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Abstract

OBJECTIVES—Genetic disorders are a leading contributor to mortality in the neonatal and
pediatric intensive care unit (ICU) in the United States. Although individually rare, there are over
6200 single gene diseases, which may preclude a genetic diagnosis prior to ICU admission. Rapid
whole genome sequencing (rWGS) is an emerging method of diagnosing genetic conditions in
time to affect ICU management of neonates; however its clinical utility has yet to be adequately
demonstrated in critically ill children. This study evaluates next-generation sequencing in pediatric
critical care.

DESIGN—Retrospective cohort study
SETTING—Single-center PICU in a tertiary children’s hospital

PATIENTS—Children 4 months to 18 years admitted to the PICU who were nominated between
July 2016 and May 2018.

INTERVENTIONS—rWGS with targeted phenotype-driven analysis was performed on patients
and their parents, when parental samples were available.

MEASUREMENTS AND MAIN RESULTS—A molecular diagnosis was made by rwWGS in 17
of 38 children (45%). In four of the 17 patients (24%), the genetic diagnoses led to a change in
management while in the PICU, including genome-informed changes in pharmacotherapy and
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transition to palliative care. Nine of the 17 diagnosed children (53%) had no dysmorphic features
or developmental delay.

Eighty-two percent of diagnoses affected the clinical management of the patient and/or family
after PICU discharge, including avoidance of biopsy, administration of factor replacement, and
surveillance for disorder-related sequelae.

CONCLUSIONS—This study demonstrates a retrospective evaluation for undiagnosed genetic
disease in the PICU and clinical utility of rwWGS in a portion of critically ill children. Further
studies are needed to identify PICU patients who will benefit from rWwGS early in PICU admission
when the underlying etiology is unclear.

Keywords

whole genome sequencing; genomics; pediatric critical care; diagnostic utility; clinical utility;
precision medicine

INTRODUCTION

The rapid pace of advancement in understanding the molecular basis of genetic diseases has
led to a growing appreciation for the prevalence of these disorders and the impact of genetic
diagnosis on provision of medical care. Though the incidence of individual monogenic
diseases is low, more than 6250 disorders have been described and over 250 new monogenic
diseases are discovered each year (1, 2). Genetic disorders are a leading contributor to
mortality in the NICU and PICU in the United States (3-11).

Provision of optimal clinical care for affected children depends on timely ascertainment of
the underlying genetic cause, facilitating a shift from empiric treatment to definitive
management of an identified disorder when feasible (12—-14). Previously, the slow
turnaround time for genetic tests precluded their real-time application to critical care
medicine. Recently, technological advances have yielded rapid whole genome sequencing
(rWGS) coupled with a focused phenotype-driven analysis of WGS data, which is capable of
making a provisional molecular diagnosis in one day (15-19). Thus, applicability of WGS to
critical care medicine may no longer be hindered by time constraints.

The use of WGS as a comprehensive genetic testing approach has shown superiority for
detecting pathogenic variation when compared to more targeted standard genetic approaches
and can detect copy number variation equivalent in sensitivity to microarray (20-23). When
used appropriately in combination with clinical information, WGS is able to interrogate the
genome for disorders that may not have been included in the treating clinician’s differential
diagnosis (13, 17). This includes analyzing recently discovered genes, genes not found in
standard gene panels, and identification of atypical and previously unrecognized
presentations of classic disorders (13, 20, 24). Although its technical reliability has been
established in multiple studies (20-23), one reservation surrounding WGS is the possibility
that a pathogenic variant will be identified that is not the cause of the particular disease
process in question, potentially resulting in incorrect management decisions, psychological
distress, and concerns surrounding insurability. Focused analysis of WGS data on a specific
clinical phenotype (as done in r'WGS) helps to mitigate the risk of “false positives”. Thus, an
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accurate bioinformatic interface that synthesizes the clinical presentation and the genetic
data provides the best opportunity for the proper interpretation and appropriate use of
pertinent rwWGS findings. Overall, the benefits make rwWGS an attractive testing approach for
certain high-acuity diagnostic challenges in the intensive care unit.

Recent studies have demonstrated the clinical utility of WGS in the NICU (13-19). Thirty-
six to 73% of infants tested received a molecular diagnosis, and changes in management
occurred in up to 72% of diagnosed patients (19). Thirty-eight to 45% of diagnoses were
disorders that had not been considered by clinicians at the time of enroliment, due to
atypical or early presentation of disease (16). However, only one of these studies included
patients admitted to the PICU, and all were less than four months old. Applicability of
rWGS to critically ill children outside of the NICU is just beginning to be explored. Mestek-
Boukhibar et al recently evaluated utility of rWGS in a cohort of critically ill children in the
PICU in the United Kingdom (25). Of 24 patients tested, 42% received a molecular
diagnosis and 30% of those were reported to have clinical utility (25). We hypothesized that
rWGS would have similar clinical utility in PICU patients from four months to 18 years of
age.

Study Design

We retrospectively analyzed an rwWGS cohort of PICU patients in order to evaluate patient
characteristics and clinical utility at a tertiary PICU in the United States. The outcomes
studied were changes in PICU management, palliative care decisions, non-ICU clinical
management, and family screening. This study was approved by the institutional review
board at the University of California San Diego and a non-significant risk determination lead
to a waiver of need for an investigational device exemption by the Food and Drug
Administration (ClinicalTrials.gov ). Inpatient children in the PICU at Rady Children’s
Hospital that did not have an etiologic diagnosis for their iliness were identified by a PICU
physician or subspecialty consultant between July 2016 and May 2018. The majority (74%)
of patients who received rWGS were nominated by pediatric intensivists (Figure 1).
Inclusion criteria were: age 4 months to 18 years, suspicion for an underlying monogenic
disease, and ability to obtain parental consent in English or Spanish. Exclusion criteria were
death prior to study enrollment or a nongenetic alternative etiology was diagnosed.
Nominations were screened by the Senior Medical Director at Rady Children’s Institute of
Genomic Medicine. Written informed consent was obtained from the parent or guardian.
During the time period in which this study was conducted, rWGS testing was available only
as part of a research protocol. This cohort represents all patients in the PICU over four
months of age that underwent rwWGS during this time period.

Analysis Pipeline

Complete methods are described in the supplementary digital content, including sequencing
and bioinformatics, phenotyping information, variant filtering, variant interpretation, and
statistical analysis. Briefly, rWGS with targeted phenotype-driven analysis was performed. If
a potentially causative variant was identified, literature curation was performed with regard
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to evidence of pathogenicity. All identified causative variants were confirmed by orthogonal
methods. No variants failed confirmation and no false positives were detected. In all cases,
rWGS analysis also found variants of uncertain significance that did not explain the etiology
of the patient’s illness and/or lacked sufficient evidence of pathogenicity, and these were not
reported. Per IRB protocol, only pathogenic and likely pathogenic variants were reported
(variants of uncertain significance could not be reported). The reports provided to treating
clinicians were limited to confirmed variants that explained the presenting phenotype of the
patient’s acute illness. Additionally, for well-characterized Mendelian disorders, diagnostic
findings were only reported if identified pathogenic variants or likely pathogenic variants
were consistent with classical inheritance pattern. The analysis pipeline utilized was
specifically designed to identify variants causal for the patients’ presenting symptoms and
not to investigate other incidental aspects of the genome. During the consent process,
families were offered the choice to opt out of receiving medically actionable incidental
findings that were inadvertently discovered. All families received genetic counseling.

Clinical Utility

RESULTS

Acute clinical utility of diagnoses (i.e. implementation of precision medicine interventions)
was assessed according to ACMG recommendations (26), and impact on outcomes was
evaluated by interviews with treating physicians and/or consensus determinations of at least
two physicians, of whom one was a relevant pediatric subspecialist and one a medical
geneticist. A modified Delphi method was used to determine consensus for counterfactual
trajectories (Supplemental Methods). Outcomes were assessed until September 11 2018.

Forty-nine children were nominated between July 2016 and May 2018. Forty children were
eligible and 38 were consented and received rwWGS (Figure 2). Of those 38 children, rwWGS
was performed on 24 trios, 4 parent-child duos, and 10 singletons. The average age of the
probands was 5.73 years (range 4 months to 17 years; Figure 3A) and the median was 2.96
years. Forty-two percent were of Hispanic/Latino descent (Table 1), in keeping with
population characteristics of the greater San Diego area. The most common primary reasons
for PICU admission were respiratory failure (18%), shock (16%), altered mental status
(13%), and cardiac arrest (13%) (Table 1). Seventy-one percent of patients (27 of 38) needed
positive pressure ventilation, with 85% (23 of 27) requiring endotracheal intubation (Table
2). Fifty percent received ionotropic support and overall mortality during PICU admission
was 13% (Table 2).

Diagnostic Sensitivity of rwWGS

rWGS diagnosed a genetic disease in 17 of 38 critically ill children (45%; Tables 3, S1).

Diagnostic rates were highest in patients whose primary reason for PICU admission was

cardiac arrest, shock, status epilepticus, and renal failure (Figure 3C). Fifty-three percent of
diagnosed patients had no known developmental delay or dysmorphic features (Figure 3D).
Eighty-two percent of diagnosed patients did not have multiple congenital anomalies (Table
2). Of the seventeen diagnosed patients, the genetic result was felt to completely explain the
phenotype in fifteen and provide a partial explanation of disease for two (Table 3). A partial
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diagnosis designation was assigned if the identified mutation did not provide a satisfactory
explanation for the patient’s complete phenotype (19, 25). For example, the PUS3 variant
for patient 6205 explained the child’s intellectual disability and developmental delay, but
thus far has not been associated with Wilms tumor.

The inheritance patterns for probands with identified genetic disorders are reported in Table
3. Six mutations were de novo, eight were inherited, and in three patients inheritance was
unable to be determined. Additionally, the number of each variant type identified is provided
in Table S2 (Supplemental Digital Content).

Clinical Utility

Clinical utility of rwWGS results was determined based on the guidelines outlined in the
ACMG 2015 policy statement on clinical utility (26). Specific changes in ICU management
occurred as a result of molecular diagnosis in four of the 17 diagnosed children (24%; 11%
of tested children; Table 4, Figure 3B). Three patients had medication changes made during
their PICU admission directly due to the genetic result. For 14 of the 17 children (82%; 37%
of tested children), the genetic diagnosis resulted in a subacute (non-ICU) change in the
clinical management of the patient or had important implications for family screening (Table
4, Supplemental Digital Content). These subacute changes were judged by consensus of an
expert panel using a modified Delphi method (Supplemental Methods).

Cases with changes in PICU management—~Patient 6031 was a previously healthy
16 year-old who had sudden cardiac arrest at home. The presenting rhythm was ventricular
fibrillation, which was successfully defibrillated. During the post-arrest recovery period,
electrocardiogram and echocardiogram were unrevealing of potential etiologies. She was
treated empirically with lidocaine and esmolol. rWGS identified a de novo, likely
pathogenic missense variant in RYR2(c.1646C>T;p.Ala549Val), which allowed prompt
tailoring of care for catecholaminergic polymorphic ventricular tachycardia (CPVT),
specifically, to the transition to longer-acting beta-blockade with nadolol and addition of
flecainide for the stabilizing effect on sarcoplasmic calcium release (27). High probability of
the diagnosis of CPVT also allowed formulation of a disease-specific algorithm to treat
potential breakthrough arrhythmias, including sedation and avoidance of calcium or
vasopressors. Though this RYR2 mutation would have been discovered through standard
genetic testing, the turnaround time (three to eight weeks) would have precluded tailoring
initial treatment to this patient’s specific arrhythmia.

Patient 6180 was a previously healthy 19 month-old male admitted with pseudomonal septic
shock. An immunodeficiency was suspected and lymphocyte subset analyses suggested a
lack of B cells as an etiology, but sequencing the B7K gene to confirm X-linked
agammaglobulinemia (XLA) typically takes four to six weeks. rWGS identified a de novo,
pathogenic frameshift variant in BTK (c.726dupT;p.11e243TyrfsTer15) in four days. Prior to
molecular diagnosis, the consulting immunologist recommended obtaining IgG levels every
seven days and replacing for a level less than 400 mg/dL. With knowledge of the BTK
mutation, the recommendation was to obtain levels every 24 to 48 hours during the period of
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severe sepsis and administer IVIG if under 800 mg/dL. This resulted in ten administrations
of IVIG over the first four weeks of PICU admission.

Patient 7002 was a previously healthy 10 year-old found unresponsive in a pool. The
presenting rhythm was ventricular fibrillation, which was successfully defibrillated. ECGs
demonstrated prolonged QTc (510-560ms by Bazett’s formula), though the specificity of
this finding was diminished in setting of post-arrest acidosis and therapeutic hypothermia
(28). rWGS results revealed a maternally-inherited, pathogenic frameshift variant in KCNQ1
(c.573_577delGCGCT;p.Arg192CysfsTer91). The molecular diagnosis permitted prompt
transition to first-line medical therapy with nadolol (29). Data is emerging that even within
the spectrum of long QT syndrome, knowledge of the specific causal gene (KCNQ1,
KCNH2Z, or SCN5A in 80-90% of cases) affects the decision of whether or not to initiate a
beta blocker, and if used, which specific beta blocker will be most effective (30). For patient
7002, nadolol was specifically chosen as the most appropriate therapy because the mutation
was in KCNQ1 (30). A standard gene panel would generally be performed if the QTc on
ECG remained prolonged during the post-arrest recovery period and would have identified
this KCNQ1 variant, but the turnaround time for is generally three to eight weeks, and thus
would not have been available at the time of critical clinical decision-making. Additionally,
a substantial number of patients with Long QT syndrome have a normal QTc on resting
ECG, including this patient’s mother (31).

For Patient 6193, molecular diagnosis facilitated the transition to palliative care during the
concurrent ICU admission. This was a 22 month-old female with a history of distal
arthrogryposis and developmental delay who was admitted after a cyanotic episode at home.
Her parents reported prior apneic spells during sleep, such that they slept next to her so they
could periodically stimulate her breathing. In the hospital, evaluation revealed both central
and obstructive apnea. Bi-level positive pressure ventilation (BiPAP) was initiated during
sleep with improvement. However, without an explanation for the disordered breathing, her
parents were reluctant to make decisions about goals of care. rWGS revealed a de novo,
likely pathogenic missense variant in NALCN (c.1799A>G;p.Asp600Gly), which causes a
syndrome of Congenital Contractures of the Limbs, Hypotonia, and Developmental Delay
(CLIFAHDD) as well as respiratory insufficiency in some patients (32). This syndrome has
only been recently described and could not have been identified without WGS as no
commercial test is available. The molecular diagnosis facilitated engagement of palliative
care and the transition to planning for home BiPAP prior to the patient leaving the ICU. The
palliative care physician noted that prior to molecular diagnosis, the parents stated that the
hardest thing was not knowing exactly what was wrong with their daughter, the father stated,
“it’s like they are guessing” (referring to the physicians). After the molecular diagnosis of
CLIFAHDD was conveyed to her parents, their priorities shifted from searching for answers
to taking her home, keeping her comfortable, and treating her apnea with Bipap.

Time to Molecular Diagnosis

The turnaround time from receipt of specimen to delivery of a result averaged 13.6 days
(Supplemental Digital Content, Table S3; range 1 to 56 days). The turnaround time for the
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cases in 2016 and early 2017 was more variable while the workflow and pipeline were
becoming established.

Comparison to rWGS in NICU patients

Our diagnostic rate was similar to that of a recently published cohort of NICU patients
undergoing rWGS as part of a randomized controlled trial (Table 2; 19). There was not
sufficient evidence to detect differences between NICU and PICU cohorts in terms of
inotropic support, endotracheal intubation, extracorporeal membrane oxygenation, or
antimicrobial treatment (Table 2). While there was not sufficient power to detect a difference
in the level of patient complexity (measured by number of subspecialty consults), we see a
trend that PICU patients that had six or more subspecialty services involved were less likely
to be diagnosed by rWGS than NICU patients (6% vs 50%; p=0.06).

DISCUSSION

The pace of clinical decision-making for critically ill children requires expeditious changes
in management and therefore any new diagnostic test must likewise be available in a timely
fashion to be practically useful in the practice of critical care medicine. Only recently, with
the advent of rapid whole genome sequencing has technology for genetic testing reached this
threshold (16, 17, 20). Recent studies have established that rwGS is rapid enough to
facilitate interventions leading to decreased morbidity and mortality in critically ill infants
under four months of age in the NICU (13, 16, 17, 19, 33). Utility for acutely ill children
outside of the neonatal ICU is just beginning to be explored (25). This study endeavored to
determine the rate of molecular diagnosis and the clinical utility of rwGS for a retrospective
cohort of 38 patients admitted to the PICU.

Rapid WGS identified a genetic disease in seventeen of 38 critically ill children (45%),
which is consistent with previous outcome reports for WGS and whole exome sequencing
(WES). In published studies, 25-45% of patients received a molecular diagnosis (13, 34-37),
as did 36 to 73% of NICU cohorts (13, 15, 19). In 2018, Mestek-Boukhibar et al. in the
United Kingdom (U.K.) published the first true cohort of rWGS in 24 PICU patients and
established a molecular diagnosis in 42% (25). The patients’ average age in our study was
5.73 years, with a median of 2.96 years and a range of 4 months to 17 years (Figure 3A).
This substantially separates our cohort from previously described critically ill infants
analyzed by rwGS (13, 16, 19, 24) and is also older on average than the mean age of 15.86
months (median of 2.5 months) in the U.K. study (25). Direct comparison of our patients
was made to a cohort of NICU patients at the same institution who recently received rwGS
as part of a separate clinical trial (19) and confirmed that acuity of critical illness, as
indicated by requirement for ionotropic support, significant respiratory support,
extracorporeal membrane oxygenation, and overall mortality did not differ significantly
between critically ill neonates (NICU) and critically ill infants and children (PICU). Larger
cohorts of both NICU and PICU patients are needed to determine if these trends persevere in
an adequately powered prospective study.

WGS has shown superiority in detecting pathogenic variation when compared to more
targeted standard genetic approaches (21, 22) and can detect copy number variation
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equivalent in sensitivity to microarray (23), making it an attractive testing approach in the
intensive care unit, as the turnaround time is significantly faster and may eliminate the need
for multiple tests. Historically, WES was more commonly used, but recent ICU studies have
preferentially used WGS (16, 19, 24, 25) for diagnosis. WES primarily examines exons,
while WGS analyzes exons and approximately 90% of the genome (20). Recent meta-
analysis did not find a significant difference between the two technologies, though WGS has
the inherent ability to detect intronic variants, single nucleotide variants in noncoding RNA,
small copy number variants (CNVs), and mitochondrial DNA variants that will not be
captured by WES (20, 22). These diagnostic advantages along with the faster turnaround
time (despite larger amount of data to analyze) are predicted to shift testing preferentially in
favor of WGS despite its higher cost (20, 22). WGS diagnosis with automated phenotyping
and interpretation using natural language processing software is further decreasing time to
diagnosis (38).

The impact of rWGS on patient care was evaluated for clinical utility (19, 26). In this cohort,
24% of diagnosed patients had a resultant change in the clinical care provided during ICU
admission directly as a result of rwWGS diagnosis, including three genome-informed changes
in pharmacotherapy. Also reported here are the documented alterations to medical
management that occurred in 82% of patients after transfer out of the ICU, as judged by a
Delphi panel (Supplemental Digital Content). Previous studies of critically ill infants have
found clinical utility rates of 49 to 72% (13, 16, 19, 24). In the U.K. PICU cohort, diagnostic
utility was calculated at 30%, though no specific distinction was made between ICU and
non-1CU changes in management (25). Which subsets of PICU patients will benefit from
rWGS and lead to active changes in management is an area which will become increasingly
pertinent as testing continues to become less expensive and more rapid.

An interesting distinction between the U.K. cohort and this study are the notable differences
in nominating clinicians. While the U.K. patients were mostly nominated for rvGS by a
variety of subspecialty consultants (2%24 or 88%; 25), the majority of patients in this study
were nominated for rWGS by a treating intensivist (28/38 or 74%, Figure 1). Though only
an observation presently, it would be interesting to parse out in future studies whether
nomination by an intensivist portends any relationship, positive or negative, to diagnostic or
clinical utility in critically ill children.

As exemplified by the MALCN case, for many newly described genetic disorders there are
no commercial tests available, essentially making diagnosis impossible without WGS/WES
(15). Supplemental Digital Content Table S4 illustrates the exhaustive and inconclusive
testing that some probands received prior to undergoing rwWGS. rWGS is especially powerful
for critically ill patients who are in need of a timely diagnosis and particularly useful for
those disorders lacking a physically visual phenotype. In this cohort in particular, it is worth
noting that only 18% of patients diagnosed by rwGS had multiple congenital anomalies. In
multiple previous WGS/WES studies, 49-64% of patients had multiple congenital anomalies
and/or neurodevelopmental delay (22, 34, 35). For some of the significant molecular
diagnoses in this study, including RYRZ, KCNQ1, F13A1, and ACVRL1, neither the
patient’s physical appearance nor family history would have prompted the treating
intensivist to search for a genetic disorder. Rather, the presenting symptoms suggested a
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potential genetic etiology. Though some of these molecular diagnoses would have
potentially been identified in two or three months on gene panels ordered based on the
patient’s presenting symptoms, we found that time-to-diagnosis is clinically relevant in
certain cases. The discovery of approximately 20 new genetic diseases every month (1)
makes it increasingly difficult to exclude the possibility of monognenic disease based on
negative family and developmental histories.

Whole genome and exome sequencing identify atypical and heretofore unknown
presentations of genetic disorders. For example, the patient in this cohort who had a MECP2
variant was male and presented when he was 5 months old, which is younger than the
average age at diagnosis of 3.8 years for atypical Rett syndrome.

The data presented here quantify the molecular diagnostic rate and clinical utility of rwGS
in a cohort of 38 children admitted to the pediatric ICU. Additional studies are needed to
confirm these data. Our study has some notable limitations, in addition to those already
touched upon. The sample size of 38 patients, and although similar in size to recent ICU
trials (16, 19, 25), renders the determination of which ICU patients would benefit from rages
impossible. Larger, preferably prospective, trials in the PICU will be required to further
investigate the findings from this study. WGS itself has inherent limitations, including
challenges in identifying trinucleotide repeat disorders and disease-causing deep intronic
mutations (39). Additionally, though one of the strengths of WGS is hypothesis-free
interrogation of the genome, an accurate phenotype is critical to refining the HPO terms
used in genomic data analysis (25). Though not a specific limitation of this paper per se,
there are certain instances in which standard genetic or biochemical testing may be the more
suitable step in evaluation of a disorder. For example, if there is a high suspicion for an
amino acid disorder in an acutely ill patient (perhaps due to an abnormal newborn screen or
a known affected sibling), obtaining basic plasma amino acid and urine organic acid levels
would likely be a more appropriate initial choice. This is potentially also the case for other
situations in which one specific monogenic disease is highly likely to be causing the acute
illness in question.

Another recurring concern regarding WGS/WES is the challenge that variants of uncertain
significance and incidental findings present. The ACMG has identified 59 genes for adult-
onset conditions recommended for inclusion on all clinical WES/WGS reports, with the goal
of facilitating preventative treatment, despite lack of relationship between these genes and a
given patient’s clinical phenotype (birthing the term “incidental finding”; 40, 41).
Controversy surrounding this recommendation persists, especially as it applies to children,
due to a pretest probability for the 59 ACMG genes of less than one in 1000 and thus an
estimated twenty false positives for every true positive (41). This may result in undue stress
placed on families who engaged in WGS as a means of diagnosing their child’s acute illness,
not necessarily what that child may experience in the decades to come, in addition to raising
ethical concerns regarding consent in children (21, 41). In this study we did not specifically
evaluate for any “incidental finding genes”, and during the consent process families were
offered the choice to opt out of receiving medically actionable incidental findings that may
be inadvertently discovered.
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Another controversy related to WGS concerns the handling of variants of uncertain
significance (VUS). In accordance with the 2015 ACMG guidelines, an analyzed variant is
categorized as “pathogenic”, “likely pathogenic”, “VUS”, “likely benign”, or “benign”
based on a 28-point scoring system (42). In general, a pathogenic or likely pathogenic
variant has met sufficient criteria such that a clinician can apply the information in clinical
decision making when combined with clinical phenotype (42). Applicability to
asymptomatic patients, such as in prenatal screening, is beyond the scope of this paper. A
VUS should not be used in clinical decision making because the current evidence is
insufficient, though in years to come the variant may potentially be re-classified as new
evidence is available (42). In this study the IRB protocol did not allow for VUS reporting.
Reporting of only pathogenic and likely pathogenic variants was intended to ensure that
rWGS results would meet the recommendations of clinical significance, and thus medical
actionability to could be taken per the physician’s discretion, lessening the burden on the
clinician. However, some clinical laboratories do report VUS results, and managing those
results poses a challenge worth considering for clinicians with limited exposure to clinical
genetics.

Finally, not every institution has access to rWGS, though the expectation is that availability
will increase exponentially in the near future (43). This study was not able to quantify the
cost savings resulting from rWGS diagnosis, but emerging prospective data suggest that
early use of WGS/WES can result in cost savings compared with traditional genetic and
non-genetic testing (22), and cost-effectiveness of rapid WGS has been demonstrated in
acutely ill neonates specifically by two groups (19, 44).

CONCLUSION

As with any new medical technology, the period of its emergence is replete with challenges
in deploying the test responsibly and to the appropriate population. For rwWGS in critically ill
children, these questions certainly require further exploration, as many remain unanswered.
While we anticipate that in time such questions will be clarified with further study, it would
behoove us in the interim to encourage thoughtful utilization over indiscriminate application,
thinking of rwWGS as a useful tool, and not as a diagnostic panacea. Implementation of
precision medicine in the ICU must be guided by both beneficence and minimization of risk
to the patient and family. Even when ordered as a clinical test outside of the research setting,
respect for families as manifested by education regarding WGS/WES technology and the
implication of WGS/WES findings is paramount to complying with medical ethics
principles. Overall, this study was able to demonstrate undiagnosed genetic disease in PICU
patients and the potential impact of rwWGS for influencing care of critically ill children both
during and after ICU admission.

The continuing inevitable transformation of medical practice towards personalization of
treatment and therapy based on individual genetic data will increasingly become applicable
to critical care medicine, and rWGS can be expected to be at the forefront of this movement.
We retrospectively assessed the rate of molecular diagnosis and clinical utility of rwGS for
patients aged four months to 18 years admitted to the pediatric ICU, and found rates similar
to those seen in neonatal ICU populations. Our results suggest that r'WGS should be studied
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further as a diagnostic test for critically ill children, including children without preexisting
concern for a genetic disorder. As technological advances continue and are implemented
clinically, expansion of the phenotypic spectrum of disorders may include less severely
affected individuals with atypical presentations. In the interim period prior to the elucidation
of a complete phenotypic spectrum for a given disease, when our collective diagnostic
ability exceeds our collective prognostic ability, it may be increasingly challenging to predict
the disease course for disorders with phenotypic heterogeneity, and to counsel the families
who are weighing decisions regarding goals of care and potentially palliation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Number of probands nominated for rwWGS by specialty
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49 Patients Nominated

P - 9 Ineligible:
40 Eligible: Admitted to PICU, 5 Snother diagtoss found
age 4 months - 18 years, 1 Decesced
possible genetic disease 3 Other reason

38 Consented and

received rWGS 2 Declined consent

\
17 (45%) Genetic disease
di
iagnoses )
>
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ICU management (and also | | ICU management (clinical [ = result of rWGS
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Figure 2:

Flow diagram of the proportion of PICU patients who were enrolled, received genetic
disease diagnoses by rwWGS, and had consequent changes in management (precision
medicine)
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Figure 3.

Characteristics of PICU cohort. A, Age of 38 probands receiving rwGS. B, Time from
diagnosis to change in clinical management. C, Primary indication for PICU admission in 18
patients in whom a diagnosis was made. D, Presence or absence of developmental delay
and/or dysmorphic features at the time of PICU admission.
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Demographic and clinical characteristics of the 38 probands

Page 17

Demographics Rapid WGS (n=38) Diagnosti(cr:]i If7a)pid WGS Negativ(en Eg%id WGS
Female 19 (50%) 8 (47%) 11 (52%)
Sex Male 19 (50%) 9 (53%) 10 (48%)
Caucasian 10 (24%) 4 (24%) 6 (29%)
Hispanic/Latino 16 (42%) 9 (53%) 7 (33%)
African/ African American 2 (5%) 1 (6%) 1 (5%)
Raceand Ethnicity Asian/Native American/
Pacific Islander 2 (5%) 0 (0%) 2 (10%)
rC;‘tcr:glr)(including multi- 8 (21%) 3 (18%) 5 (24%)
Status epilepticus 3 (8%) 2 (12%) 1 (5%)
Respiratory failure 7 (18%) 3(18%) 4 (19%)
Cardiac arrest 5 (13%) 4 (24%) 1 (5%)
Altered mental status 5 (13%) 2 (12%) 3 (14%)
Intracranial hemorrhage 3 (8%) 1 (6%) 2 (10%)
Metabolic derangement 3 (8%) 1 (6%) 2 (10%)
Indication for ICU admission  Acute liver failure 1 (3%) 0 (0%) 1 (5%)
Pulmonary hemorrhage 1 (3%) 0 (0%) 1 (5%)
Cavernous sinus thrombosis 1(3%) 0 (0%) 1 (5%)
Atrial tumor 1(3%) 0 (0%) 1 (5%)
Shock 6 (16%) 3 (18%) 3 (14%)
Acute heart failure 1(3%) 0 (0%) 1 (5%)
Renal failure 1(3%) 1 (6%) 0 (0%)

Values shown are number (percentage) of subjects, except as indicated;

a A
Includes partial diagnoses
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Comparison of diagnosis, clinical utility, and characteristics between NICU and PICU patients who received

rwGs
All patients Diagnosed patients

Compar ative Factor NICU (n=24) | PICU (n=38) p NICU (n=10) | PICU (n=17) p
Diagnostic Utility 10 | 41.7% | 18 | 47.4% | 0.66
Clinical Utility 7 29.2% | 13 | 342% | 068 | 7 70.0% 12 | 70.6% 1
Multiple congenital anomalies 37.5% 5 13.2% | 0.03 30.0% 3 17.6% | 0.64
Primary system involved
Neurologic 6 25.0% 8 21.1% | 072 | 3 30.0% 5 29.4% 1
Hepatic 2 8.3% 1 2.6% 055 | 1 10.0% 0 0.0% 0.37
Cardiac 2 8.3% 6 158% | 047 | O 0.0% 5 29.4% | 0.12
Hematologic 1 4.2% 1 2.6% 1 0 0.0% 0 0.0% 1
Gastrointestinal 1 4.2% 0 00% | 039 ] 1 10.0% 0 0.0% | 0.37
Endocrine/Biochemical 1 4.2% 3 79% | 065 | 1 10.0% 1 5.9% 1
Musculoskeletal 1 4.2% 0 00% |039] 1 10.0% 0 0.0% | 0.37
Pulmonary 1 4.2% 2 5.3% 1 0 0.0% 0 0.0% 1
Support required
lonotropic Support 12 50.0% | 19 | 50.0% 1 4 40.0% 6 35.3% 1
Respiratory Support 23 | 958% | 27 | 71.1% | 0.02 | 10 | 100.0% | 11 | 64.7% | 0.06
Intubated 19 | 792% | 23 | 605% | 012 | 7 70.0% 9 52.9% | 0.45
ECMO 2 8.3% 4 10.5% 1 2 20.0% 2 11.1% | 0.61
Antimicrobial Treatment 21 | 875% | 33 | 86.8% 1 10 | 100.0% | 14 | 82.4% | 0.27
>5 Subspecialty consults 10 | 41.7% | 11 | 289% | 041 | 5 50.0% 2 11.8% | 0.06
Mortality 6 25.0% 5 13.2% | 0.31 1 10.0% 0 0.0% 0.37
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Table 4:

Patient and family interventions secondary to genomic diagnosis
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Subject ID | Causal Gene ICU Intervention Non-ICU Intervention Family I ntervention
6007 PCDH19 Pulse methylprednisolone
Flecainide initiated : :
6031 RYR2 (CPVT-RYR2 Exercise testing/ECG for
indication) Y
Riboflavin initiated, ubiquinol and B50 increased;
Carries letter describing diagnosis/treatment
6052 TANGOZ2 recommendations. subsequent acute
encephalopathic episode improved secondary to
recommendations
Brain MRI every 3-5 years as surveillance to
6118 ACVRLI monitor for intracranial AVMs
6147 TRNTI1 Palliative care, code status modified to DNR
6153 AIRE Periodic screening for adrenal insufficiency
Avoided renal biopsy. Ongoing screening for vision
6159 COL4A4 problems (keratoconus), neurosensory hearing loss,
and hypertension/kidney failure
IVIG to maintain - . . . . . 3 yr old male sibling tested for
6180 BTK 1gG > 800 mg/dL Avoidance of live vaccines, risk of infection XLA(negative)
Palliative care, discharged on 1L/min nasal cannula
6183 MECP2 oxygen for apnea
Palliative care
6193 NALCN initiated, discharged
on BiPAP
Factor X111 A-subunit replacement administered
6207 F13A1 monthly
Mother had ECG with upper
7002 KCNQ1I Nadolol initiated limit of normal QTc, referred
for genetic testing
Maternal variant, mother
7004 MYH7 referred for echocardiogram
7039 TBCD Palliative care, home supportive services initiated
7043 ACTCI Echocardiogram and ECG

ordered for female sibling
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