, seriously ill cohort, which required specific

considerations.

Multiple mechanisms of disease

The phenotypic spectrum of presentation of disease in very

young children is often limited and non-specific (e.g.,

hypotonia). The primary analysis therefore included the

common exon 7 and 8 deletion in SMN1 (spinal muscular

atrophy), abnormal expansions in DMPK (congenital myo-

tonic dystrophy), UPD (e.g., Prader-Willi syndrome [MIM:
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176270]), genome-wide SNVs, CNVs, and mitochondrial

genome defects, which yielded an overall diagnostic rate

of 46%. WGS analysis removes the need for multiple sepa-

rate specialized laboratory tests and facilitates the rapid

turnaround by simultaneous testing to inform therapy in

seriously ill children. The use ofWGS analysis permits struc-

tural variant calling, including mobile element insertions

and complex SVs, that cannot be deciphered with most

other sequencing strategies. For example, we identified

cases in which a promoter inversion (case 490), a promoter

duplication (case 440), and a complex structural rearrange-

ment (case 375) caused disease but were not apparent by

exome sequence analysis. Overall, 22% of diagnoses would

have been missed without such broad systematic CNV, SV,

and mitochondrial genome analyses.5,32
Gene-agnostic approach and frequency filters

A gene-agnostic approach ensures that all genes are consid-

ered equally initially, regardless of phenotype, but requires

a trio design with low population frequency filters to limit

the number of rare variants to be considered. A trio design

enabled rapid assessment of rare variants with respect to de

novo inheritance and assessment of rare variants in trans

for recessive disease. Importantly, human phenotype

ontology (HPO) terms are not used to select genes to be

considered in the initial analysis. This enables new and

previously unrecognized phenotypes to be assigned to

known genes at a significant rate that would not otherwise

be on a panel.1 Subsequently, it is also necessary to

consider higher population frequency filters during the

analysis to ensure that a comprehensive analysis is per-

formed, as some pathogenic variants are more frequent

in the general population. To make the analysis rapid

and thus timely, only biologically relevant genes associ-

ated with the phenotype of the child are considered. This

reduces the number of less rare variants that need to be

considered on the basis of the secondary HPO driven

gene prioritization. This facilitates variant identification

of (1) founder mutations in certain populations (e.g.,

CFTR [MIM: 602421]); (2) reduced penetrance alleles in

certain genes (e.g., SLC2A1 [MIM: 138140], SERPINA1

[MIM: 107400]) for which one parent may carry the gene

abnormality that would be filtered out in a strict de novo
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Figure 4. NGC impact survey results: utility and challenges
Results of the survey assessing the impact of the NGC project. Thirty-two pediatricians and clinical geneticists were asked to rate
(A) advantages of the study as not, somewhat, or very useful and (B) challenges as not, somewhat, or very significant.
analysis (variants in imprinted genes, such as MAGEL2

[MIM: 605283], can be missed when filtering using

Genome Aggregation Database [gnomAD] variant fre-

quencies or similar adult control datasets, as the parent

of origin is not documented in controls and will appear

too frequent for rare diseases); (3) diseases associated

with rare germline mutations in ASXL1 (MIM: 612990)

and DNMT3 (MIM: 602769)33 which can be missed if fre-

quencies alone in gnomAD are used, as variants in these

genes have high somatic frequencies in blood from adult

control populations34; and (4) rare recessive Mendelian

diseases (e.g., thrombocytopenia-absent radius syndrome

caused by mutations in RBM8A [MIM: 605313]), in which

one rare variant is in association with a common SNP in

trans, causing disease.35

We report an overall diagnostic rate of 34%, empha-

sizing the high burden of monogenic disease in pediatric

and sub-specialty care. The yield was higher in older chil-

dren with chronic neurological symptoms, as distinguish-

ing transient from chronic pathology is challenging in the

neonatal period, especially among preterm infants, in

whom fewer phenotypic features are present. The diag-

nostic rate reported is likely to be an underestimate, as

mainly pathogenic and likely pathogenic variants in genes

of certain significance were returned to the families.19 An

unexpectedly high percentage of diagnoses had auto-

somal-recessive inheritance patterns (28%), including

several cases with compound heterozygous variants (n ¼
34 [19% of diagnosed cases]). This is true for both NICU
Hu
or PICU and non-ICU settings and is driven partially by

the identification of CNVs in trans with SNVs in 8 cases

(5% of diagnosed cases) and the inclusion of the recessive

SMA cases (n ¼ 3 [2%]). We did not observe higher meta-

bolic diagnoses in the sick ICU patients, although we did

identify several mitochondrial diseases in patients within

the severely sick cohort. These were due to recessive nu-

clear encoded mitochondrial gene variants. Many of these

children died. Prior to the availability of rapid trio genome

analysis, they may have died without diagnoses.

Reporting of variants of uncertain significance, particu-

larly in critically ill children, was deemed of limited imme-

diate benefit. Of cases with nuclear SNVs/indels, only 23

VUSs were returned (18%). These were reported when in

trans with a pathogenic or likely pathogenic variant (n ¼
5), additional studies were planned to test functional

impact (n ¼ 7), the variant had already been reported

(n¼ 2), and communicating clinical uncertainty of variant

interpretation in older children was deemed to be of

benefit (n ¼ 9). In addition, 6 VUSs were reported to be

benign after the recommended functional biochemical

testing, cytogenetics, or histopathology had been per-

formed, for example, very long chain fatty acid levels

(ABCD1 [MIM: 300100]), bleeding times and clotting fac-

tor tests (F8 [MIM: 301071]), centromeric instability

(DNMT3B [MIM: 242860]), and immunohistochemistry

of muscle (PYGM [MIM: 608455]).

Frequent iterative re-analysis of the data improved the

diagnostic rate as new genes were published. Submission
man Genetics and Genomics Advances 3, 100113, July 14, 2022 7



of variants to ClinVar facilitated future variant interpreta-

tion, and submission of variants in genes of uncertain sig-

nificance to GeneMatcher ensured that further novel dis-

ease genes can be identified. Continuing follow-up of

families within the NIHR Bioresource enables psychologi-

cal, health economic, and mechanistic research together

with recruitment to stratified medicine and clinical trials.

Furthermore, pipelines need improvement, and each

iteration must be validated using a known truth set. Areas

for future improvements include highly repetitive regions

that map poorly but harbor important causal variants that

need specific variant calling and quality control; improved

variant interpretation using advanced prediction tools for

the impact on mRNA splicing or protein function;

increasing availability of ethnicity-specific population

controls; and additional knowledge of the non-coding

space.36–38 However, some relevant mechanisms of dis-

ease, such as methylation defects and tissue-specific mosa-

icism, cannot be called by routine blood WGS analysis.

Critical to the success of WGS in a clinical diagnostic

setting is primary practitioner uptake, positive user experi-

ence, and acceptance. Although initial anecdotal com-

ments (e.g., ‘‘It’s good not to have too many VUSs,’’ ‘‘We

don’t want to go back [to not having the test as an op-

tion]’’) were encouraging, formal feedback was essential

for evaluation. There were no significant differences be-

tween pediatricians’ and clinical geneticists’ views

regarding issues of implementation, although with<20 re-

sponses to the survey per group, there was limited power to

detect statistically significant differences. The small differ-

ences observed were related to the degree of concern. To

offer rapid extensive testing to families and to participate

in research were perceived by both groups as very useful

and outweighed the additional workload needed for con-

senting. However, clinicians did not consent patients to

this study, and thus the workload associated with consent-

ing may be underestimated. Non-genetic specialist pedia-

tricians noted the value of genomic results that explained

poor outcomes, reassuring professionals and parents that

optimum care had been provided. Our results highlight

the need for more education for all professional groups

(including genetic specialists) around selecting those suit-

able for testing, explaining genetic investigations, and

variant interpretation.

In summary, on the basis of the genomic architecture of a

large cohort of children identified using a comprehensive

WGS pipeline, we recommend rapid trio analysis early in

the diagnostic pathway, ordered by the primary practitioner

on admission to a hospital or specialist clinic. We describe

the need for both stringent and lenient frequency filtering

on the basis of the biology of each early-onset disease gene.

The use of rapid trio WGS was welcomed by clinicians as a

significant improvement topatient care.More training inus-

ing and communicating genomics to families was requested

by all professional groups, and further evaluation of the

workload and skills needed to offer this testing is required

in a much larger sample of professionals. Finally, future
8 Human Genetics and Genomics Advances 3, 100113, July 14, 2022
research is needed to evaluate not only the benefits to sys-

tematic deployment of WGS in the NHS to mitigate the

‘‘diagnostic odyssey’’ and the facilitation of precision medi-

cine but also to understand the long-term psychosocial

impact of a genetic diagnosis, the optimal timing of delivery

of a result driven by the needs of the family rather than the

speed of the technology, and the support needs of families

across the range of socio-economic spectrum once a diag-

nosis is made.
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