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Abstract

Purpose of Review Precision child health (PCH) is an emerging branch of precisionmedicine
that focuses on the unique needs of the paediatric population. A PCH approach has the
potential to enhance both quality of care and patient safety. Genome-wide sequencing can
be used as a specific exemplar to showcase current opportunities and forecast future
developments.
Recent Findings Information gained from genome-wide sequencing can increase awareness
of common and rare medical complications. Care provided to children and their families
may then shift from reactive to proactive. Pertinent categories of results from genetic
testing include primary diagnostic findings, genetic modifiers of disease expression, and
secondary findings. In addition, an individual’s unifying genetic diagnosis, disease
subtype, and pharmacogenomic profile can all inform drug selection and treatment
outcome. Recent lessons learned from the integration of genome-wide sequencing into
the clinic may be generalizable to other “big data”-driven interventions.
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Summary Quality of care and patient safety are key targets of a PCH approach. The genomic
revolution offers insights into this proposed new paradigm for healthcare delivery by
showcasing the value of accurate diagnosis, disease subtyping with molecular markers,
and awareness of individual- or family-specific risk factors for adverse outcomes.

Introduction

Grouping patients by presenting symptom or clinical
diagnosis is a necessary but flawed approach to contem-
porary care delivery. Quality of care and patient safety
issues arise from the marked inter-individual variability
in clinical presentations, disease courses, and responses
to standard-of-care interventions. New technologies are
enabling increased precision in classifying diseases and
identifying at-risk states for adverse outcomes. The de-
velopment of standardized procedures and protocols
has been a key component of many successful quality
and safety initiatives. The next frontier of medicine is to
better understand the origins of atypical idiosyncratic
outcomes in relation to these protocols.

Precision medicine refers to the goal of leveraging
extensive patient-level phenotypic and genotypic data to
tailor care recommendations, and thereby improve
health outcomes. Precision child health (PCH), a term
coined by one of us (R.D.C.), focuses on the unique
needs of the paediatric population. These include the
differing physiologic and social determinants of health,
disease landscape, and genetic architecture: interrogating
data from the genetic code to the postal code. PCH

necessitates the integration of large datasets, including
but not limited to genomic data. Artificial intelligence
and machine learning approaches suggest that
operationalizing PCH is increasingly tractable. The aim
is a more predictive and preventative approach to med-
icine that builds on established standardized care pro-
tocols by identifying the individuals for whom we
should divert from these protocols.

In this commentary, we will discuss how a PCH
approach can enhance quality and safety. At our quater-
nary care centre, complex paediatric morbidity andmor-
tality are often associated with a known or suspected
genetic condition. Many contemporary clinical exam-
ples illustrating the power and the promise of PCH are
the result of translational genomics. Our institution has
identified genomic medicine as a priority area and is
participating in multiple large-scale sequencing initia-
tives, ranging from constitutional (“germline”) DNA to
tumours to microbiomes. We will therefore focus on
genome-wide sequencing as a specific exemplar, to
showcase current opportunities and forecast future
developments.

Improving quality of care through molecular diagnostics and
disease subtyping

Diagnostic error is an important issue in paediatric medicine [1]. Information
gained from genome-wide sequencing can increase awareness of potential
common and rare medical complications. Care provided to children and their
families may then shift from reactive to proactive. Pertinent categories of results
from genetic testing include primary diagnostic findings, genetic modifiers of
disease expression, and secondary findings.

Individually rare genetic conditions are a collectively important cause of
severe paediatric morbidity and mortality [2, 3]. In children with suspected
genetic disorders who remain undiagnosed after an initial assessment, whole
exome sequencing (WES) and whole genome sequencing (WGS) can increase
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the absolute yield of primary diagnostic findings to 30–50% [4–9]. WES
is more widely available clinically and involves sequencing the ~ 1% of
DNA that represents exons of protein-coding genes. WGS offers several
advantages compared with WES and is a comprehensive genetic test
potentially capable of detecting nearly all sequence and structural vari-
ation in the human genome [9, 10•, 11]. WES and WGS were first used
as “last resort” tests after a prolonged diagnostic odyssey. Many groups
are now advocating for their use as first- or second-tier tests for presen-
tations associated with significant genetic heterogeneity [9, 12, 13•].
Non-specific features such as global developmental delay, hypotonia,
seizures, or congenital anomalies can increasingly be classified by a
precise molecular genetic diagnosis. The potential benefits for families
and care providers are significant. A genetic diagnosis can inform prog-
nosis, anticipatory care and surveillance, targeted management, and fam-
ily planning. Standardized procedures and protocols may need to be
modified for these children. From a patient quality of care and safety
perspective, timely diagnosis may eliminate the need for other invasive
testing or costly healthcare expenditures [6]. In some instances, the
specific genetic variants identified may have prognostic or other impli-
cations beyond those of the overarching genetic diagnosis.

Most genetic conditions are characterized by variable expressivity
even within families. This represents a major obstacle to individualizing
risk predictions. An archetypal example is 22q11.2 deletion syndrome
(formerly DiGeorge syndrome). For this common chromosomal disor-
der, the risk for major features like cardiac outflow tract anomalies or
schizophrenia is incomplete, and the degree of cognitive impairment can
be highly variable [14]. Beyond primary diagnostic findings, genome-
wide sequencing (especially WGS) captures information about the ge-
netic background. This includes common and rare DNA variation that
may act individually or in an aggregate model to modify disease expres-
sion [15–17]. Studying genome-wide data from patients has revealed an
unexpected level of complexity for even genetically “simple” disorders
like cystic fibrosis [18]. Nonetheless, we anticipate increased opportuni-
ties to individualize risk profiles after diagnosis by interrogating the
remainder of the genome-wide sequencing data. Non-genetic factors
including social determinants of health shape both disease expression
and the lived experienced of the genetic condition; integrating this
“postal code” information with the genetic code information is the
eventual goal of the PCH paradigm.

Secondary findings are another potential benefit derived from genome-wide
sequencing. In contrast to primary genetic findings, these are unrelated to the
initial indication for testing but may have profound health implications for the
individual and the family. A common current clinical standard is to offer
reporting of known or expected pathogenic (disease-causing) variants in 59
genes that are associated with highly penetrant “medically actionable” condi-
tions [19]. Examples include cancer predisposition syndromes (e.g., Li-
Fraumeni syndrome and multiple endocrine neoplasia) and conditions predis-
posing to severe adverse cardiac events (e.g., Brugada syndrome, long QT
syndrome, and Loeys–Dietz syndrome). This gene list was produced by the
American College of Medical Genetics and Genomics (ACMG) and was last
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revised in 2017 [19]. Additional genes are likely to be added in the future [20].
The laboratory threshold for reporting secondary findings is higher than for
putative primary findings, in an attempt to limit false positives which, if acted
upon, could lead to unnecessary or unsafe invasive diagnostic procedures or
therapeutic interventions. Remarkably, 1–3% of patients are identified as hav-
ing a reportable secondary finding after undergoing WES, and the genetic
variant is inherited in most cases [21, 22]. Family history was either negative
or non-specific in many instances. Long-term follow-up of these families is
expected to show improvements in health outcomes as a result of pre-
symptomatic or early detection.

Leveraging genomic data in the service of safe and efficacious
drug treatment

Safe prescribing in paediatric medicine is a complex issue. An individual’s
unifying genetic diagnosis, disease subtype, and pharmacogenomic profile
can all informdrug selection and treatment outcome.Within a PCH framework,
genome-wide sequencing data can uniquely inform treatment with novel and
established therapies.

The complex genetic architecture of common paediatric presentations has
implications for treatment. In paediatric oncology, both germline variation (in all
cells of the body) and somatic genetic variation (in the tumour only) can inform
treatment protocol and trial eligibility. Similarly, in other areas of paediatrics an
accurate molecular diagnosis is increasingly a prerequisite for accessing targeted
therapeutics or participating in clinical trials. For example, specialized treatments
now available for spinal muscular atrophy (SMA) are specifically targeting the
deficiency in SMN1 protein [23, 24]. Distinguishing a specific condition like SMA
from its “phenocopies” and “genocopies” is essential when the treatment targets a
particular mechanism or pathway. Precision therapeutics are emerging for rela-
tively common rare diseases like Duchenne muscular dystrophy, cystic fibrosis,
and sickle cell disease. In the extreme, proof-of-principle exists for “n = 1 therapy”
designed for a specific individual based on their own unique genetic variant
[25•]. Evaluating and affording genetic-informed therapies for rare diseases may
necessitate deviating from standard processes [26, 27]. More work is needed to
understand the key features beyond the genetic code that shape an individual’s
safety profile and response to treatment.

Genetic germline findings are highly stable, in contrast to those from other
laboratory or imaging investigations that reflect a dynamic physiologic state.
Having genome-wide sequencing data already available for real-time queries
could therefore enhance patient safety. For example, research at our centre has
demonstrated that pre-existing WGS data can be interrogated for clinically ac-
tionable pharmacogenetic variants [28]. This will remove one barrier to incorpo-
rating pharmacogenetic information into real-time decision-making, which is
turn-around time. Avoidance of adverse drug reactions and safe prescribing can
be enhanced by alerting the ordering provider immediately to pertinent pharma-
cogenetic variation previously identified in the patient. Integrating pharmacoge-
netics into clinical practice has been challenging, but there are now enough
successes to justify continued support for this aspect of care delivery [29].
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Identifying lessons learned from clinical genome-wide
sequencing

The global coronavirus disease (COVID-19) pandemic has illustrated both the
need for precision approaches [30], as well as the potential risks associated with
expediting or adapting established regulatory processes [31]. In fact, the current
pandemic reflects a perfect example of how a public health crisis can only be
managed efficiently by understanding the individual response to infectivity, trans-
mission, and overall disease burden. Standard regulatory processes have been
developed over many years, if not decades, and they continue to evolve as new
technologies and health care applications emerge. In the case of genome-wide
sequencing, gradual adoption into clinical practice was shaped by legitimate
questions about its analytic validity, clinical validity, and clinical utility. A first step
was ensuring that there were sufficient research data to justify trialling its use in
patient-care settings. For WES, this occurred over a timespan of approximately 5–
7 years. The use of an objective set of assessment criteria (such as the ACCE
(Analytic validity, Clinical validity, Clinical utility, and associated Ethical, legal
and social implications) model for genetic tests [32]) can help to counterbalance
the commercial and research interests that may initially be driving innovation.
Genome-wide sequencing is not a diagnostic panacea, and transparency about its
limitations remains a key component of pre-test counselling. Moreover, research
studies do not always address the question of how to scale without sacrificing
quality and safety. Ongoing surveillance is needed after a test first becomes avail-
able in clinical practice to ensure that standards are maintained and that imple-
mentation issues are addressed; ongoing pharmacovigilance is similarly a require-
ment for orphan drugs [33].WhileWES andWGS can facilitate timely and accurate
diagnosis, these tests also do not address system-related issues derived from
ongoing patient care needs [34]. For example, while there may be the possibility
of providing a specialized treatment for a newly diagnosed genetic condition,
accessing this for the patient in a timely manner is often challenging [34, 35].

Genomic data—like other personal health information—warrant rigorous
safeguards to protect privacy and prevent misuse. A more unique consideration
relates to individual-level benefits of genomic data being tied to population-
scale data-sharing efforts that facilitate variant interpretation and genotype-
phenotype correlations. PCH will necessitate learning from and leveraging
massive clinical sequencing datasets. For these reasons, planning is underway
at our centre to ensure responsible inter- and intra-institutional data sharing
and to facilitate ongoing quality improvement and research. Data storage and
the integration of sequencing data with electronic medical records are similarly
complex but necessary components of a PCH strategy [36, 37•]. The major
legal, ethical, and information technology aspects of these undertakings neces-
sitate adequate representation on planning committees.

Summary and future directions

Quality of care and patient safety are key targets of a PCH approach (Table 1).
Individualizing care recommendations based on the totality of information
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available about that patient is an ambitious but increasingly realistic prospect.
PCH will build on, rather than replace, established standard operating proce-
dures. The genomic revolution offers insights into this proposed new paradigm
for healthcare delivery by showcasing the value of accurate diagnosis, disease
subtyping with molecular markers, and awareness of individual- or family-
specific risk factors for adverse outcomes (Table 1). Lessons learned from the
integration of genome-wide sequencing into the clinic may be generalizable to
other “big data”-driven interventions, including those supported by machine
learning and artificial intelligence.
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Table 1. Opportunities provided by a precision child health (PCH) paradigm to prevent harm and mitigate risk in paediatric
medicine

Safety issue General approach within PCH Genomics-specific example(s)a

Diagnostic error Use of new technologies to improve the nature and
resolution of the available data (from genotype to
phenotype) and of machine learning and artificial
intelligence approaches to better interpret these
data

• Improved diagnostic yield in
heterogeneous disease populations,
with genome-wide sequencing

Missed opportunity for
pre-symptomatic or ear-
ly detection of disease

Gathering extensive real-time physiologic data and
cataloguing background risk factors to facilitate
personalized risk stratification

• Use of genome-wide data to individ-
ualize risk predictions

• Identification of secondary and
incidental findings by genome-wide
testing

Treatment failure Drug selection that is informed by the specific
aetiopathogenesis of an individual’s symptom or
disease

• Molecular disease subtyping to guide
selection of a specific standard
treatment

• Genetic-informed therapies (disease
specific and variant specific)

Adverse drug event Incorporating knowledge of pharmacokinetic and
pharmacodynamic factors operating at an
individual level (both static and transient)

• Pharmacogenetic profiling

aSee text for details
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