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The diagnostic and clinical utility of rapid whole genome sequencing (rWGS) for critically

ill children in the intensive care unit (ICU) has been substantiated by multiple studies, but

comprehensive cost-effectiveness evaluation of rWGS in the ICU outside of the neonatal

age group is lacking. In this study, we examined cost data retrospectively for a cohort

of 38 children in a regional pediatric ICU (PICU) who received rWGS. We identified

seven of 17 patients who received molecular diagnoses by rWGS and had resultant

changes in clinical management with sufficient clarity to permit cost and quality adjusted

life years (QALY) modeling. Cost of PICU care was estimated to be reduced by $184,846

and a total of 12.1 QALYs were gained among these seven patients. The total cost

of rWGS for patients and families for the entire cohort (38 probands) was $239,400.

Thus, the net cost of rWGS was $54,554, representing $4,509 per QALY gained. This

quantitative, retrospective examination of healthcare utilization associated with rWGS-

informed medicine interventions in the PICU revealed approximately one-third of a QALY

gained per patient tested at a cost per QALY that was approximately one-tenth of that

typically sought for cost-effective new medical interventions. This evidence suggests

that performance of rWGS as a first-tier test in selected PICU children with diseases

of unknown etiology is associated with acceptable cost-per-QALY gained.

Keywords: genomic sequencing, rapid whole genome sequencing, pediatric intensive care, critical care, cost

analysis, health economics, quality adjusted life year (QALY)

INTRODUCTION

Rapid whole genomic sequencing (rWGS) is transforming the diagnosis of single locus genetic
disease among inpatient children. Recent technological advances enable return of results in less
than one day, which enables timely provision of optimal care broadly for critically ill patients,
effecting immediate changes in the trajectory of their clinical management (1–5). Mounting
evidence supports the diagnostic and clinical utility of rWGS and was further substantiated by a
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recent meta-analysis (6). Though earlier studies were focused
primarily on infants in the neonatal intensive care unit (NICU),
recent studies examining children outside of the neonatal period
in the pediatric intensive care unit (PICU) have yielded similar
diagnostic and clinical utility rates (5, 7, 8). Our group recently
published a retrospective cohort study of 38 critically ill children
in the PICU and found that rWGS resulted in a molecular
diagnosis in 17 of 38 children (45%) (5). Seventy-six percent of
diagnoses affected clinical management of the patient (5).

Despite increasingly clear-cut clinical evidence supporting
use of rWGS, several barriers have precluded its widespread
implementation. One of the most significant is the ongoing
need for prior authorization for reimbursement. To achieve
rWGS coverage policy determinations, payors frequently raise
concern related to the associated cost. To buttress the proposition
that timely diagnosis may decrease overall costs by optimizing
clinical management, several studies have recently demonstrated
cost-effectiveness for early utilization of rWGS or rapid whole
exome sequencing (rWES) compared to traditional diagnostic
investigations (9–12). In 2018, Stark et al. estimated the cost
savings in a group of 21 critically ill children who received
a diagnosis by rWES to be AU$543,178 (US$424,101), due to
avoidance of planned tests and procedures and reduced length of
stay (13). Schofield et al. expanded the cost analysis of a cohort of
80 infants in Australia to include increased projected quality life-
years (QALYs) attributable to early molecular diagnosis as well
as the economic effects of cascade testing in first-degree relatives
(14). Each of these models resulted in incremental cost savings,
lending further credence to the assertion that early deployment of
rWGS in suspected single locus genetic disorders is increasingly
cost-effective (14). Though compelling, the aforementioned
precision medicine health economics analyses were performed
outside of the United States, specifically in single-payer systems
such as Australia (15) which limits its applicability to the complex
and fractured United States health care system (12, 14–17).

Recent analyses of critically ill infants diagnosed by rWGS
have found associated reductions in hospital length of stay and
significant net cost savings (4, 9, 17). However, in nearly all
cases, the infants studied were from the NICU (4, 9, 17). Though
these studies demonstrated the cost-effectiveness of genomic
sequencing for acutely ill infants, a fiscal examination exclusive
to the PICU (where the average age is much older) has not
been done.

Additionally, only a modest number of groups have
endeavored to include QALYs as the outcome measure in their
economic analyses, as recommended by major health technology
assessment agencies when performing a cost-utility analysis
(4, 14, 18, 19). The QALY is the preferred metric because
it combines two different benefits attributed to a particular
intervention- longevity and quality of life- into a single number
that can be compared between alternative interventions (20). The
monetary value of a QALY (cost per QALY) is a marker of value
used to establish the comparative value of different healthcare
interventions. A QALY is used to optimally direct resources (21–
23). Historically, in the US the QALY benchmark for a clinical
intervention that is worth the investment has been $50,000,
though it has not been adjusted for inflation and suggestions

have been made recently that this number should be increased
(22, 24). Thus, inclusion of QALYs is imperative to any cost-
utility analysis because health outcomes and improvement of said
outcomes is arguably the driving goal behind the allocation of
limited healthcare resources.

In a world of finite health care resources, studies are
urgently needed to determine whether rWGS in the PICU
setting is an efficient use of limited health care resources, and
thereby advise policy development and resource allocation. We
endeavored to measure the financial and clinical impact of
rWGS on acutely ill children using established measures of
comparative effectiveness.

RESULTS

Study Population
This was an economic analysis of a previously published cohort
of critically ill children who received rWGS. The patients’ clinical
characteristics have been previously described (5). Briefly, this
cohort included 38 children ranging in age from 4 months to
17 years (mean 5.73 years) (5). Of the 38 study participants, 17
received a molecular diagnosis (45%) and 13 of the 17 (76%) had
an associated change in clinical management (5). Aside from the
increased costs of diagnostic testing, two patients (6180 and 6207)
were identified to have an increased cost of care attributable to
rWGS testing (related to additional intravenous immunoglobulin
administration and earlier initiation of Factor XIII replacement).
Detailed cost and QALY modeling were performed for eight
of the 13 patients who had a change in clinical management
(Table 1). Quantitative modeling was not possible in the other
five patients with changes in management following rWGS-based
diagnoses (Supplementary Table 1). None of these five cases
were thought to likely have a net increase in the estimated cost
of care. They included patients 6031, 6118, and 7002 in whom
there was a lack of substantial literature to precisely predict the
morbidity risk avoided by the intervention, and patients 6183
and 7039 for whom there was insufficient documentation to
substantiate specific clinical management changes that ensued
following palliative care consultation.

Cases Modeled (Reached Delphi
Consensus)
A Delphi consensus was reached in 7 of 8 subjects receiving
a molecular diagnosis resulting in a previously reported
clinical management change (Table 1). Detailed counterfactual
trajectories and the questions posed (as presented to the
Delphi panelists) are available in Supplementary Material.
The seven counterfactuals to reach consensus are briefly
described herein. For the eighth patient, 6052, who was
diagnosed with a homozygous recessive variant in TANGO2
(OMIM#616878; Metabolic encephalomyopathic crises,
recurrent, with rhabdomyolysis, cardiac arrhythmias, and
neurodegeneration) the Delphi panel failed to reach consensus
on whether a molecular diagnosis likely reduced the length of
hospital stay for a metabolic crisis.
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TABLE 1 | Precision medicine interventions in eight of 13 patients who received molecular diagnoses and had resultant changes in clinical care.

Patient Gene Diagnosis name Intervention modeled Delphi panel

consensus (Y/N)

Cost savings/

costs incurred

QALY

savings

6007 PCDH19 Early infantile epileptic

encephalopathy

Pulse steroids instead of ICU transfer for

midazolam infusion

Y $9,795 -

6052 TANGO2 Metabolic encephalomyopathic

crises, recurrent, with

rhabdomyolysis, cardiac

arrhythmias, and

neurodegeneration (MECRCN)

Carries letter describing

diagnosis/treatment recommendations.

Subsequent acute encephalopathic

episode improved secondary to

recommendations

N n/a n/a

6147 TRNT1 Sideroblastic anemia with B cell

immunodeficiency, periodic

fevers, and developmental delay

(SIFD)

Change in family’s goals of care avoided

one hospitalization, skin biopsy, and

EGD/intestinal biopsies

Y $74,556 -

6153 AIRE Autoimmune polyendocrinopathy

syndrome, type I

Vaccination for encapsulated organisms

decreased risk of mortality

Y - 0.12

6159 COL4A4 Thin basement membrane

nephropathy/ Alport syndrome

Avoided a renal biopsy Y $8,108 -

6180 BTK Agammaglobulinemia, X-linked Received 6 additional doses of IVIG Y -$9,856 (incurred

cost)

-

6193 NALCN Congenital contractures of the

limbs and face, hypotonia,

developmental delay (CLIFAHDD)

Transitioned to home care with

non-invasive positive pressure ventilation

on hospice instead of remaining in hospital

Y $134,538 -

6207 F13A1 Factor XIIIA deficiency Decreased risk of repeat CNS bleed and

associated mortality and neurologic

complication by initiating prophylactic

Factor XIII replacement

Y -$32,295 (incurred

cost)

11.98

Total: $184,846 12.1

ICU, intensive care unit; EGD, esophagogastroduodenoscopy; IVIG, intravenous immunoglobulin; CNS, central nervous system.

Cases With Cost Savings and/or QALY
Savings
For Patient 6007, rWGS identified a deletion in PCHD19
(OMIM#300088; Developmental and epileptic encephalopathy
9) resulting in pulse dose methylprednisolone for refractory
seizures and avoidance of PICU care for a midazolam infusion
(Table 1). For Patient 6147, diagnosis of homozygous variants
in TRNT1 (OMIM#616084; Sideroblastic anemia with B-cell
immunodeficiency, periodic fevers, and developmental delay)
led to palliative care consultation and a change in ‘code
status’ to ‘Allow Natural Death’. The family chose to decline
diagnostic procedures and an admission for treatment of
sepsis, in line with their shifted goals of care. Patient 6153
was diagnosed with compound heterozygous variants in AIRE
(OMIM#240300; Autoimmune polyendocrinopathy syndrome,
type I) and was subsequently advised to receive 23-valent
pneumococcal and meningococcal vaccination due to risk of
development of functional asplenism, decreasing her long-term
risk of morbidity and mortality due to infection with these
encapsulated organisms. A renal biopsy had been recommended
for patient 6159 during her ICU admission as part of her
diagnostic workup for acute renal failure, but once rWGS
revealed a likely pathogenic variant in COL4A4, associated
with Alport syndrome/thin basement membrane nephropathy
(OMIM#141200; thin-basement-membrane nephropathy), the
nephrologist canceled plans for the biopsy. Though COL4A4
is listed on commercial gene panels for nephrotic syndrome,

the turnaround time is 4 weeks and results would not have
returned prior to the planned biopsy. Patient 6193 was admitted
for respiratory failure and rWGS revealed a de novo, likely
pathogenic variant in NALCN (OMIM#616266; Congenital
contractures of the limbs and face, hypotonia, and developmental
delay), which resulted in a palliative care consult and facilitated
the transition to home non-invasive positive pressure ventilation
(NPPV), as opposed to ongoing hospitalization while awaiting
symptom resolution.

Cases With Incurred Costs
For Patient 6180, admitted to the PICU for pseudomonal
septic shock, the rWGS diagnosis of a de novo, pathogenic
variant in BTK (OMIM#300755; Agammaglobulinemia, X-linked
1) led to administration of additional doses of intravenous
immunoglobulin (IVIG) (Table 1). Costs associated with the
extra IVIG administration were considered as costs incurred
as a result of the genomic diagnosis. Cost savings of
preventing further disease morbidity from delayed diagnosis
of primary immunodeficiency and unmitigated sepsis were not
calculated. Patient 6207 was an 8-month-old who presented
with right arm paralysis and was found to have a large
intraparenchymal hematoma. rWGS identified homozygous
variants in F13A1 (OMIM#613225; Factor XIIIA deficiency), and
he was immediately started on prophylaxis with recombinant
coagulation FXIII A-subunit, decreasing his risk for another
central nervous system (CNS) bleed and the associated potential
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neurologic complications and mortality. Costs associated with
the earlier administration for Factor XIII were considered as costs
incurred as a result of the genomic diagnosis.

Impact of rWGS-Associated Precision
Medicine on Healthcare Utilization
The total cost for clinical investigations, interventions,
procedures, medications, and inpatient room stays, as well
as QALYs, when applicable, are presented in Table 1 for the
seven patients and Delphi questions that reached consensus.
Estimated cumulative savings due to rWGS were $184,846.
Over 70% of estimated savings derived from reduced or avoided
hospital length of stay. The remainder was due to avoided
professional fees and major procedures (Table 1). The estimated
charge for each avoided or incurred intervention can be found in
Supplementary Table 2.

QALY Modeling
QALY modeling was performed and QALY gain was identified
for the two patients with Delphi consensus. The total estimated
benefit from rWGS in these two children was 12.1 QALYs saved
(patients 6153 and 6207). The greatest benefit was in patient
6207, who was diagnosed with severe Factor XIII deficiency
(11.98 QALYs saved). Without treatment, his risk of dying
if he were to have a second central nervous system (CNS)
bleed would be 12%, with the mean age of death being 1.5
± 2 years (26–29). QALYs saved by avoiding this risk of
death amounted to 9.08 (Supplementary Table 3). Additionally,
of patients who survive a subsequent CNS bleed, 72.6% have
neurologic complications (28). Prophylaxis with Factor XIII
replacement resulted in a gain of 2.9 QALYs due to avoided
neurologic disability (Supplementary Table 3).

Cost of rWGS
An estimated cost of $7,400 was applied per trio rWGS
performed. This is an average of total costs from previous cases
sequenced at Rady Children’s Institute for Genomic Medicine
(RCIGM) and includes the cost sequencing and interpretation.
Total cost of rWGS for the entire cohort of 38 probands and their
families was $239,400 (Supplementary Table 4).

Cost Effectiveness Analysis
Total cost savings for the seven patients that reached Delphi
consensus and were modeled was $184,846. This included
$156,575 in hospital cost savings (length of stay, avoided
procedures) and $28,271 in avoided professional fees. To arrive
at that total, we also subtracted incurred costs, specifically
the cost of the additional administered doses of IVIG and
associated physician fees for patient 6180 and the cost of
earlier administration of Factor XIII replacement and associated
professional fees for patient 6207 as a result of the molecular
diagnoses. We compared the total costs of sequencing the cohort
of 38 patients and their families with the costs saved in the
seven cases modeled. Total cost of sequencing the patients and
families was $239,400. Total cost savings were therefore negative
$54,554, indicating a modest net financial loss (Figure 1). A total
of 12.1 QALYs were gained in two of the seven patients modeled

FIGURE 1 | Cost savings, sequencing costs, and QALY saving. Sequencing

costs included all 38 patients in the original cohort and their family members.

(Figure 1). Most of these gains were due to the difference in
quality of life attributed to a decreased risk of mortality and
neurologic complication for patient 6207. The difference in
total costs (cost savings minus costs of sequencing) for the
38 probands and families, as stated above, was $54,554 (net
negative). Thus, we spent $54,554 to save 12.1 QALYs, a cost of
$4,509 per QALY. Interventions with an ICER below $50,000 are
considered high value (22–24, 30, 31).

DISCUSSION

Genetic disorders are a leading cause of mortality in the
NICU and PICU, and affected children are disproportionally
admitted to intensive care units (32–37). Rapid whole genomic
sequencing for diagnosis of monogenic disorders is becoming
increasingly applicable to critical care, as evidence continues to
demonstrate that timely deployment of precision medicine leads
to optimal clinical care (1, 2, 38–41). As with any new technologic
advancement, the benefits of rWGS must be systematically
evaluated while considering costs, societal acceptability, and
willingness of funders to reimburse. In the United States
especially, where healthcare costs are higher per capita than in
any other nation (42), information regarding cost-effectiveness
may be especially important for health system financiers and
policymakers. Despite increasing evidence that sequencing
improves clinical outcomes and more recent data demonstrating
that it also reduces costs of care, routine application of rWGS in
the ICU has remained a challenge, perhaps largely in part due to
exceedingly rare reimbursement for testing by payers (1, 38, 43–
47). Much of the cost-effectiveness data initially emerged from
countries with universal health care and its application to a
fragmented United States healthcare system could be complex
(12, 16, 17, 48, 49). Farnaes et al. analyzed a cohort of six NICU
patients in the United States diagnosed by rWGS and showed
a reduction in hospital length of stay by 124 days resulting in
a combined inpatient cost savings of $803,200 (approximately
$19,000 per infant) (4). Subsequently, in 2018, the California
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state legislature commissioned and funded Project Baby Bear to
determine if the economic and clinical benefits of rWGS could be
reproduced at five different sites across the state. In this quality
improvement project, Dimmock et al. completed an examination
of 184 prospectively-evaluated critically ill children under 1 year
of age who received rWGS across five ICUs in California (9).
A diagnostic rate of 40% in this cohort, coupled with a 32%
change in clinical management for diagnosed patients, produced
a net cost savings of between $500,000 and $1.2 million ($12,041
to $15,786 per infant sequenced, in USD) (9). While results
for both of these investigations demonstrated that rWGS can
be implemented cost-effectively for critically ill infants in the
United States, the children in these two cohorts were less than
one year old, leaving open the question of whether these findings
translate to children in the PICU up to 18 years of age. In this
study, we present the first cost utility analysis of rWGS in the
PICU in the United States to our knowledge.

We were able to quantify the impact in healthcare utilization
for seven of 13 (54%) previously published PICU cases in which
a molecular diagnosis was made by rWGS and a resultant change
in management occurred. rWGS was estimated to lead to a
reduction in the cost of care for these seven patients by $184,846
after subtracting incurred clinical costs. These estimates are
conservative and reflect the judgment of independent Delphi
panels. Most of the cost savings was due to reductions in the
length of hospital stay. Conclusive diagnoses enabled clinicians
to prognosticate illness trajectorymore confidently; in some cases
(patients 6147 and 6193), this information empowered parents to
shift their goals for clinical care to comfort rather than curative or
prolonged care. After accounting for the cost of sequencing all 38
patients in the PICU cohort, as well as their families ($239,400),
there was a net financial loss of $54,554. However, the consensus
of the Delphi panels was that rWGS diagnoses also resulted in
a gain of 12.1 QALYs, averaging a cost of $4,509 per QALY.
Even the most conservative analysts regard an intervention with
cost-per-QALY under $20,000 to be justifiable, while the most
commonly used willingness-to-pay thresholds by funders are
higher, ranging from $50,000-100,000 per QALY or higher (22–
24, 30, 31). Therefore, despite a small net financial loss, when
taking the QALY gains into account the analysis of this PICU
cohort provides robust cost-effective evidence in favor of rWGS
in PICUs.

There are several limitations in this study. Although also
appearing to reduce rather than increase total costs, the impact
of precision medicine could not be quantified in six of the 13
diagnosed patients with changes in management attributable to
first line rWGS (five patients in whom changes could not be
financially modeled (Supplementary Table 1) and one patient,
6052, in whom Delphi did not reach consensus). The number
of patients modeled limits our generalizability. We also did not
systematically obtain the costs of tests or other investigations that
were avoided due to performing rWGS. In a related study, costs of
avoided testing averaged $162-$378 per patient (9). Additionally,
this is a small study with a heterogeneous population, limiting
generalizability and introducing potential bias. Due to the rarity
of these diseases and the novelty of some of the molecular
diagnoses identified, we were unable to use historical matched

controls and instead relied upon counterfactual trajectories
that were confirmed (or refuted) by an independent Delphi
panel. This approach (counterfactual trajectory with expert panel
consensus) was chosen because we knew from experience that
the children receiving rWGS diagnoses would have rare genetic
diseases, making identification of matched historical controls
unlikely (50, 51). Furthermore, insufficient information exists
in the literature regarding natural history or routine clinical
practice for many of these uncommon disorders (4, 38, 41). Some
assumptions, supported by the available literature, were made
about long-term patient outcomes. We also included incurred
costs as a result of rWGS diagnosis (patients 6180 and 6207).
These patients were diagnosed between 2016 and 2018 and we
reported the costs at that time and have not adjusted for inflation.
Our conservative approach may significantly underestimate the
actual benefits accrued. The IRB for the original cohort study (5)
did not allow for reporting of variants of uncertain significance
(VUS), which possibly could have led to incurred costs if
VUS results compelled clinicians to order additional testing.
Generalization of this data to the broader United States context
assumes that the costs for a given medication or procedure at
Rady Children’s Hospital are representative of other facilities.
Clinical management may also vary based on institution, as will
decisions to proceed with palliative care. The analysis assumed
that average charges over the last three inpatient days of a patient’s
hospitalization were a fair substitute for the charges of an avoided
inpatient day. Finally, this study is unlikely to be applicable
outside of the US healthcare system, as costs of ICU treatment
may vary widely between different countries.

The patients in our original cohort received rWGS early
and quickly while in the PICU. Other studies have shown that
early diagnosis results in a higher clinical benefit and cost
savings (4, 9, 14, 52). It is likely that our cost utility analysis
benefited from timely ascertainment of the underlying molecular
diagnosis. Recently, faster turnaround times (TAT) (1, 2, 9)
afford clinicians opportunities to avoid further investigations and
affect management leading to cost savings and gained QALYs. If
rWGS had been used later in the clinical course, these impactful
windows for high-yield intervention may be missed. The current
TAT in 2021 compared to this historical cohort also limits
generalizability here (1, 2, 9). In sensitivity analyses of the Project
Baby Bear study, Dimmock et al. found proportionately lower
cost savings for TATs of 7 or 14 days compared to TATs of 3
days. The TAT for the seven patients who reached consensus
and were analyzed in our cohort was 17.6 days (mean was 13.6
for the entire cohort of 38) (5). Thus, it is possible that if we
had had more rapid TATs during the original study (2016-2018),
potentially the cost savings could have been more substantial
in this cohort. Making a genetic diagnosis has the potential to
be beneficial at any point in life, but evidence suggests that
identifying children early and quickly, prior to significant damage
and definitive medical decision points, results in the greatest
utility (9, 38).

Though this study focused particularly on cost analysis of
rWGS in critically ill children, the economic factor is only
one component of many that need to be considered when
evaluating potential implementation of rWGS in the PICU.
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Future studies should also continue to explore the societal impact
of implementing rWGS, including from the perspectives of
families whose children have received rWGS. Surveys of these
families in one rWGS NICU study found that that although
only 23% of infants received an rWGS diagnosis, 97% of parents
reported that genomic testing was at least somewhat useful
(53). It would be important to determine whether or not PICU
families feel similarly. Furthermore, the PICU tends to be more
clinically heterogeneous than the NICU, owing in part to the
wider age range, thus it may be beneficial to parse out which
subsets of PICU patients (perhaps by clinical presentation, body
system affected, age, etc.) are most likely to receive rWGS
diagnoses that lead to changes in management and even changes
in clinical outcome.

This study supports the use of rWGS for critically ill children
with suspected single locus genetic conditions from an economic
(including cost-per-QALY) perspective. Future studies should
evaluate the comparative effectiveness of children with lower
acuity and/or more broad use of rWGS as recent studies in
infants have demonstrated cost effectiveness when routinely
sequencing all children admitted to NICU without clear etiology
(9). With such testing now approved by some commercial
insurers (44) and anticipated state sponsored programs (54, 55),
studies should be performed to better understand the barriers to
broader implementation.

MATERIALS AND METHODS

Study Design
This study was approved by the institutional review board
(IRB) at the University of California, San Diego. Retrospective
comparison of healthcare utilization following molecular
diagnosis by rapid genome sequencing was evaluated for a
previously described cohort of inpatients in the PICU at Rady
Children’s Hospital in San Diego, California. Written informed
consent was obtained from at least one parent or guardian.
Details of the original investigation design, workflow, and
inclusion/exclusion criteria have been previously published (5).
The present analysis was performed utilizing this same cohort of
patients to determine the financial impact of rWGS in critically
ill children.

Selection of Affected Children
Characteristics of the initial cohort of 38 children in the
PICU who received rWGS have been described elsewhere (5).
Seventeen of the 38 children received a molecular diagnosis by
rWGS and 13 had a change in their clinical management as
a result of the genomic diagnosis (Figure 2) (5). Of those 13,
detailed QALY and ongoing cost of care modeling was modeled
for eight patients (Table 1). The economic effect of precision
medicine was unable to be quantitatively determined in the
remaining five children (Supplementary Table 1).

Sequencing and Bioinformatics
Analysis DNAwas isolated, and 2x100 or 2x150 nucleotide rWGS
was performed to ∼45-fold coverage as previously described
(4). Sequence alignment to the reference human genome and

FIGURE 2 | Flow diagram of the children who were initially included, received

diagnosis, had changes in management, and underwent cost utility analysis.

nucleotide variant calling was by DRAGEN (Illumina Inc, San
Diego, CA) (4). An automated copy number variation pipeline
was implemented in July 2017, which identified CNVs with a
combination of the tools Manta and CNVnator (56, 57). Prior to
July 2017, any CNV diagnoses were made via manual inspection
of raw genomic data. Variants were annotated, analyzed, and
interpreted with Opal Clinical (Fabric Genomics, Oakland, CA).
All causative SNVs were confirmed by Sanger sequencing and
CNVswere confirmed byMLPA and qPCR or aCGH.No variants
failed confirmation.

Phenotyping Information, Variant Filtering,
and Variant Interpretation
Clinical features were manually extracted from electronic
medical records (EMR) and translated into Human Phenotype
Ontology (HPO) terms. The HPO terms were used in analysis
in two ways: (1) To generate a patient-specific gene list (58–
60) to provide an initial filtered list of variants; and (2)
To prioritize variants by phenotypic overlap and potential
variant consequence using VAAST and Phevor in the Opal
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Clinical platform (61). Nucleotide variants were filtered by
predicted consequence, an allele frequency <0.5% in the ExAC
and gnomAD databases, and inheritance pattern if parental
data was available. Variants in genes previously implicated in
human disease were required for clinical reporting. CNVs were
filtered by events overlapping the OMIM Morbid gene list
(∼4,000 genes) and an internal frequency of <2%. Variants
selected for full manual curation underwent gene curation to
determine the strength of the known gene-disease relationship
and the overlap with the patient’s disease, and all variants were
interpreted in accordance with the American College of Medical
Genetics/Association of Molecular Pathology (ACMG/AMP)
recommendations (62, 63). Per IRB protocol and initial guidance
from the FDA, only pathogenic and likely pathogenic variants
were allowed to be reported. Variants of uncertain significance
could not be reported. We did not specifically evaluate for any
of the 59 genes identified by the ACMG/AMP as reportable
incidental findings (64). During the consent process, families
were offered the choice to opt out of receiving medically
actionable incidental findings that were inadvertently discovered.

Delphi Panel
Weutilized amodifiedDelphimethod (25) to establish consensus
for counterfactual trajectories including the anticipated standard
of care in the absence of rWGS. The Delphi panel consisted
of ten pediatric critical care board certified physicians at ten
independent institutions. It is difficult to identify matched
controls for patients suffer from rare genetic diseases and
more often than not there is not enough disorder-specific
information in published literature to dictate concrete clinical
management practices for many of these rare diseases (4,
9, 38, 43). Consequently, we used a counterfactual trajectory
with a modified Delphi panel to establish consensus for the
counterfactual trajectories as previously described (4, 5). An
external panel of ten attending pediatric intensivists board-
certified in pediatric critical care from ten unique institutions
was assembled. Panelists were not currently funded by RCIGM
and did not have financial ties to RCIGM. Panelists did receive
an honorarium of $200 for survey completion. For the final
patient, 6207, because the patient had a rare (n = 133 in the
literature) and specific hematologic genetic disorder that had
the potential to significantly impact his quality of life and life
expectancy, we considered that it was more appropriate for
pediatric hematologists to evaluate the counterfactual trajectory.
Thus, a panel of five pediatric hematologists from three different
institutions was gathered.

The panel developed consensus on counterfactual trajectories
using the Delphi Method, a structured, systematic method that
uses consensus expert opinion to make an educated decision (4,
5, 25). Within the counterfactuals, when the molecular diagnosis
was considered in the differential diagnosis, we utilized available
literature on time to diagnosis and turnaround times for clinically
available testing to form a reasonable assessment for when correct
testing (gene panel, single gene sequencing, etc.) would have
been obtained if rWGS had not been available. For ultra-rare or
atypical presentations of syndromes this was difficult to assess.
Consensus methods such as the Delphi are increasingly used

in medicine to develop guidelines for controversial subjects
and to make consensus-based determinations when insufficient
information is available (51). Expert panelists review the available
knowledge and are surveyed for their responses to specific
questions. For this study, the questions posed to the Delphi
panel were developed by the authors with guidance frommedical
geneticists and health economics experts. The replies are scored
to determine the variation in response; if consensus is not
reached, the questions are returned to the panelists for a second
round, with the mean of responses from the previous round
visible to the panelists, but the panelists remain anonymous to
one another and the study team. The process is halted after a
predefined stop criterion is reached; in this case, the criterion was
the completion of two rounds. The questions that did not reach
consensus after two rounds were excluded from the analysis.

The Likert scale was used as the survey instrument. The
Likert items available to select from where: strongly disagree,
disagree, neutral (neither agree nor disagree), agree, strongly
agree, or unable to comment. Panelists had the option to
indicate that they did not have sufficient expertise to answer
a question (unable to comment), and their score was then
excluded for that question. The answers were given numerical
scores: strongly disagree was scored as 1, disagree as 2, neutral
as 3, agree as 4, and strongly agree as 5. The mean consensus
score for each question was then calculated. Questions with a
mean consensus score of >/= 4 (agree/strongly agree) or </=2
(disagree/strongly disagree) were considered to reach consensus.
Questions that did not meet consensus during the first round
were marked with the group’s score and were returned to the
panelists for a second round, so that each panelist was aware
of the group mean when they responded to the questions in
the second round. If the panelists failed to reach consensus on
a question in the second round, those items were discarded.
Likert scale scoring by individual panelists can be found in
Supplementary Table 5. Only the replies that met consensus
were included in cost modeling.

Cost Modeling
Healthcare utilization was modeled in eight of 13 patients in
whom rWGS resulted in a change in clinical management
that could be quantified by comparing actual healthcare
utilization with that of a counterfactual diagnostic trajectory
as has been previously described (4, 9). A modified Delphi
method was used to establish consensus for counterfactual
trajectories as described above (4, 5, 25). Data obtained
included both cost savings and costs incurred due to
molecular diagnosis. To determine the costs for these specific
patients, billing personnel from Rady Children’s Hospital
extracted all associated clinical investigations, interventions,
procedures, medications, and inpatient room costs from
the medical records. Counterfactual resource utilization
was estimated based on values available in the literature
and institutional costs. Professional costs were estimated
by multiplying the accrued hospital costs by a published
ratio for professional services (65). Modeling and methods
for estimating associated costs are further detailed in the
Supplementary Materials.
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QALY Modeling and Cost Utility Analysis
Quality of life (QOL) was modeled using QALYs. The formula
used was QALY = QOL ∗ number of years. QOL adjustments
used for each case are shown in Supplementary Table 3.
Estimates of QOL adjustments for mild, moderate, and severe
neurological devastation and death, as well as life expectancy
for each of these cases, were obtained from literature review
(22, 26–29, 66–69). Life expectancy was modified based on
gender. Cost per QALY is the preferred assessment tool
used by payers to optimize resource allocation, with each
QALY gained valued in the United States at ∼$50,000–
$100,000 (21–24). Cost effectiveness of rapid GS was measured
with the incremental cost effectiveness ratio (ICER). The
ICER is the cost per incremental gain in quality adjusted
life years.

Estimating Cost Savings From Reduced
Length of Stay and Avoided Procedures
For patients with identified increases in length of stay or
procedures we intended to capture the actual costs of
these days or procedures. For patients with an anticipated
change in the length of stay as determined by Delphi
consensus, the average cost of the patients last 3 days
of hospitalization without procedures were utilized to
estimate the daily cost of hospitalization. For avoided
procedural costs, one to three comparable cases were
identified and included anesthesia, operating room, and
supply charges.
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