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Abstract

Purpose of Review The purpose of this review was to
compare existing strategies for evaluation of complex pae-
diatric patients with newer techniques. Comparative geno-
mic hybridization (CGH) array is the currently accepted first
tier genetic test in the evaluation of a pediatric patient with
complex physical and developmental anomalies. CGH pro-
vides an answer in only 15-20 % cases, and further genetic
testing is required in the majority of cases. This has previ-
ously involved sequential single-gene tests, with low yield,
significant costs and delay in diagnosis.

Summary of Recent Findings New genetic techniques
allowing massively parallel sequencing of multiple genes are
becoming a part of medical practice as they provide a reduc-
tionin cost and time. Current medical practice supports the use
of limited genomic testing—‘gene panels’ and ‘clinical
exomes’, as a second tier approach after CGH array testing.
These approaches have already been shown to improve the
diagnostic yield providing an answer for an additional 25 % of
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patients. Ultimately, itis likely that whole genome sequencing
as a single genomic test could replace CGH array and more
restricted genomic tests, as research experience is translated
into medical practice. Several factors need to be overcome to
make this a reality to ensure equitable access to a reliable test
with appropriate diagnostic interpretation.

Keywords Array-CGH - Exome sequencing - Whole
genome sequencing - Gene panels

Introduction

Children with unexplained developmental disability and
other congenital anomalies are a common referral to
pediatric clinics. Single-gene testing has had a low yield
despite good clinical characterization of individual patients
[1]. The advent of human genome sequencing has dis-
proved the concept of single gene causing a single genetic
disorder. A variation in one of the several genes may cause
the same clinical phenotype—for example, there are at
least seven genes associated with Noonan syndrome [2].
Conversely, an identical genetic change may be associated
with several different neurodevelopmental and behavioural
disorders—autism, developmental disability, mental retar-
dation and schizophrenia and other adult-onset mental
health problems may all be associated with a change in the
same gene [3-5]. These same variants may also be present
in parents who have no unusual clinical features.
Comparative genomic hybridization (CGH) (Table 1—
Glossary) was the first detailed ‘whole genome’ study to be
introduced, allowing detection of alterations in chromo-
some content across the whole genome without prior
knowledge of the chromosome involved. Newer genetic
techniques, collectively called next generation sequencing
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Table 1 Glossary of commonly used terms

CGH (comparative genomic
hybridization)

Dosage-based sequencing method to identify deletions or duplications, detects specifically designed DNA
probes across the genome; deletions are represented by a reduction in probe dosage and duplications as

increased dosage over a probe region

NGS (next generation

sequencing) Sanger Sequencing

MPS (massively parallel
sequencing)

WES (whole exome sequencing)

WGS (whole genome
sequencing) regions

SNV (single nucleotide variant)

SNP (single nucleotide
polymorphism)

CNV (copy number variant)

Broad term used to describe recently developed sequencing technologies rather than ‘previous generation’
Sequencing of fragments of DNA multiple times in parallel

Massively parallel sequencing of only the exons, or protein coding regions, of the genome

Massively parallel sequencing of the entire genome including exonic and intronic (non-protein coding)

A variation from the reference genome of a single nucleotide (base pair)

Single nucleotide variant that is relatively common in the normal population

Describes a deletion or duplication, usually >1 kilobase, detected in a person’s genome—some CNVs are

common and benign, others are pathogenic and many are of uncertain pathogenicity

VUS (variant of uncertain
significance)

Coverage

Variant of unclear pathogenicity—inadequate evidence to classify it as either pathogenic or benign

Used to describe the depth of coverage, or number of reads over a particular region—represents the number

of times that particular region was sequenced and is often used as a measure of the quality of the data

(NGS) to differentiate from the original Sanger method of
single base-pair sequencing, are transitioning from research
lab to standard medical care. NGS techniques, or more
appropriately massively parallel sequencing (MPS), allow
for the screening of multiple genes (up to a whole genome)
in a single test. These technologies can be considered in
three main groups of increasing complexity and capacity:

(1) Targeted multiple gene panels.
(2) Whole exome sequencing (WES).
(3) Whole genome sequencing (WGS).

This review will examine the potential for diagnostic
incorporation of these technologies in the context of the
evaluation of a paediatric patient with complex develop-
mental and other anomalies, compared to existing tech-
niques including CGH and single-gene testing (usually
done by Sanger sequencing).

These new technologies are sometimes described as
‘hypothesis free’ or ‘data driven’ because no knowledge of
the disease-causing gene is required before testing. How-
ever, it is imperative that detailed clinical assessment and
family history have been undertaken by the requesting
clinician in order to assist in the interpretation of complex
and sometimes uncertain results.

CGH Array

Standard G-banded chromosome test (karyotyping) has a
resolution of 5-10 million bases (5—-10 Mb) and detects
chromosomal alterations in ~5 % of individuals with
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unexplained intellectual disability [6]. Molecular kary-
otyping methods, such as microarray-based CGH (array
CGH; aCGH), can detect submicroscopic chromosome
alterations, such as duplications and deletions within a
chromosome, at a resolution of ~ 100 kilobases (kb). CGH
is able to detect mosaicism for whole chromosome trisomy,
but is not able to detect chromosome rearrangements, such
as inversions and balanced chromosome translocations,
that do not alter copy number. Karyotype should be
requested in this situation. CGH may also miss variants
located in parts of the genome which are not well covered
by the array.

CGH detectable chromosome imbalances, called ‘copy
number variants’ (CNVs), are common in the general
population, but specific rare CNVs are an important cause
of developmental disability and congenital anomalies.
Various studies have shown an increased diagnostic yield
from CGH for children with developmental disability
[1, 7-9] who had a normal karyotype test. This yield is
highest when associated with other congenital anomalies or
physical differences such as “dysmorphic” facial features
or disturbances in pre- and postnatal growth [2, 9].
15-20 % children with intellectual disability will have a
pathogenic CNV detected on CGH [3, 4, 8]. CGH has been
shown to be a robust technique with clinical and analytical
validity and is now recommended as the first-line test
replacing the traditional karyotype, except in special cases
[6, 10-12].

As with all genomic tests, there are limitations including
a false positive rate of approximately 5 % due to identifi-
cation of a copy number variant of uncertain significance
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(VUS) which requires the need for parental testing, adding
to costs [7] and increasing uncertainty. Guidelines have
been developed for interpretation and reporting of CNV’s
by the American College of Medical Geneticists [12, 13]
and equivalent bodies in Europe [14] and Australasia [15].
Diagnostic reports usually categorise an identified CNV
into one of the following categories:

* Pathogenic (clearly known to be associated with a
clinical phenotype).

* Likely pathogenic—could explain the phenotype but
more studies are required.

* Benign—known to exist in the general population
without obvious effect.

* Variant of uncertain significance—insufficient informa-
tion is available to classify the CNV.

Parental studies are required to improve the accuracy of
reporting in many cases, adding costs and time. Recently,
whole exome sequencing (WES) has been shown to pro-
vide further clarification in some cases, by identifying
additional pathogenic variants not detected by CGH [16].
CNVs may be de novo or familial and some are associated
with a range of consequences in cognitive and behavioural
development within a family whose members each carry
the same CNV [4]. These recurrent CNVs are sometimes
called ‘susceptibility loci’ as their clinical effect is modu-
lated by other inherited factors and is therefore modulated
by family history [3, 4].

For the remaining 80 % of children with no pathogenic
variant detected by CGH, further sequential single-gene
testing has often been required, usually directed by clinical
examination of the child. This has proven to have a low
diagnostic yield, and to be costly and emotionally difficult
for families because of the extended time to diagnosis
[1, 17]. Sanger sequencing has been the gold standard for
gene sequencing but is costly and time consuming due to
the nature of the reactions—sequencing a single gene in a
single patient, single base pairs at a time. This has limited
the accessibility of genetic testing for many families.

Massively Parallel Sequencing (MPS)

MPS has changed the diagnostic landscape for genetic
disease, by allowing the ability to rapidly sequence mul-
tiple genes in parallel. The technique involves fragmenting
a patient’s DNA and then sequencing each fragment mul-
tiple times in parallel. The data are then collated and
curated into a consensus sequence for the patient, and
variants are annotated by comparing to a reference
sequence (for more details, see Muzzey et al. and Biesecker
et al. [18e, 19¢]). The literature generally discusses the

quality of sequencing data in terms of depth of coverage, or
the number of times a particular segment of the genome is
sequenced.

Exome-Based Sequencing

All exome-based sequencing techniques rely on the capture
and sequencing of only the exons, or protein coding region,
of the genome [20]. This reduces the volume of raw
sequencing data significantly (10-12 Gb of sequencing
data per exome compared to ~ 140 Gb per whole genome)
since protein coding regions represent <2 % of the whole
genome [21, 22]. To date, approximately 85 % of known
disease-causing genetic changes have been identified in the
exons [23]. This capture step can potentially introduce bias,
particularly in homologous or repetitive segments of the
genome [21] and results in less-uniform depth of coverage.
Exome-based techniques also have difficulty in detecting
large deletions or structural variants such as rearrange-
ments [21].

Clinical Exomes and Targeted Gene Panels

Clinical Exomes focus on the capture and sequencing of
genes that are known to be disease causing or clinically
relevant, rather than all known coding regions. The benefit
of this more targeted approach is that this mode of testing is
often more cost efficient for laboratories and is more tai-
lored to a diagnostic rather than research setting, where
there is limited resources to pursue variants in novel or
little-known genes.

Gene panels also offer a targeted diagnostic approach in
which only a set of genes associated with a particular
phenotype are either sequenced or analysed. This approach
could be considered in a child with specific phenotypic
features that may indicate a particular group of diseases or
genes, such as, for example, when investigating over-
growth features or hypertrophic cardiomyopathy. This
mode of testing can consume more time and be cost effi-
cient in these groups of patients. Diagnostic rates in cohorts
of patients with a specific phenotype are variable depend-
ing on the phenotype and breadth of genes sequenced. In a
cohort of 400 patients with severe developmental delay
and/or early onset seizures, a diagnosis was made in 18 %
utilising a panel of 46 known genes sequenced via an
exome-based platform in conjunction with chromosomal
microarray [24]. The group noted that patients with more
severe phenotype (seizure onset before 2 months age) were
more likely to have a molecular diagnosis made [24].

Gene panels and Clinical Exomes are a cost-efficient
mode of diagnostic sequencing, but given the pace in
which gene discovery is occurring, there is the potential for
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these methods to become out-of-date. In addition, if the test
method sequences targeted genes only, it is not possible to
re-analyse data by extending the genes analysed, if a
diagnosis is not made on the first round of testing.

Whole Exome Sequencing

WES sequences all coding regions of the genome. Diag-
nostic laboratories can then undertake analysis of variants
over the entire coding region, or target initial analysis to
particular gene sets, with the potential to widen the genes
analysed [25].

The Deciphering Developmental Disorders (DDD)
Study was a UK-based study of over 1000 children with
undiagnosed developmental disorders (including intellec-
tual disability or developmental delay, seizures, congenital
heart defects and autism spectrum disorder) despite previ-
ous investigation [26¢]. The children underwent ‘trio’ WES
(WES of affected child and both parents) and high-reso-
lution microarray, in which all coding regions were
sequenced and variants were filtered using parental results
and according to phenotype. A diagnosis was made in
27 % of children, with the majority having de novo vari-
ants [26¢]. This study highlights the diagnostic power of
WES, particularly when parental samples and detailed
phenotypic information are available. Other groups have
also demonstrated similar diagnostic rates of approxi-
mately 30 % in cohorts with undiagnosed complex disor-
ders [25, 27-30].

A concern for health services is the cost of exome
sequencing. Valencia et al. assessed the utility of WES in a
paediatric cohort with a variety of primary diseases,
including immunodeficiency, mitochondrial or neurologi-
cal disorders and complex congenital anomalies [29]. Prior
to inclusion in the study, most patients had undergone
single-gene sequencing and chromosomal microarray, and
approximately one-third had been investigated with a
multi-gene panel without diagnosis. A diagnostic rate of
30 % was achieved with WES without trio analysis [29].
The authors discussed that in appropriate cases, early WES
has utility in avoiding multiple costly investigations and in
shortening the diagnostic odyssey for children and their
families.

Detailed clinical phenotyping assists in appropriate test
selection and improving diagnostic yield. A prospective
study of 80 infants with clinical features suggestive of
monogenic disease (multiple congenital abnormalities and
dysmorphic features, skeletal dysplasia, neuro-metabolic
conditions) demonstrated a 57.5 % diagnostic rate through
singleton WES, compared with 13.75 % in infants who
underwent standard investigation [31]. All 80 infants in the
study underwent WES, and 21 of these 80 also underwent
standard clinical testing in parallel [31]. In this study,
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clinicians compiled a list of candidate genes based on the
patient’s phenotype, and variants were initially prioritised
based on this list [31]. This study highlights the value of
phenotyping and careful patient selection to increase
diagnostic yield with sequencing. The authors discuss that
the higher diagnostic yield in this study compared to others
is likely due to early use of WES and the characteristics of
the patients [31]. Other groups have also demonstrated that
diagnostic yield appears to be higher in more ‘complex’ or
higher acuity patients [32, 33].

As with all broad testing approaches, WES increases the
potential of identifying incidental or secondary findings—
findings that may have medical relevance for a patient but
were not the reason for the testing. Laboratories vary in
their policy regarding reporting of incidental findings but
increasing consensus is developing. [34-36]. Some may
elect to avoid analysis of particular genes, such as those
that predict adult-onset disease, as suggested in some
guidelines [35]. In addition to incidental findings, broad
testing increases the possibility of identifying ‘variants of
uncertain significance’ (VUS) that requires further char-
acterisation and is not able to be used for predictive testing
or family planning. In one study, VUS were identified in
86 % of patients, with 53 % needing follow-up with
additional laboratory testing and genetic testing of other
family members [25]. Consensus guidelines are also
developing for the classification of genome variants iden-
tified during WES and WGS testing in a similar manner to
that established for larger CNVs [37, 38]. These issues
highlight the importance of adequate consent prior to any
sequencing, in order to ensure that patients and families are
aware of the possible uncertainty that genetic testing can
bring.

Whole Genome Sequencing

WGS involves the sequencing of all coding and non-coding
segments of the genome. This sequencing method therefore
avoids the capture process of exome-based sequencing
methods and is able to achieve more uniform coverage
across the genome [39, 40]. WGS is also better able to
detect structural variants (deletions, duplications and rear-
rangements) and sequence homologous regions of the
genome than exome-based methods [41e, 42].

WGS has been trialled in a group of 50 patients with
severe intellectual disability (IQ < 50) who had previously
been extensively investigated with targeted gene analysis,
WES and chromosomal microarray without a molecular
diagnosis being made [41¢]. Via trio-WGS, a diagnosis was
made in 42 % of patients, with the majority having de novo
variants [41¢]. The majority of the variants were detected in
the coding region of the genome, and the group discussed
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that further investigation is required to understand the
impact of non-coding variants on disease [41°].

In addition to intellectual disability, WGS has also had
impact in cohorts of patients with single organ disorders,
for example eye disease, with a group demonstrating that
WGS was able to make a diagnosis in some patients who
had undergone WES without diagnosis, and detect addi-
tional disease-causing variants in those who had already
had a molecular diagnosis made with WES [43]. Another
group utilised singleton WGS in a cohort of patients with a
recessive retinitis pigmentosa phenotype and was able to
make a molecular diagnosis in half of patients [20]. The
group also discovered a novel disease gene, which high-
lights the research power of WGS.

In addition to detecting single nucleotide variants
(SNV), multiple groups have demonstrated that WGS is
able to detect structural variants with breakpoints in non-
coding regions, which would not have been detected by
exome-based methods [20, 41, 43].

Some of the practical concerns regarding WGS are the
processing and storage of the large amounts of data gen-
erated with sequencing of the whole genome (approxi-
mately 130 Gb of raw data) and the cost of the technique.
Soden et al. performed a study in which 119 children with
neurodevelopmental delay underwent trio WES or WGS
[33]. Patients were selected for WES or WGS based on the
acuity of their illness, with 15 families with infants in
neonatal or paediatric intensive care undergoing rapid 50-h
WGS [33]. A diagnosis was made in 45 % of families
enrolled in the study. Of those who underwent rapid WGS,
75 % had a diagnosis made [33]. The high diagnostic rate
in the subset of critically ill infants is likely a reflection of
the acuity and early onset of their disease, and that they had
undergone limited prior investigation. In the less acute
group, the investigators estimated that families had already
undergone $19,100 of testing prior to sequencing. They
therefore calculated that genomic sequencing would be
cost-effective for diagnosis at a cost of no more than $7640
per family [33]. The group also reported that WGS was
able to make a diagnosis in a family that failed WES, after
a variant was found in the coding region of a GC-rich gene
that had poor coverage on WES [33]. This demonstrates the
power of WGS in difficult-to-sequence regions of the
genome. Interestingly, on review of the clinical data, the
group reported that diagnosis was more likely to be made
in children with a history of failure to thrive or intrauterine
growth retardation [33].

The diagnostic potential in this and other studies is
assisted by the ability to sequence trios, which can be
costly in a diagnostic setting. Soden et al. also used clinico-
pathologic software to translate patients’ clinical features
into lists of disease genes to initially analyse, and again
highlights the value of detailed phenotypic information to

aid diagnosis. Given the rapid advancement in the field
over recent years, it is likely that the cost of all sequencing,
including WGS, is likely to decline and therefore become
more accessible.

As with WES, the potential for incidental findings and
variants of uncertain significance is present with WGS and
therefore requires careful genetic counselling and con-
senting prior to testing for all family members. In a recent
Canadian study of 100 children referred for CGH, WGS
was offered in parallel [39]. On average, two additional
gene tests had been requested on each child at the time of
referral for CGH. This included a targeted gene panel in 22
children. Results indicated WGS alone identified the cause
of the disability in 34 % compared to 8—13 % for CGH. Of
those who had simultaneous genetic testing, the identified
gene sequence was absent from the panel tested in 17/22
cases, highlighting the limitation of targeted panels, which
may not include all the genes associated with that specific
clinical condition. Interestingly, WGS was also shown to
be able to identify all the CNVs detected by CGH sug-
gesting the possibility of WGS being a first tier test in the
future. This study also highlighted the difficulties to be
overcome when offering WGS to families. 2 % of patients
had an additional medically actionable variant identified.
Two diagnoses were missed—UPDI14 (uniparental
heterodisomy of chromosome 14) and a methylation
abnormality in a Russell Silver Syndrome patient. In
recruiting for the study, consecutive families were
approached with 95/201 families declining to be involved
in the WGS study including 35 % due to concerns about
insurance implications of potential secondary findings; a
further 35 % felt too overwhelmed with current medical
complexity of their child and did not want any further
information [39]. Obtaining informed consent is essential
before proceeding with genomic testing.

Practical Considerations

An important consideration with any diagnostic genetic
testing is the selection of testing laboratory. Guidelines
recommend the use of an accredited diagnostic laboratory
for diagnostic testing [44]. Given the challenges in inter-
pretation of variants, consideration should also be made
regarding the expertise of the laboratory to interpret vari-
ants related to the patient’s phenotype. For example, a
particular laboratory may have expertise in interpreting
variants in patients with cardiomyopathy and thus may be
better suited for testing of this group of patients. Several
online databases may assist in these decisions (Table 2).
The decision-making process that laboratories undertake
to interpret variants is complex and requires expertise.
Depending on the test ordered, a patient may have
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Table 2 Databases of resources useful in ordering and interpreting genetic testing

Database Web address Description

Decipher https://decipher.sanger.ac.

uk

Database of genomic variation and phenotype in humans using ensembl resources

An interactive database that allows the clinician to view their patient’s variant in
comparison to other normal and pathogenic variants reported in that genomic
region

Gene reviews NCBI
bookshelf

OMIM

http://www.ncbi.nlm.nih.
gov/books/NBK1116/

http://www.omim.org

Provides summarised reviews of inherited conditions, written by experts in the field

Online mendelian inheritance in man
Catalogue of human genes and genetic phenotypes

Genetics home reference https://ghr.nlm.nih.gov User-friendly information about genetic disorders aimed at consumer rather than

medical professionals

Orphanet http://www.orpha.net An information portal that contains collated reference information on rare diseases
and orphan drugs. Entry portal for information on European genetic testing

laboratories via link to eurogentest.org.

GTR genetic testing registry http://www.ncbi.nlm.nih.

gov/gtr/
http://ukgtn.nhs.uk

Registry supported by NIH for voluntary submission of genetic test information by
providers

UK genetic testing network Summaries laboratories and diagnostic genetic tests available through the UK NHS

RCPA catalogue of genetic
tests and laboratories

http://genetictesting.rcpa.
edu.au

Catalogue of genetic testing available in Australasia

numerous potential variants identified that require indi-
vidual analysis by the laboratory team. This includes
accessing large population datasets, such as the ExAC
Database [45], to assess the frequency of the variant in
groups of relatively well patients. Numerous disease
databases also exist which compile variants from patients
known to have a particular disease [46]. These databases
can also be consulted to assess variant pathogenicity.
Laboratories also use in silico analysis tools—utilising
computational models that can predict the pathogenicity of
variants with varying levels of certainty [47]. Guidelines
suggest that multiple criteria must be satisfied to assess a
variant as pathogenic or likely pathogenic [48]. If insuffi-
cient evidence is present, these will be classified as VUS.
Complexity increases when two potentially pathogenic
variants are found in two different genes, can be reported in
hypertrophic cardiomyopathy [49]. In these instances, the
clinician relies heavily on laboratories with expertise in
analysis of particular disease groups to interpret these
results.

Finally, as with all aspects of medicine, best practice is
dependent on multidisciplinary collaboration. Given the
complexity of test selection and interpretation, potential for
incidental findings and requirement for genetic counselling,
exome and genome sequencing should be considered in
conjunction with a clinical genetics service. Equally, given
the complexity and vital importance of clinical phenotyp-
ing, clinical and laboratory geneticists need to have strong
links with treating physicians.
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Conclusion

Recent advances in genetic sequencing techniques have
dramatically altered the diagnostic pathway for children with
complex disease. The ability to broadly analyse multiple
genes has also expanded disease phenotypes, and allowed
diagnosis of diseases for which patients have atypical clini-
cal features [33, 39]. This shows that the evolving sequenc-
ing technologies have not only increased diagnostic rates but
also our understanding of existing disease. Increase in testing
options does increase the challenge for the clinician in
appropriate test selection for each patient. The literature
demonstrates that the yield with broad testing, such as WES
or WGS, is increased if this testing is performed earlier in the
diagnostic pathway. Importantly, earlier diagnosis reduces
periods of uncertainty for families and avoids a prolonged
diagnostic odyssey. Practically, this has to be weighed
against the cost of such broad testing and the ability for health
services to cover these costs [50]. Given the considerations,
CGH array remains a cost-effective first-line test (Fig. 1). As
technology improves, these costs for WES and WGS should
reduce.

More importantly, consideration must be given to
implications of testing both to the child and the extended
family. Genetic testing for adult-onset disorders is not
recommended in children and future implications of testing
should be considered carefully, particularly given the
potential to identify incidental findings or variants of
uncertain significance [19, 34, 35].
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Complex Child with Phenotype suggestive of Genetic aetiology
Congenital abnormalities; multisystem features; dysmorphism,; family history
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Fig. 1 Algorithm for assessment of a complex child. Algorithm to guide genetic testing in the assessment of a complex child. WES whole exome
sequencing, WGS whole genome sequencing, dels deletions, dups duplications

For this reason, genetic counselling and adequate con-
sent are essential before considering any genetic testing
(Fig. 1).

Despite the complexity of genetic testing that is avail-
able to the clinician, the fundamental principles for diag-
nostic testing remain—that testing should be considered if
the result is likely to alter management for the patient or
family. Included in this should be consideration of the
benefit of resolution of uncertainty when a clear diagnosis
is made, even in conditions for which there are limited
treatment options. Finally, regardless of the testing
approach chosen, diagnostic yield is improved with
detailed phenotyping that allows selection of an appropri-
ate test and tailored analysis of variants in the context of
the specific patient.
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