
Rare diseases are defined as those that affect fewer than 
1 in 2,000 individuals in the general population1. These 
diseases remain rare in the general population because 
they usually adversely affect reproductive fitness2,3. 
There are estimated to be 7,000 rare diseases, ~80% of 
which are thought to have a genetic cause4,5. The major-
ity (50–75%) of rare diseases affect children1, and many 
are severe multisystem disorders with a range of pheno-
types (FIG. 1). Collectively, they are responsible for 35% 
of deaths in the first year of life and are a significant 
cause of paediatric hospital admissions6,7; one-third of 
children born with a rare disease will not live to see their 
fifth birthday1.

Although rare variants in nearly 1,500 genes have 
now been shown to cause developmental disorders, many 
more disease-causing genes still remain to be discov-
ered8,9. Accurate diagnosis — here defined as discerning 
the precise molecular cause (genotype) that explains the 
clinical features of the rare disease (phenotype) — is 
the cornerstone of safe medical practice. For children 
with a rare genetic disorder, a robust genetic diagnosis 
unlocks access to a wealth of information in the litera-
ture that provides advice on management and therapy 
and also enables access to disorder-specific support 
groups, which reduces isolation for families affected by 
a rare disorder. A robust genetic diagnosis also enables 
accurate determination of risk to existing and future 
family members. However, finding a diagnosis for each 
individual remains a considerable challenge because 
of the genetic and phenotypic variability associated 
with these diseases and our incomplete knowledge. 

Addressing this challenge will fulfil the new vision of 
the International Rare Diseases Research Consortium 
(IRDiRC) for 2017–2027: to “enable all people living 
with a rare disease to receive an accurate diagnosis, 
care and available therapy within one year of coming to 
medical attention” (REF. 10).

Causative genetic variants can range in size from 
the substitution, deletion or duplication of a single base 
pair, to structural variants and to altered copy numbers 
of an entire chromosome (aneuploidy) or genome (as 
in diploid/triploid mosaicism). Not only are the diseases 
caused by these variants individually very rare or ultra-
rare (<1 in 100,000) but there is also usually clinical 
variability in the penetrance of the disorder and in the 
expressivity of individual features within disease enti-
ties. A proportion of this variability in genetic diseases 
can be attributed to locus heterogeneity and allelic hetero­
geneity, which can be extreme; for example, the clinical 
feature ‘intellectual disability’ may be caused by mono­
allelic or biallelic variants in one or more of >700 different 
genes11,12. Other important sources of variability include 
genetic variants at one or more other loci (modifiers) 
and environmental factors, which are currently difficult 
to identify and quantify. As a consequence, the majority 
of rare genetic diseases do not have highly distinctive 
clinical presentations and are intractable to clinical 
diagnosis by classical approaches, which have typically 
relied on the recognition of a consistent pattern of clini-
cal features, such as a combination of growth anomalies, 
site-specific malformations and a characteristic facial 
appearance. Moreover, not all rare paediatric disorders 
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Developmental disorders
Diseases with their genesis in 
embryonic life or early fetal 
brain development.
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Abstract | The majority of rare diseases affect children, most of whom have an underlying genetic 
cause for their condition. However, making a molecular diagnosis with current technologies and 
knowledge is often still a challenge. Paediatric genomics is an immature but rapidly evolving field 
that tackles this issue by incorporating next-generation sequencing technologies, especially 
whole-exome sequencing and whole-genome sequencing, into research and clinical workflows. 
This complex multidisciplinary approach, coupled with the increasing availability of population 
genetic variation data, has already resulted in an increased discovery rate of causative genes and 
in improved diagnosis of rare paediatric disease. Importantly, for affected families, a better 
understanding of the genetic basis of rare disease translates to more accurate prognosis, 
management, surveillance and genetic advice; stimulates research into new therapies; and 
enables provision of better support.
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Structural variants
Blocks of DNA >1 kb that 
differ relative to the reference 
genome or general population, 
including inversions, balanced 
translocations and copy 
number variants (for example, 
deletions and duplications).

Mosaicism
The presence of two or more 
populations of cells with 
different genotypes in an 
individual who has developed 
from a single fertilized egg.

are genetic in origin, and worldwide, there remains a 
small but important contribution from teratogen expo-
sure (for example, fetal alcohol syndrome, congenital 
toxoplasmosis or Zika virus)13–15. Thus, until recently, 
most children with rare disease, especially those with 
developmental disorders, have remained undiagnosed16.

Next-generation sequencing (NGS) technologies 
have hugely improved the prospects of obtaining a 
genetic diagnosis because they are genetically and 
phenotypically agnostic in their approach. Simultaneous 
sequencing of every gene in the genome detects the vast 
majority of important variation present in an individ-
ual’s genome and potentially enables diagnoses to be 
made across a range of paediatric phenotypes (FIG. 1), 
even for rare and ultra-rare conditions, including those 
with which the child’s clinician may be unfamiliar17. 
Once the genetic basis of a syndrome is identified, the 
range of clinical presentations often increases (known 
as syndrome expansion) as milder or incomplete com-
binations of features are recognized to share the same 

molecular genetic basis18. Advances in genomic tech-
nologies have had a particular impact on rare paediatric 
disease owing to its early onset and the differing nature 
and frequency of causal variants compared with rare 
adult genetic disease, which means that the diagnostic 
yield is generally higher19. In severe developmental 
disorders, the reproductive fitness will be very low; 
without strong balancing selection — which is rare — 
or socially and/or geographically constrained mating 
— which is common — such variants will not be main-
tained in a population20. Thus, the prior expectation in 
severe paediatric genetic disease is that the causal vari
ants will be ultra-rare and often either de novo (with 
a dominant inheritance pattern) or enriched in con-
sanguineous or founder populations (with a recessive 
inheritance pattern)21–23. Although human genomes 
vary from each other at around 4–5 million locations, 
the vast majority of this variation is both common and 
benign24–26. Finding the primary genetic diagnosis in 
children is therefore simplified by the fact that such 
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Disorders of structure

Organogenesis
Congenital diaphragmatic hernia <12%

PMID: 28303347

Cognition
Intellectual disability 42%

PMID: 24896178

Behaviour
Autism spectrum disorder 8.4%

PMID: 26325558

Neurotransmission

Sporadic infantile spasms 40%
PMID: 26138355

Epileptic encephalopathy 70%
PMID: 23647072

Metabolism

Suspected inborn errors of metabolism 50%
PMID: 27391121

Neurometabolic disorders 68%
PMID: 27276562

Motor function

Limb girdle muscular dystrophy 37%
PMID: 28877744

Growth
Severe short stature 36%

PMID: 24970356

Endocrine
Congenital hyperinsulinism 40%

PMID: 23869231

Oncogenesis
Childhood solid tumours 10%

PMID: 26822237

Haematopoiesis
Inherited thrombocytopaenia 46%

PMID: 27479822
Inherited bone marrow failure 27%

PMID: 28102861
Primary immunodeficiency 40%

PMID: 27577878

Cardiovascular
Syndromic congenital heart disease 9.7%

PMID: 27479907

Early-onset generalized dystonia 37%
PMID: 27666935

Connective tissues

Osteogenesis imperfecta 100%
PMID: 24501682

Renal
Nephrolithiasis and/or
nephrocalcinosis ~17%

PMID: 28893421

Sensory organs
Non-syndromic
deafness 56%

PMID: 26226137

Inherited retinal
disease 56%

PMID: 28041643

Disorders of physiology

Airway
Ciliary dyskinesia 76%

PMID: 26139845

Figure 1 | Available diagnostic rates based on whole-exome sequencing 
in classes of paediatric genomic diseases. The diagnostic rate of 
whole-exome sequencing is given for each phenotype class, with the 
associated PubMed identification (PMID) number; only case series ≥10 were 
used, and only pathogenic or likely pathogenic variants in probable or 

known disease genes are included. There were remarkably few studies 
available in the published literature for many of the broad classes of disease 
with the exception of neurodevelopmental disorders. Box sizes are 
approximately proportionate to the prevalence of the phenotypes in 
paediatric practice.
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Penetrance
The proportion of individuals 
with a particular genotype who 
show features of the condition 
(however mildly). If some 
individuals with the genotype 
never show any features, the 
condition is said to have 
incomplete (or reduced) 
penetrance. If features develop 
with age, the condition is said 
to have age-dependent 
penetrance.

Expressivity
The phenotypic variability and 
severity that a given genotype 
shows in individuals penetrant 
for the condition.

Locus heterogeneity
When variants in a number of 
different genes independently 
cause the same phenotype.

Allelic heterogeneity
When different mutations at 
the same locus cause the same 
phenotype.

Monoallelic
Describes a mutation that 
affects only one copy of a 
gene. Autosomal dominant, 
de novo dominant or X‑linked 
disorders are caused by a 
monoallelic pathogenic variant.

Biallelic variants
Mutations that affect both 
copies of a gene. Autosomal 
recessive disorders are caused 
by pathogenic biallelic variants.

Whole-exome sequencing
(WES). Next-generation 
sequencing of the entire 
protein-coding portion of the 
genome. In humans, the total 
length of coding and splicing 
regions is estimated to be 
~35 Mb and comprises 
~20,000 genes (1–2% of the 
genome).

Whole-genome sequencing
(WGS). Next-generation 
sequencing of the entire 
genome, which, in humans, is 
typically ~3,000 Mb.

rare damaging de novo variants (and biallelic vari-
ant combinations) are unlikely to be present in adult  
control populations.

This Review focuses primarily on the application of 
genomics to paediatric rare disease diagnosis; it does 
not discuss somatic variation in cancer or the applica-
tion of genomics to the diagnosis or management of 
paediatric cancer. We begin by outlining the benefits 
of moving from traditional genetic diagnostic testing 
to NGS. Next, we highlight some of the issues around 
data analysis and consider the current primary clinical 
indications for whole-exome sequencing (WES) or whole-
genome sequencing (WGS). Finally, we discuss the future 
of paediatric genomics in terms of improved workflows, 
wider applications and treatment opportunities.

From genetic tests to genomic tests
Traditional genetic testing. For most of its history, 
clinical genetics has relied upon two types of genetic 
tests: highly focused high-resolution molecular single-
gene tests and low-resolution genome-wide cytogenetic 
tests27 (FIG. 2a). In single-gene molecular tests, a par-
ticular gene is selected for Sanger sequencing or geno
typing according to the clinical presentation of the 
patient. The probability of the test yielding a correct 
diagnosis is dependent on the diagnostician correctly 
identifying the underlying genetic cause of the condi-
tion and selecting the correct test. Thus, single-gene 
molecular tests are best suited for diagnosing highly 
distinct clinical conditions that are caused by just one 
or a few genes. For instance, most ‘classic’ inherited 
genetic conditions, such as cystic fibrosis (caused by 
variants in CFTR)28 or Duchenne muscular dystrophy 
(caused by variants in DMD)29, are diagnosed using 
this approach. By contrast, a low-resolution whole-
genome approach, such as a G‑banded microscopy-
based karyotype (resolution ~5–7 Mb), can be used to 
diagnose common trisomies and segmental aneuploidy 
together with some apparently sporadic develop
mental disorders that are caused by rare recurrent or 
unique large imbalances of chromosomal material. 
Smaller structural variants, such as copy number vari­
ants (CNVs), can be detected by molecular karyotyping 
using genomic microarrays, which typically have a 
resolution of ~50–100 kb30. Genomic microarrays can 
detect disease-causing CNVs at any position in the 
genome, including recurrent variants associated with 
microdeletion and/or microduplication syndromes30–32. 
However, their sensitivity is low compared with NGS, 
and only ~10% of patients with a rare paediatric disease 
can be diagnosed using these approaches33.

Modern genetic testing. NGS technology enables mas-
sively parallel sequencing of multiple genes34–36, which 
has revolutionized clinical genetics37–39. Rather than 
selecting a single gene to test or a single type of vari-
ant to detect, clinicians can now request simultaneous 
sequencing of multiple genes or even entire exomes 
or genomes40. This high-resolution whole-genome 
approach combines the benefits of both individual 
molecular tests and genome-wide cytogenetic tests 

(FIG. 2a). Many paediatric conditions are caused by a 
genetic variant in one of numerous different genes, so 
the ability to sequence multiple genes simultaneously 
enables fast and comprehensive genetic analysis. For 
example, Bardet–Biedl syndrome can be caused by 
variants in over 20 genes with indistinguishable clini-
cal presentations41; similarly, there are many causes of 
congenital sensorineural hearing impairment42 that are 
clinically indistinguishable but genetically distinct. In 
such cases, simultaneous testing of all known genetic 
causes improves and expedites the diagnostic process.

NGS is particularly useful for diagnosing rare 
developmental disorders that might be caused  
by single nucleotide variants (SNVs) or small insertions 
and/or deletions (indels) in any one of thousands of 
genes in the genome where testing each candidate gene 
individually is no longer a feasible approach (FIG. 2b). 
This approach is exemplified by the application of NGS 
to the genetic diagnosis of infantile epileptic encepha-
lopathy, a heterogeneous condition that can be caused 
by variants in any one of dozens of genes, where NGS-
driven discovery has identified 31 novel genes between 
2012 and 2015 (REFS 43,44). The sensitivity of NGS tech-
nologies to detect SNVs and indels is extremely high45, 
and although Sanger sequencing is still considered to 
be the gold standard in many laboratories, NGS tech-
nologies may actually prove superior, particularly for 
detecting heterozygous changes, in which the variant 
of interest is present in just one copy of a chromosome 
pair, and mosaic variants that are only present in a  
subset of cells46.

NGS data can also be used for detecting CNVs and 
other structural variants, although their analytical 
validity is currently lagging substantially behind that 
of microarrays47–52. Nonetheless, optimized gene panels 
sequenced at high depth using NGS have proved use-
ful for detecting small exon deletions (<10 kb) missed 
by low-resolution microarrays, and both WES and 
WGS have been successfully used to detect large CNVs 
(>500 kb)49. The question of whether to undertake a 
genomic microarray before WES or WGS for children 
with developmental disorders is currently unresolved 
because the sensitivity and specificity of the respec-
tive tests depend on the precise characteristics of the 
test selected, the analysis pipeline deployed and the  
diagnostic yield for different sizes of CNVs.

Although NGS technologies allow every gene — and 
every cis-regulatory element (CRE) — in the genome 
to be sequenced, clinical reports in paediatrics usually 
focus on variants in genes known to be associated with 
rare childhood-onset disorders. However, ~70% of 
genes and almost all CREs in the genome still have no 
known function in human health and development2,3, 
and so many variants that could be causal for disease 
will not typically be reported because they occur in 
genes of unknown relevance at the time of analysis. 
Moreover, short-read NGS does not reliably detect tri-
plet repeat expansions, which are involved in paediatric 
diseases such as fragile X syndrome, congenital myo-
tonic dystrophy and Friedreich ataxia53. It is also often 
poor at detecting small CNVs, such as exon deletions or 
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Single-gene tests
Approaches that enable 
detailed analysis of a single 
gene. In addition to sequence 
analysis, they usually also 
include an assessment of 
dosage in order to detect 
exon-level deletions and 
duplications, which are often 
difficult to detect with current 
approaches to whole-exome 
sequencing and whole-genome 
sequencing.

Cytogenetic tests
Genome-wide tests that 
analyse the number and 
structure of chromosomes, 
including copy number 
variants, but do not provide 
information about the DNA 
sequence.

Karyotype
The chromosomal complement 
of a cell. Large-scale 
chromosomal imbalances can 
be detected using karyotyping 
approaches, such as imaging 
Giemsa-banded chromosomes 
with light microscopy.

Copy number variants
(CNVs). Structural variants that 
involve either a deletion or a 
duplication of a section of DNA 
relative to the reference 
genome.

Single nucleotide variants
(SNVs). Differences within a 
population, or between an 
individual and a reference 
genome, that affect a single 
base pair of DNA.

Gene panels
Subsets of genes (usually linked 
to a particular phenotype) that 
are incorporated into a 
laboratory-based gene capture 
kit or that form the basis of 
computer-based virtual gene 
panels, which are applied to a 
subset of variant data from a 
clinical exome or a 
whole-exome sequencing and/
or whole-genome sequencing 
assay.
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duplications, which are a major cause of disease in some 
conditions such as Duchenne muscular dystrophy54 and 
spinal muscular atrophy (SMA) type 1 (REF. 55). Post-
zygotic mosaic variants are also often missed in low 
coverage data in cases where they are the de novo cause 
of disease in the affected child or are inherited from an 
unaffected mosaic parent56,57. It is therefore crucial to 
consider what data may be missing from each report 
that is reviewed and to determine whether the assay 
and/or analysis covers the relevant gene or genes and 
detects the relevant variant type typically associated 
with disease.

Diagnostic tests based on next-generation sequenc-
ing. There are a number of ways that NGS can be used 
for clinical diagnostics, which vary in the number and 
type of target regions that are sequenced. Targeted 
approaches include sequencing whole single genes, 
for example, in cases where individual variants would 
previously have been genotyped; sequencing panels 
of disease-specific genes, with panels ranging in size 
from 2 to >2,000 genes; and sequencing all exons of 
the ~4,000 genes currently associated with monogenic 
disease, which are also known as the clinical exome 
or Mendeliome58. By contrast, sequencing all ~20,000 
protein-coding genes by WES and entire genomes by 

WGS are essentially non-targeted tests40. All NGS-
based diagnostic approaches generate large amounts of 
data, but the difference in scale between tests can be 
vast, ranging from a few hundred base pairs of DNA 
for a small gene, where only a handful of variants will 
be detected, to 3 billion base pairs for a whole genome 
containing 4–5 million variants per person (FIG. 2c). 
As more genes are tested in parallel and more data are 
generated, the sensitivity of the test increases, but its 
specificity decreases, and both the logistical and ethi-
cal challenges increase (BOX 1). In particular, the issue 
of how to deal with unsolicited secondary findings is 
extremely contentious because of the enormous number 
of variants in every genome and their breadth of appli-
cability. WES or WGS offers the opportunity to screen 
genomes for a range of conditions, but legitimate con-
cerns about overdiagnosis have resulted in alternative 
approaches being taken in different laboratories and 
across different jurisdictions59–63.

Where a virtual gene panel approach is applied to 
analyse WES or WGS data, a balance must be struck 
between limiting the panel to a highly specific, con-
servative set of genes that are directly related to the 
patient’s particular phenotype and including a broader 
set of genes that are associated with a number of related 
conditions (for instance, limiting testing to epilepsy-
related genes versus including all genes associated with 
neurodevelopmental disorders). Using a limited gene 
panel is clinically attractive because it reduces off-target 
noise and incidental findings, but it can result in missed 
diagnoses owing to genetic heterogeneity. However, 
the number of benign genetic variants present in every 
individual and the narrative potential of every genome64 
means that the probability of over-interpretation lead-
ing to overdiagnosis is substantial, and it increases 
with the scale of the test. It is not yet clear how best 
to tune genomic analysis to maximize identification of 
true diagnostic variants and minimize identification of 
misleading variants. The sensitivity and specificity of 
particular assays are rarely documented or compared, 
as such outputs are dependent on many factors, includ-
ing patient ascertainment, the genomic footprint of the 
phenotype in question and the availability of compa-
rable data from unaffected individuals. Test data sets 
that would enable comparisons between assays are not 
routinely used in clinical practice.

Proband-only and trio-based diagnostic tests. One 
excellent strategy to manage the wealth of genetic var-
iants identified by WES or WGS is to use a family trio 
analysis of samples from the child and both of their 
biological parents. This enables rare benign familial 
variants to be filtered out, de novo variants that are 
present only in the child to be easily identified, and the 
phase of variants in recessive or imprinted disorders 
to be established by inheritance. For families in which 
neither parent is affected by the same disorder as the 
child, sequencing of parent–child trios rather than  
the child alone (proband analysis) offers an approxi-
mately tenfold reduction in the number of candidate 
variants as well as a 50% increase in diagnostic yield 

Figure 2 | Genomic testing strategies and clinical heterogeneity. a | Genome-wide 
assays used in clinical genetics have developed from traditional methods for visualizing 
chromosomes using a light microscope to assaying copy number variation across the 
genome and to sequencing the entire genome.  As the resolution of the test increases, 
the number of detectable variants also increases. Although this increase in the number of 
variants leads to an increase in diagnostic yield across a range of conditions, it also 
substantially increases the likelihood of detecting incidental findings and variants of 
uncertain clinical significance. b | The less specific the phenotype associated with a 
disease is, the more likely it is to be caused by variants in a large number of individual 
genes; that is, genetic heterogeneity increases as phenotypic specificity decreases. 
Testing a single gene or small number of genes may be preferable if the disease is 
phenotypically and/or genetically very homogeneous. However, for phenotypically  
and/or genetically heterogeneous conditions, many hundreds of genes may need to be 
tested, which will generate thousands of variants for every person. Whole-exome 
sequencing (WES) and whole-genome sequencing (WGS) are the most phenotypically 
agnostic assays and can be used to diagnose a wide range of disorders. c | There is a 
balance between the diagnostic potential of a sequencing strategy and its practicality 
and cost. In this Figure, the number of currently published probands analysed using 
different next-generation sequencing (NGS) techniques is plotted on the x‑axis, and the 
percentage of the genome examined is plotted as a logarithmic scale on the y‑axis. The 
diagnostic rate was obtained from the published literature. Trio-based WGS has the 
highest diagnostic yield but is also the most informatically demanding and expensive 
approach; hence, fewer studies have been reported to date. Given that most currently 
known pathogenic variants are in the coding portion of the genome, using WES only 
slightly lowers the diagnostic yield in severe intellectual disability (from ~42% for WGS to 
~40% for WES) but hugely reduces the cost. On the other hand, although moving from a 
family trio-based approach to a proband-only approach has practical and financial 
advantages, it substantially reduces the diagnostic yield (to ~28%) because de novo status 
or phase cannot be directly assigned to observed genomic variants to determine if they 
are on the same or different chromosomes. NGS of gene panels or of single genes is the 
most common approach, but the rate of diagnosis varies considerably depending on 
phenotype and patient ascertainment, as this determines the prior likelihood of a 
detectable genetic cause for the clinical presentation, and on the proportion of patients 
with a given phenotype that can be explained by known disease genes (see FIG. 1).  
N/A, not applicable. Part b is adapted from the Journal of  Medical Genetics, Boycott, K. 
et al., 52, 431–437 (2015) with permission from BMJ publishing group Ltd. (REF. 62).  
Part c is adapted from REF. 167, Macmillan Publishers Limited.

◀
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(FIG. 2c), thus substantially increasing the speed and 
likelihood of reaching an accurate diagnosis8. This 
increased analytical power needs to be weighed against 
the additional cost of parental sequencing, but the 
increased cost is often offset by the reduced require-
ment for segregation studies of candidate variants that 
may be necessary in proband-only approaches. Trio 
WES for severe developmental disorders that were un
diagnosable using conventional genetic testing currently 
has a diagnostic rate of ~40% (REF. 65), taking the overall 
diagnostic rate across all genetic testing modalities to 
over 50% for these diverse and previously intractable 
disorders.

Integrating and interpreting data
Over the past decade, it has become increasingly clear 
that an individual genome cannot be interpreted in iso-
lation. Knowledge of the background variation in a pop
ulation is required to filter common variants. Ideally, 
this information would be derived from randomly 

sampled individuals who have not been selected for 
any specific clinical or social characteristic, and many 
thousands of such genomes are needed to improve var-
iant calling, annotation and interpretation. Optimal  
variant classification also requires detailed and compre-
hensive clinical information about the individual being 
tested, rather than a simple diagnostic label. The scale 
of WES and WGS data necessitates automation of var-
iant filtering to focus on the genomic intervals and/or 
variant characteristics relevant to the clinical question. 
Analytical workflows for the diagnosis of rare disease 
are not yet fully standardized8,66 because the component 
workflows for processing raw data, identifying patho-
genic variants and integrating clinical data to achieve 
a robust genetic diagnosis (FIG. 3) are complex and still 
being developed, and because each step has its own 
problems that require individualized evaluation.

Variant calling and annotation. Variant calling and 
annotation involve highly complex processes, and the 

Box 1 | Ethical, legal and social implications of paediatric genomics

Paediatric genomics has many of the same ethical, legal and social issues 
that clinical genetics has been dealing with for decades, such as 
reproductive autonomy, informed consent for research, misattributed 
parentage and implications for family members141–146. However, the 
enormity and breadth of genomic data raise their own novel issues, which 
are more complicated for paediatric testing; the reduced capacity of the 
child to consent to testing and/or research means that parents and 
clinicians have an increased role in deciding what may be in the best 
interests of the child147–150. Most of the novel ethical issues in the era of 
genomics relate to the storage, interpretation and access of data.

Data storage. How or where clinical next-generation sequencing (NGS) 
data should be stored is unclear because of their size and the computer 
power required for their analysis. Furthermore, it is not clear who 
should have access to that data and when they should be allowed 
access to it. For instance, should medical records contain just the 
diagnostic variant, all potentially clinically relevant variants or all 
detected variants, or should they contain whole-exome or 
whole-genome sequences? If parental genomes have been sequenced 
as part of a family trio approach to paediatric diagnosis, how and where 
should family data be stored? Should access be limited to clinicians 
involved in the direct care of the family or opened to researchers in 
industry and/or academia? Although there may be clinical benefits to 
an individual having a genome sequence available for repeated analysis 
in years to come, the ongoing improvements in sequencing 
technologies mean that it may actually be cheaper, easier and more 
informative to simply re‑sequence an individual’s genome if it is 
clinically indicated than it would be to store it.

Confidentiality versus data access. After the initial results from NGS 
testing, a delicate balance must be struck between protecting individual 
patient confidentiality and the need to share data widely to improve 
interpretation (either for the benefit of that individual patient or other 
patients). This balance is even more complex in paediatrics, where 
parents are often asked to make decisions about their child’s data that 
may have irreversible repercussions. Should these decisions be revisited 
when the child approaches and passes the age of majority? The question 
of who has access to the data relates not only to the individuals, such as 
family members, clinicians and researchers, among others, but also to the 
extent of data available to them. Attitudinal data suggest that parents 
are more concerned about future risk to their child from data-sharing 
than adult patients151. Access could be limited to specific diagnostic 

variants or a range of clinically relevant results or could include the entire 
sequence. We have previously proposed a proportionate approach that 
balances the depth of data against the breadth of sharing152. This 
approach includes sharing a limited number of potentially relevant 
variants completely openly to maximize the potential benefits for 
diagnosis while minimizing the plausible risks of re‑identification. 
Although it is important to share individual whole-exome or 
whole-genome data too, the potential for re‑identification is 
substantially higher, so databases with strictly managed access are often 
used153. Sharing anonymized, sparse phenotypic and genotypic data 
openly may increase the opportunity not just for diagnosis and discovery 
but also for patients with very rare conditions to participate in research 
or trials of new therapies.

Duty of care. For clinicians, the issue of data access is linked to the 
question of whether their duty of care is limited to finding a diagnosis for 
the child’s immediate problems or whether it extends beyond the scope 
of the initial investigation154. This duty of care could extend to regular 
re‑analysis of the data as new knowledge comes to light, potentially 
finding a diagnosis many years after the initial sequencing was performed 
or redacting misdiagnoses in light of new evidence. Although some 
studies have pioneered an approach to iterative reporting using a 
regularly updated virtual gene panel155, which is likely to yield substantial 
diagnostic benefits in paediatrics because of the current rate of gene 
discovery, routine re‑analysis of genomic data is hampered in the clinic by 
limited resources for updating and re‑analysing data as well as for 
re‑contacting patients156.

The duty of care could also extend to looking for incidental 
predispositions to adult-onset conditions or to adverse drug reactions 
either in the child or their parents157–160. The practice of actively searching 
for additional ‘looked-for’ findings is currently recommended by the 
American College of Medical Genetics and Genomics, albeit being 
limited to pathogenic variants in 59 genes60,161. In general, investigating 
children for adult-onset conditions for which there is no early treatment 
is not recommended162–164, and to date, British and European genetics 
societies have been cautious about extending the scope of genomic 
analyses beyond finding a diagnosis165. Unfortunately, it is often difficult 
to interpret likely pathogenic variants in asymptomatic families because 
most disease genes have been found in the context of individuals or 
families with a particular condition; as a result, the benefits and harms of 
opportunistic genome screening are currently unknown166.
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reproducibility for repeat analysis of the same WGS 
sample using the same pipeline is generally less than 
100% (REF. 47). Variant calling is used to identify allelic 
differences in the base composition of an individual 
by comparing each position represented in the data to 
the equivalent position in a reference human genome. 
The sensitivity of calling is dependent on the quality of 

both the test data and reference data and on the algo-
rithms employed. Low-quality or low-coverage data 
can result in important variants being absent from the 
output. Variant calling, particularly of small indels, 
is difficult in repetitive sequences67, which can lead 
to diagnoses being missed despite the variant being 
present in the raw data. Variant call data are generally 
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Figure 3 | Integration of clinical and laboratory workflows to optimize 
rare disease diagnosis using next-generation sequencing. The safe and 
effective implementation of a paediatric genomics service requires 
diligent design to optimize the expertise of clinicians, bioinformaticians 
and scientists in various parts of the workflow.  Each step of the variant 
filtering process merits careful thought and evaluation, as the diagnostic 
variant or variants could be inadvertently discarded at any step, yet 
stringent filtering is necessary to reduce the number of variants to a 
sufficiently low number to enable expert review. Typically, variants are 
filtered out if they have a minor allele frequency of >1% or even >0.1%. 
Note that diagnostic variants may be missed if an incorrect transcript is 
chosen for a gene, the wrong inheritance mode is selected in a trio analysis 
(for example, a mildly affected parent is coded as unaffected) or the variant 
type responsible for the rare disease is not well captured by the sequencing 

and analysis pipeline (for instance, a triplet repeat expansion disorder such 
as fragile X). Clinical assessment of the patient takes place at the start and 
end of the diagnostic process. At the outset, assessment is used to 
determine the prior likelihood that the patient has a tractable genetic basis 
for their clinical presentation and to capture the phenotype and establish 
a clinical differential diagnosis. At the end of the process, the clinician 
should determine whether the candidate molecular diagnosis identified 
by the laboratory constitutes a robust genetic diagnosis (either in full or in 
part) and whether the confidence in this assertion is sufficient to guide 
future management of the patient and enable testing for relatives or 
pre-implantation or prenatal diagnosis. In difficult cases, rare candidate 
variants are often discussed in a multidisciplinary setting with expert 
clinicians and clinical scientists (see FIG. 4). ACMG, American College of 
Medical Genetics and Genomics; HPO, Human Phenotype Ontology.
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Minor allele frequencies
(MAFs). Measurements of how 
often the less common allele 
occurs at a given polymorphic 
locus.

stored in standardized Variant Call Format (VCF) files, 
which are commonly modified for clinical analysis to 
include annotation of each variant. Some annotations 
are crucial for clinical interpretation, particularly the 
minor allele frequencies (MAFs) and variant consequence 
predictions. All annotations, but MAF data in particu-
lar, vary with the data and software used at the point 
of annotation. As a result, VCF files derived from the 
same data can vary substantially among providers 
and between versions despite having a standardized 
structure68,69.

Variant filtering. Decisions about which variants to 
include in diagnostic evaluation or to exclude from 
further analysis are heavily dependent on the resources 
used and the date they were accessed. Variants are 
typically excluded if they have no predicted or known 
functional consequence, if they are deemed to be 
too common to be the cause of a particular disease 
or because they do not fit with the observed pattern 
of inheritance for the disease70 (FIG. 3). If using a trio 
approach, care needs to be taken during phenotypic 

evaluation of the parents to ensure that they do not 
have a mild, subclinical phenotype relevant to the dis-
order in their child; otherwise, the wrong inheritance 
pattern will be specified, potentially confounding the 
analysis. Filtering out variants with no known func-
tion requires accurate prediction of the effect of the 
genetic variant by software such as Ensembl VEP71 or 
SNPeff 72. However, these predictions may not reflect 
the real biological consequence of the variant73,74. 
Moreover, the same genomic variant may have dif-
ferent predicted consequences owing to the presence 
of alternative transcripts, and the lack of a simple 
selection method to determine the clinically relevant 
transcript for most genes is a significant source of 
variation between diagnostic labs67. Identification of 
common variants requires access to large-scale popu
lation resources, such as ExAC and gnomAD75. At the 
date of writing, these databases contained variants from 
more than 120,000 exomes and 15,000 genomes from 
a range of adult study cohorts, though many ethnic 
groups remain under-represented. Genetic variants 
that cause severe childhood diseases are rarely present 
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Below average
Average
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Figure 4 | Multidisciplinary team review with phenotype-based variant 
ranking and interpretation. Two complementary approaches (clinical and 
statistical) can be used for phenotype-based ranking.  a | In the clinical 
approach, variants that survive clinical filtering for consequence, frequency 
and inheritance should be assessed with reference to the phenotype 
observed in the affected child. This is best done with the support of an 
expert multidisciplinary team, who will review the patient’s presenting 
features, family history, evolving clinical story and results of other 
investigations (such as biochemical testing and imaging) and refer to 
available aggregate data on the clinical features associated with a given 
gene (as in FIG. 4b) and to the published literature. Based on the suggested 
molecular diagnosis, new data (such as family studies, further clinical 
examination or reinvestigation of the child) may be required to make  
a definitive decision and to establish a robust genetic diagnosis or refute a 

molecular finding that does not explain the patient’s clinical features or 
inheritance pattern observed in the family. In a proportion of cases, no 
definitive decision can be made on whether a variant is causative or not. 
b | A statistical approach to phenotype matching requires that the 
categorical, quantitative and/or image-based phenotype information is 
available both in the affected child and in a considerable number of other 
individuals with causative variants in the same gene. These data will allow 
a statistical approach to quantify the phenotype matching between the 
affected child and the disease model compared with the match to other 
unrelated disease models. Such approaches become more feasible as the 
number of affected children with rare and ultra-rare molecularly defined 
genetic disorders rises. BWt, body weight; DQ, developmental quotient; 
HPO, Human Phenotype Ontology; Ht, height; OFC, occipitofrontal 
circumference; Wt, weight.
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Human Phenotype 
Ontology
(HPO). A standardized 
vocabulary of phenotypic 
abnormalities encountered in 
human disease. Each term in 
the HPO describes a 
phenotypic abnormality, such 
as atrial septal defect. The 
HPO currently contains 
~11,000 terms.

Causative genotypes
Genotypes in which a single 
locus is perturbed and that 
have a high positive predictive 
value for a restricted pattern of 
morphological, biochemical or 
physiological features of 
clinical significance.

in a disease-causing configuration in adult disease 
cohorts or their control groups, and lifestyle factors 
and long-term environmental exposures are unlikely 
to lead to substantive disease variability in early-on-
set disease. As a result, very stringent allele frequency 
thresholds can be used to select only very rare variants 
for further analysis in children. However, the ethnicity 
of the individual being sequenced and how well their 
ethnicity is represented in reference data sets can affect 
the effectiveness of variant filtering, and there contin-
ues to be a European bias in genomic analysis76.

Assigning pathogenicity. A thorough clinical workup 
remains crucial for interpreting the candidate variants 
identified by genomic sequencing and for maintaining 
good clinical practice (FIGS 3,4). Assigning pathogenic-
ity to any of the rare variants selected by an automated 
pipeline and establishing a genetic diagnosis can be 
extremely challenging. Variants in genes previously 
associated with the disease in question are often pri-
oritized using virtual gene panels77, and the ability to 
identify individuals who do not have one of the well-
known causes for a disease often facilitates the identi-
fication of novel disease determinants78. Unfortunately, 
spurious gene–disease associations are commonplace 
in the literature, which results in enormous differ-
ences between gene panels and a lack of clear consen-
sus regarding the evidence level required for a gene to 
be included in a gene panel79,80. Moreover, clinically 
useful databases of pathogenic variation, such as the 
Human Gene Mutation Database, contain numerous 
errors81,82, leading to benign variants being incorrectly 
picked out of the data and assigned as plausible diag-
noses. There is potential for this situation to improve 
as more genomes are sequenced, but the importance 
of large data sets comprising populations of genomes 
from both healthy individuals and individuals with 
rare diseases, such as gnomAD and ClinVar, cannot 
be overstated75,83. Large paediatric cohorts such as the 
Deciphering Developmental Disorders Study in the 
UK have facilitated the development of statistically 
robust methods for establishing pathogenicity solely 
on the basis of genomic data9,84. Such studies have also 
been aided by the acquisition of both categorical and 
quantitative phenotypic data. Categorical approaches 
use structured ontologies, such as the Human Phenotype 
Ontology85 (HPO), to capture important clinical fea-
tures, while quantitative data in paediatric genet-
ics include growth and developmental milestones. 
The publication of the American College of Medical 
Genetics and Genomics–Association for Molecular 
Pathology (ACMG–AMP) guidelines86 was a major 
step towards establishing a common framework for 
variant classification, which continues to be refined87.

Platforms such as DECIPHER allow standardized 
phenotype capture by clinicians and its integration 
with genotype as a patient-level record within a sin-
gle resource, enabling holistic exploration of relevant 
data. DECIPHER88,89 displays phenotype informa-
tion, imaging data, genotype information (including 
variant type (such as SNV or CNV), consequence 

and mode of inheritance) and 2D and 3D protein 
structure (where available), as well as reference and 
population resources. It is supplemented by ACMG 
variant pathogenicity classification support86 and an 
assessment tool to facilitate multidisciplinary team 
decisions based on integration of molecular and 
clinical expertise in order to achieve a robust genetic 
diagnosis. The systematic capture of categorical and 
quantitative phenotypic data for individual children 
with rare and ultra-rare genetic disorders will also 
facilitate statistical approaches to identify discrimi-
native patterns for each disorder. This will enable a 
confident assessment of the phenotypic similarity 
between the observed phenotype in the tested indi-
vidual and the expected phenotype associated with 
each of the plausible causative genotypes that have been 
generated by the genetic test (FIG. 4b).

Data sharing. Interpretation of genomic data is highly 
dependent on access to databases of variants from both 
control and affected individuals. However, widespread 
data sharing has logistical challenges because of the 
sheer volume of data, and ethical challenges because 
it is impossible to truly anonymize genome sequence 
data90,91 (BOX 1). Sharing curated or suspected phe-
notype-variant associations through resources such 
as DECIPHER89 and Phenome Central92 facilitates 
this process and minimizes the number of variants 
shared per individual. Initiatives such as the GA4GH 
Matchmaker Exchange93 federate these and other 
resources, such as GeneMatcher94, which increases the 
scope of searches. The ACMG recently issued a posi-
tion statement that laboratory and clinical genomic 
data sharing was crucial to improving genetic health 
care95. The opportunities provided by WES and WGS 
to enable diagnosis at the edge of our knowledge can be 
underpinned by close review of the current literature, 
a working knowledge of the appropriate interpretation 
platforms and knowledge repositories and interface 
with research studies. Ideally, this framework should 
be complemented by a collaborative infrastructure 
to support functional and model organism studies, 
which bring a broader expertise to achieving a robust  
molecular and clinical diagnosis96.

Considerations for clinical application
The expertise to clinically evaluate the diagnostic impor-
tance of genomic variants and to communicate notewor-
thy results to the family and to other health professionals 
is an essential prerequisite to the introduction of NGS 
testing in a health-care system97. The protracted search 
for a diagnosis, which can extend over many years, is 
often resolved when new technology (such as NGS) and 
new knowledge (such as the discovery of new disease 
genes) enable diagnoses to be made today that were 
not possible several years ago. Appropriate use of WES 
and WGS has the potential to dramatically shorten the 
‘diagnostic odyssey’ for patients with rare and ultra-rare 
paediatric disorders98. It can also often prevent the need 
for invasive and expensive investigations, such as muscle 
biopsy and lumbar puncture. However, especially with 
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Blended phenotype
A mixed phenotype that 
results from causal variants in 
two or more genes. The 
phenotypes may either be 
distinct, with discrete 
(composite) manifestations, or 
overlapping, with similar 
phenotypic manifestations that 
are impossible to disentangle.

very young patients, investigations that may consolidate 
a clinical diagnosis should continue in parallel with WES 
or WGS, as the results may be helpful in establishing 
the validity (or otherwise) of diagnoses suggested by 
candidate variants emerging from the diagnostic pipe-
line. Follow‑up investigations (such as enzyme assays or 
cranial magnetic resonance imaging (MRI) scans) may 
be needed after NGS to confirm whether features nor-
mally found in the candidate diagnosis are present and 
whether the suggested diagnosis is clinically plausible. 
The less specific the presentation (for instance, neonatal 
hypotonia) is, the greater the problem of determining 
whether candidate variants are pertinent findings. With 
careful patient selection in a neonatal intensive care unit 
(NICU), it has been possible to establish a genetic diag-
nosis for critically ill infants in as little as 26 hours99, but 
this time frame remains unattainable in most health-care 
settings because of a lack of relevant expertise and appro-
priate logistics and because of the currently prohibitive 
cost of delivering such expedited results. However, it 
establishes that expedited diagnosis is feasible and pro-
vides a strong drive to improve the speed of current 
pipelines that are more typically measured in months 
than in days100.

Clinical expertise. Although it is possible for a few 
conditions (such as achondroplasia, Genetic Testing 
Registry MIM 100800) to make a definitive molecu-
lar diagnosis from the genotype or a confident clinical 
diagnosis from the phenotype, establishing a robust 
genetic diagnosis for most rare diseases requires the 
integration and correlation of molecular genetic or 
genomic data (genotype) with the clinical features 
(phenotype) of the patient (FIG. 3). The depth of pheno-
type required to do this accurately is not yet established 
for most conditions, and specialist assessment by a cli-
nician with expertise in rare disease is generally recom-
mended to ensure that a molecular diagnosis of severe 
genetic disease in a young person is well founded. 
Similarly, whether the molecular diagnosis represents a 
full explanation for the clinical presentation or whether 
the child has a blended phenotype also merits expert 
assessment. Making a lifelong genetic diagnosis in a 
young patient with a severe disorder is a crucial step 
in enabling safe and appropriate ongoing management 
for that patient and their family. Depending on the 
genetic variant or variants, this process often requires 
review of recent primary publications, additional clini-
cal evaluation and investigation to determine the clinical 
fit and to corroborate or refute a suggested molecular 
diagnosis, and segregation studies to determine whether 
the suggested molecular diagnosis fits with the inher-
itance pattern observed in the family. Furthermore, for 
patients with rare or ultra-rare disorders, time should 
be invested to adequately investigate the availability  
of research studies and treatment trials. This package of 
care is time-consuming but essential to safe practice in 
genomic medicine; the time and expertise necessary to 
deliver it may not be easy to accommodate in a general 
paediatric consultation, and referral to a clinical genetics 
service may be appropriate.

Where best to focus clinical genomics expertise, 
whether at the point of test request, at the point of 
evaluation of candidate variants or both, is not 
yet clear. Experience with the implementation of 
genomic arrays101 suggests that this expertise is best 
employed once candidate variants have been identi-
fied that require expert clinical evaluation to deter-
mine whether they represent robust genetic diagnoses. 
Patients for whom an initial WES or WGS test report 
is normal but a genetic basis for disease remains very 
likely will also benefit from expert assessment by a 
geneticist. As WGS becomes more widely deployed, 
the clinically focused reanalysis of existing WGS data 
is likely to emerge as a major focus for clinical geneti-
cists as phenotype-informed and patient-centred pro-
cesses improve diagnostic yield17. If a possible clinical 
diagnosis can be identified, existing NGS data can be 
re‑evaluated with less stringency and with additional 
analytical strategies to try to identify variants that have 
been overlooked by the standard diagnostic analysis 
pipeline.

Who to test. Patient selection is crucial for ensuring that 
WES or WGS is deployed primarily for patients with a 
significant chance of a monogenic cause for their pres-
entation (BOX 2). In this context, using WES or WGS 
as part of a battery of investigations with the intention 
to exclude a genetic cause for disease is particularly 
problematic. Many diagnostic pathways, especially in 
paediatric neurology, use a wide variety of biochem-
ical investigations to exclude rare conditions, such as 
inborn errors of metabolism, where the prior prob
ability of each individual condition causing the clinical 
presentation is very low. This is part of long-estab-
lished practice and may be appropriate where normal 
ranges are well documented. However, the wealth of 
uncertain variants generated by NGS and the lack of 
confidence with which such variants can be definitively 
assigned as benign or pathogenic mean that it is not 
appropriate to use WES or WGS as a generic exclusion 
test for a genetic cause of disease; NGS investigations 
should therefore currently be reserved for patients in 
whom there is a high index of clinical suspicion for an 
underlying genetic disorder. Indeed, with appropriate 
case selection, an NGS diagnosis can be transformative 
and alter management. A recent study that used WES 
to establish a molecular diagnosis for patients in the 
NICU with a likely monogenic disorder showed that 
clinical care was altered by the diagnosis in 23 of 32 such 
patients (72%)102.

Test selection. The choice of test is influenced by many 
factors, not least the confidence in and specificity of the 
clinical diagnosis and the cost and availability of NGS 
assays, analysis and interpretation (FIG. 2c). For exam-
ple, the most appropriate test for an infant who is fail-
ing to thrive with fat malabsorption, a sweat chloride 
measurement of 88 mmol per litre and a clinical diag-
nosis of cystic fibrosis is a single-gene test of the CFTR 
gene, not WES or WGS. In general terms, the broader  
the locus heterogeneity of the condition is, the greater 
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Genetic risk scores
Quantitative measures of 
genetic predisposition to a trait 
that are calculated from data 
for multiple (usually low-risk) 
genetic variants, which are 
usually obtained from 
genome-wide association 
studies.

the utility of WES or WGS. However, the broader the 
scope of the test (that is, the number of genes covered) 
is, the greater the expertise required to interpret the 
result, particularly for the many disorders for which 
simple confirmatory investigations (such as enzyme 
assays) are not available.

WES outperforms panel testing in expert hands 
for research and diagnostic purposes103, but whether it 
better enables accurate diagnosis in a routine clinical 
setting is a different question and one where there is 
currently little published research to inform practice. 
Modern well-designed WES includes efficient cap-
ture of promoters and splice regions as well as coding 
sequence, enabling the great majority of SNVs causing 
rare disease to be detected104. In 2016, WES cost less 
than a third of the cost of WGS (internal data), so WES 
of the family trio could be performed for approximately 
the same cost as WGS of the child. The additional power 
of trio analysis for detecting de novo mutations (which 
are the most common cause of disease in childhood 
developmental disorders)9 coupled with our current 
inability to interpret non-coding variants means that, 
where cost is a limiting factor, trio WES will outperform 
proband-only WGS in paediatric rare disease diagno-
sis. Nonetheless, the benefits of WGS in terms of data 
quality across the exome and access to non-coding and 
structural variants may ultimately outweigh the current 
cost benefits of WES105.

Complexity. Some patients present diagnostic chal-
lenges because they have two or more genetic diag-
noses that lead to a blended phenotype106. Multiple 
genetic diagnoses in a single patient have been esti-
mated to occur at a rate of approximately 5% (REFS 8,19). 
Clinicians therefore need to consider whether the can-
didate diagnosis identified by a genetic test represents 
a full explanation for their patients’ clinical features or 
only a partial one, with the main diagnosis still to be 
identified (BOX 3). Even for patients with a single diag-
nosis, the clinical features observed in an individual 
patient are rarely the result of a single variant acting 
in isolation. A variant in a gene of major effect may 
act in concert with variants in genes of modest effect 
and a large number of variants of minor effect (often 

in non-coding parts of the genome). The combined 
effects of these variants, together with environmental 
exposures, may influence penetrance and expressivity 
to determine the clinical presentation, thus explaining 
some of the variability seen between individuals with 
the same genetic diagnosis. Such complexity likely 
underlies many behavioural and developmental traits 
in the normal population, and for some individuals, 
even in the absence of a single variant of major effect, 
a cumulative burden of adverse variants of modest and 
minor effects may result in a diagnosis of, for exam-
ple, an autism spectrum disorder107. Over time, our 
understanding of this complexity is likely to improve, 
and it may become possible to integrate data from 
highly penetrant single genes with genetic risk scores to 
better stratify patients and personalize prognosis and 
management108,109.

Value. The benefits of an accurate genetic diag-
nosis include a better understanding of prognosis, 
more tailored management and improved surveil-
lance. A precise genetic diagnosis enables the pro-
vision of accurate genetic advice to individuals and 
their families and may provide them with increased 
reproductive choice, for example, by enabling pre-im-
plantation diagnosis, non-invasive prenatal testing or  
prenatal diagnosis. It also facilitates improved access 
to education, health and social care and to informa-
tion and support from patient support groups2. Once 
a robust molecular and clinical diagnosis is made, 
resources such as GeneReviews110 and Orphanet pro-
vide expert advice on management for clinicians, 
and resources such as Unique and Genetics Home 
Reference provide succinct, patient-friendly summaries 
for patients and their families. Deployment of NGS at 
an early stage in specialist evaluation offers a cost-ef-
fective way to both improve the chance of identifying 
a diagnosis and significantly shorten the time to diag-
nosis111–114. In some cases, diagnosis can also lead to 
improved or more personalized treatments, and many 
of the most striking advances in gene discovery and 
diagnosis and reports of life-changing case studies from 
exome and genome sequencing have been made in 
children115–118. For example, in one study of individuals 

Box 2 | Indications for paediatric genomic analysis using WES, WGS or large panel approaches

1.	 Neurodevelopmental disorder: for example, developmental delay and/or learning disability (of a level requiring or 
likely to require a statement of special educational needs), epileptic encephalopathy or severe cerebral palsy.

2.	 Congenital anomalies: multiple congenital anomalies (two or more major anomalies) or a single major anomaly 
together with a neurodevelopmental disorder, aberrant growth, dysmorphic features or unusual behaviour.

3.	 Abnormal growth parameters (height, weight, occipitofrontal circumference): two or more parameters >3 s.d. above 
or below the mean or a single parameter >4 s.d. above or below the mean (except for obesity where the threshold for 
isolated obesity is >4.5 s.d. together with a strong suspicion of a genetic aetiology).

4.	 Dysmorphic features.
5.	 Unusual behavioural phenotype in conjunction with one or more of the above features or extreme behavioural phe-

notype strongly suspected to have a genetic basis.
6.	 Disorder of considerable impact for which a simple genetic basis is thought likely with the following: several affected 

family members; one other affected family member with a rare, consistent and distinctive phenotype; or a single case 
that is associated with a particularly severe phenotype.
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Pleiotropy
The phenomenon whereby 
variants in a single gene may 
cause multiple phenotypic 
expressions or disorders.

Transcriptomics
A global approach for looking 
at gene expression patterns. 
This can involve measurements 
of thousands of genes 
simultaneously with 
microarrays or measurements 
of small numbers of genes that 
are facilitated by global 
sequence information from 
expressed sequence tag or 
genome-sequencing projects.

Epigenomics
A global approach for looking 
at the complete collection of 
epigenetic marks, such as DNA 
methylation and histone 
modifications, and other 
molecules that can transmit 
epigenetic information, such as 
non-coding RNAs, that exist in 
a cell at any given point in time.

Metabolomics
A global approach using 
quantitative analytical 
methods to look at the entire 
metabolic content of a cell or 
organism at a given time.

Proteomics
A global approach for looking 
at the complete collection of 
proteins in a cell or tissue at a 
given time.

with a neurometabolic disorder, WES led to a diagnosis 
in 68% of patients, identified 11 candidate genes and 
suggested a change in treatment for 44% (REF. 119).

Future perspectives
Paediatric genomics is a rapidly developing field, and 
a greater understanding of the molecular basis of 
disease is already beginning to transform the qual-
ity of care that can be delivered today. The future is 
likely to bring improved workflows that will find a 
wider range of clinical applications and lead to new  
treatment options.

Improved implementation of paediatric genomics 
workflows. Paediatric genomics is still in its infancy; 
to draw parallels with child development, it is perhaps 
in the toddler phase, where exploration and acqui-
sition of new skills combine with frequent trips and 
tumbles. Genome diagnostics will increasingly be 
applied across many of the paediatric subspecialities, 
facilitated by multidisciplinary team meetings and 
expert clinical assessment to support variant interpre-
tation120,121. However, optimizing implementation is 
challenging when nearly every aspect of the analyti-
cal pipeline required for an effective genomic medi-
cine service is evolving. Clinicians are learning where 
best to position genomic tests in patient pathways of 
investigation; sequencing companies are developing 
longer-read technology; bioinformaticians are improv-
ing algorithms for detecting and prioritizing different 
variant types; population databases are growing, both 
in depth and representation of diverse ethnicities; gene 
discovery continues apace, both in the identification of 
new genes associated with disease and increasingly in 
recognizing pleiotropy; and variant databases and the 
literature continue to grow and improve, although they 
remain heavily polluted with incorrect pathogenicity 
assignments. Each of these parameters has the poten-
tial to affect test performance, particularly sensitivity 
and specificity. A key goal will be to optimize variant 
detection and filtering such that this process maxi-
mizes the chance of true diagnosis while minimizing 
the opportunity for misdiagnosis or overdiagnosis122,123 
for any given test; success will require focused attention 

on patient ascertainment, phenotyping, comprehensive 
detection of relevant variant types, gene panel selec-
tion and appropriate expertise. Thus, bioinformati-
cians, clinical scientists and specialist clinicians all 
have important roles to play in the safe and effective 
practice of genetic medicine.

Integrating multi-omic data to improve diagnostic 
ability. NGS technologies have paved the way for the 
use of other genome-wide technologies, such as tran­
scriptomics, epigenomics, metabolomics and proteomics, 
to investigate the functional impact of genetic vari-
ation on specific tissues. Although these approaches 
are not yet routinely implemented in a diagnostic 
setting, they are increasingly being used to deter-
mine the pathogenicity of genomic variants124. For 
instance, combined WGS and transcriptomic analysis 
of muscle biopsy samples from patients with paediat-
ric neuromuscular disease enables validation of can-
didate splice-disrupting mutations and identification 
of splice-altering variants in both exonic regions and 
non-coding regions of genes and yields an overall 
diagnosis rate of 35%. Furthermore, using transcrip-
tomic data to guide genomic reanalysis, it was possible 
to diagnose 21% of patients with no strong candidates 
from WGS or WES124.

In many cases, deeper phenotyping or standard 
imaging or biochemical and electrophysiological assays 
are crucial for determining the functional effect of a 
particular genomic variant. Even in 2017, most of the 
~2,000 variants identified in the CFTR gene are rare or 
private despite the fact that the sequence of CFTR was 
determined in 1989 (REF. 125), and cystic fibrosis and 
CFTR-related diseases are some of the most prevalent 
among rare disorders. Ongoing endeavours to compre-
hensively evaluate genotypic, phenotypic and functional 
aspects of CFTR variants at scale indicate the enormity 
of the task ahead126,127.

Application of genomics to diagnose fetal, neo
natal and adult disease. Paediatrics has led the field 
in genetic medicine, and genomics has had a larger 
impact on it than other specialities for a number of 
reasons. For instance, genomics-based diagnosis of 
disease in fetal and neonatal life presents challenges 
because the phenotypic features are fewer and less spe-
cific than at later stages of development; phenotypic 
assessment is therefore generally weaker, and the abil-
ity to discriminate between candidate variants based 
on phenotype is diminished, which adversely affects 
the diagnostic yield. Applying genomics to adult med-
icine and elderly care is also challenging but for differ-
ent reasons. In adults, the genotypic signal is generally 
more difficult to interpret than in children because 
incomplete and age-dependent penetrance often leads 
to causal variants being present at considerable fre-
quency in population data sets. In addition, polygenic 
causes may be responsible for a greater proportion of 
the burden of disease in adults than in children, espe-
cially in common diseases. Furthermore, environmen-
tal exposures are likely to be more important in adult 

Box 3 | Case study illustrating the need for expert review of candidate variants

A genomic microarray analysis for a child presenting with infantile epileptic 
encephalopathy detects a de novo recurrent ~900 kb pathogenic duplication of 
1q21.1. An inexperienced clinician may well consider this to be the diagnosis for the 
child’s condition as approximately 15–35% of children with this copy number 
variation will develop seizures. However, seizures in 1q21.1 duplication syndrome 
generally respond well to first-line therapy and usually have their onset in childhood 
rather than in infancy, so it is more likely that this finding is a minor contributor to the 
clinical presentation, and the main diagnosis has not been identified by this test. 
When family trio whole-exome sequencing is performed, the major determinate of 
the clinical presentation is found to be a de novo protein truncating c.910G>T, 
p.Glu304Ter variant in the CHD2 gene. Expert review by a clinician familiar with rare 
disease diagnosis is thus essential to determine whether a variant identified by a 
genetic test is the full cause of a child’s presenting features, a contributory factor or 
an unrelated finding.
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disorders than childhood disorders, and age-related 
somatic variation is likely to be an important player 
in late-onset disease. For these reasons, the paedi-
atric population is likely to remain at the forefront 
of genomic medicine. However, as our knowledge 
increases, less highly penetrant monogenic forms of 
disease will become more tractable, and clinical appli-
cation of genomics to other age groups will become 
more feasible.

From diagnosis to treatment. Achieving a secure 
genetic diagnosis of a rare disease is the main goal 
of paediatric genomics at present, but there is an 
increasing number of inspiring examples where spe-
cific knowledge of the genetic basis of disease is lead-
ing to direct therapeutic intervention. WGS inspired 
a rational approach to therapy for twins with severe 
dystonia who showed only modest improvement when 
treated with l‑dopa; when sequence analysis revealed 
that they carried biallelic variants in the SPR gene that 
contributed to reduced synthesis of the neurotransmit-
ters dopamine and serotonin, their l‑dopa treatment 
was supplemented with 5‑hydroxytryptophan, and 
their condition improved dramatically128. Another 
exciting example is provided by SMA. For the great 
majority (>95%) of patients with SMA, a homozygous 
deletion of exon 7 of the SMN1 gene leads to a lack 
of functional survival motor neuron (SMN) protein. 
A second gene, SMN2, also encodes SMN protein, 
but incorrect splicing of SMN2 transcripts results in a 
non-functional truncated SMN protein. The antisense 
drug nusinersen has been specifically designed to alter 
splicing of SMN2 pre-mRNA to increase the amount 
of functional SMN protein129. A recent trial showed 
that 51% of infants receiving intrathecal nusinersen 
had a motor-milestone response versus none in the 
sham control group130. Genome sequencing can also 
be used to stratify patients for therapy; for instance, in 
patients homozygous for the F508del‑CFTR mutation, 
combination therapy with lumacaftor and ivacaftor 
is associated with improved lung function and a 42% 
slower rate of decline of ppFEV1 (percentage predicted 
forced expiratory volume in 1 second; a measure of 
lung function) than in matched registry controls117. 
Stratified therapy for rare paediatric disease based on 
a specific genetic diagnosis and development of effec-
tive and affordable therapies through drug repurposing 
and innovation are exciting applications of paediatric 
genomics that are likely to become routine in the near 
future. Over the longer term, corrective therapies for 
Mendelian disease using CRISPR–Cas9 genome edit-
ing technologies, which are now feasible using ex vivo 
approaches, may become a reality for patients131. The 
potential and scope of CRISPR–based technologies are 
further improved by the development of recent varia-
tions, such as Cas9‑mediated adenine base editing132 
and Cas13‑mediated RNA-editing133.

Conclusions
Paediatric genomics as currently practised is focused 
primarily on establishing genetic diagnoses to explain 

rare paediatric disorders using the substantially 
increased diagnostic power of genomic technologies. 
It has broad applicability across a range of paediatric 
phenotypes, including neurodevelopmental disor-
ders, multiple congenital anomalies, infantile epileptic 
encephalopathy and extreme obesity, among others. 
Rare genetic diseases are usually severe, lifelong and 
sometimes life-limiting conditions, so proper invest-
ment in expert clinical assessment is appropriate to 
ensure that the diagnosis suggested by genomic ana
lysis is clinically sound. The diagnostic yield of genomic 
sequencing in previously unsolved paediatric cases is 
already around 40% (REF. 134) (though this figure varies 
with clinical indication)77 and will continue to increase 
as knowledge grows.

There remains much to discover, even about the 
fundamental causes of disease, and currently ~70% 
of protein-coding genes have no established human 
disease phenotype2,75. However, our understanding 
of the genomic architecture of rare paediatric disease 
and the multitude of mechanisms by which variants, 
either singly or in combination, can cause disease con-
tinues to improve. Further insight into the molecular 
basis of most rare diseases will also yield therapeutic 
benefits: treatment options will be streamlined, exist-
ing drugs may be re‑purposed, and novel targeted 
therapeutics will be developed. Indeed, recent studies 
on cystic fibrosis have shown that stratifying disease 
by its molecular genetic basis enables more rigorous 
clinical trials to evaluate new therapies135. Newly pub-
lished discoveries can be implemented remarkably 
quickly into a WGS or WES clinical test through a 
simple software update that adds a new gene to a vir-
tual panel, which obviates the need to design, test and 
market a new testing kit. Moreover, the comprehensive 
nature of genomic data could see it become an integral  
part of routine care for all children. Genomic data 
could be used to provide improved newborn screen-
ing136,137, to target immunization by identifying suscep-
tibility to specific infections138 and to help stratify risk 
and personalize treatment not only for rare disease but 
also for common paediatric disorders139,140.

Although it is clear that in  silico analysis can 
undoubtedly improve variant interpretation, the inher-
ent biological complexity by which genotype gives rise 
to phenotype largely confounds attempts to rely solely 
on automated predictions. Efforts to document clinical 
genotype–phenotype associations remain of paramount 
importance to support the safe practice of genomic 
medicine. Further investigation is needed to evaluate 
clinical utility and factors that affect the reliability of 
genomic diagnosis. Additional research is also needed 
to determine the amount and type of phenotypic infor-
mation required to support safe genomic diagnosis and 
where in the diagnostic pathway this information is best 
incorporated. Nevertheless, with continued progress in 
these areas, and as sequencing costs continue to drop 
and knowledge grows, we can look forward to a future 
where almost every child with a serious rare genetic dis-
ease could have access to an accurate, specific genetic 
diagnosis.
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