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ARTICLE

A Randomized, Controlled Trial of the Analytic
and Diagnostic Performance of Singleton and Trio,
Rapid Genome and Exome Sequencing in Ill Infants

Stephen F. Kingsmore,1,* Julie A. Cakici,1,2 Michelle M. Clark,1 Mary Gaughran,1 Michele Feddock,1

Sergey Batalov,1 Matthew N. Bainbridge,1 Jeanne Carroll,1,3 Sara A. Caylor,1 Christina Clarke,1

Yan Ding,1 Katarzyna Ellsworth,1 Lauge Farnaes,1,3 Amber Hildreth,1,3,4 Charlotte Hobbs,1 Kiely James,1

Cyrielle I. Kint,5 Jerica Lenberg,1 Shareef Nahas,1 Lance Prince,3 Iris Reyes,1 Lisa Salz,1 Erica Sanford,1,3

Peter Schols,5 Nathaly Sweeney,1,3 Mari Tokita,1 Narayanan Veeraraghavan,1 Kelly Watkins,1

Kristen Wigby,1,3 Terence Wong,1 Shimul Chowdhury,1 Meredith S. Wright,1 David Dimmock,1 and the
RCIGM Investigators

The second Newborn Sequencing in Genomic Medicine and Public Health study was a randomized, controlled trial of the effectiveness

of rapid whole-genome or -exome sequencing (rWGS or rWES, respectively) in seriously ill infants with diseases of unknown etiology.

Here we report comparisons of analytic and diagnostic performance. Of 1,248 ill inpatient infants, 578 (46%) had diseases of unknown

etiology. 213 infants (37% of those eligible) were enrolled within 96 h of admission. 24 infants (11%) were very ill and received ultra-

rapid whole-genome sequencing (urWGS). The remaining infants were randomized, 95 to rWES and 94 to rWGS. The analytic perfor-

mance of rWGS was superior to rWES, including variants likely to affect protein function, and ClinVar pathogenic/likely pathogenic

variants (p< 0.0001). The diagnostic performance of rWGS and rWES were similar (18 diagnoses in 94 infants [19%] versus 19 diagnoses

in 95 infants [20%], respectively), as was time to result (median 11.0 versus 11.2 days, respectively). However, the proportion diagnosed

by urWGS (11 of 24 [46%]) was higher than rWES/rWGS (p ¼ 0.004) and time to result was less (median 4.6 days, p < 0.0001). The in-

cremental diagnostic yield of reflexing to trio after negative proband analysis was 0.7% (1 of 147). In conclusion, rapid genomic

sequencing can be performed as a first-tier diagnostic test in inpatient infants. urWGS had the shortest time to result, which was impor-

tant in unstable infants, and those in whom a genetic diagnosis was likely to impact immediate management. Further comparison of

urWGS and rWES is warranted because genomic technologies and knowledge of variant pathogenicity are evolving rapidly.
Introduction

Genetic diseases are a leading cause of infant mortality,

particularly among �15% of US infants admitted to

neonatal, pediatric, and cardiovascular ICUs (NICU, PICU,

CVICU, respectively) (see March of Dimes Data Book in

Web Resources).1–6 Disease progression can be extremely

rapid in infants, necessitating early etiologicdiagnosis inor-

der to inform interventions that can lessen suffering,

morbidity, and mortality.7,8 Timely diagnosis requires

genome-scale testing since more than 14,000 simple ge-

netic diseases have been described and their presentations

oftenoverlap in seriously ill infants (seeWebResources). Ex-

amples include seizures, respiratory and cardiac failure, hy-

potonia, hypoglycemia, and jaundice. Furthermore, simple

genetic disease presentations are frequently formes frustes of

classical descriptions.7,8Over the last 8 years,methodshave

been developed for increasingly rapid diagnosis of genetic

diseases by rWGS and rWES.9–12 rWES examines �2% of

the genome, representing almost all known exons and im-

mediate flanking intronic regions typically within 10–20

base pairs of the exons. rWGS, in contrast, examines all

exons and introns, and �90% of the genome.
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Since 2012, the evidence has steadily increased that

rapid genomic sequencing, with trio testing when possible,

results in a meaningful improvement in the net health

outcome in seriously ill infants with suspected genetic dis-

orders of unknown etiology. In previous studies that have

examined the utility of rWGS and rWES as a diagnostic test

in infants with suspected genetic diseases, rates of diag-

nosis of simple genetic diseases have ranged from 42% to

57%, changes in medical management from 30% to 72%,

and altered outcomes from 24% to 34%.7–26 This evidence

has led to calls for implementation in national healthcare

systems as the new standard of care.27–29 The National

Health Service of the United Kingdom, for example, will

offer rWGS as part of the care for all seriously ill children

from 2019.30 However, few guidelines yet exist for use of

rapid genomic sequencing. In particular, it is unclear

what proportion of critically ill infants should receive rapid

genomic sequencing, at what stage during an ICU workup

genomic sequencing should be ordered, what turnaround

time is acceptable, whether singletons or trios should be

tested, and whether rWGS or rWES has superior analytic

or diagnostic performance. The second Newborn
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Figure 1. Flow Diagram of the NSIGHT2
Randomized, Controlled, Blinded Trial
Singleton analyses included variant valida-
tion and segregation analysis in trios, if
samples were available, by Sanger
sequencing or microarrays. RCHSD, Rady
Children’s Hospital San Diego; NICU, level
IV neonatal intensive care unit; PICU,
regional pediatric intensive care unit;
CVICU, regional cardiovascular intensive
care unit; rWES, rapid whole-exome
sequencing; rWGS, rapid whole-genome
sequencing; urWGS, ultra-rapid whole-
genome sequencing.
(NSIGHT2) clinical trial was designed to provide initial an-

swers to these questions.31
Subjects and Methods

Subjects and Study Design
NSIGHT2 was a prospective, randomized, controlled, blinded trial

(RCT) in acutely ill infants, primarily from the NICU, PICU, and

CVICU at Rady Children’s Hospital, San Diego (RCHSD) to

compare the effectiveness and outcomes between rWGS and

rWES, with analysis as singleton probands and familial trios

(ClinicalTrials.gov NCT03211039, Figure 1). NSIGHT2 was

approved by the institutional review board at RCHSD, was desig-

nated non-significant risk by the Food and Drug Administration

in an Investigational Device Exemption pre-submission, and was

performed in accordance with the Declaration of Helsinki.

Informed consent was obtained from at least one parent or guard-

ian. The inclusion criteria were age <4 months and time from

admission or time from development of a feature suggestive of a

genetic condition of <96 h (Figure 1). Infants in whom there

was a very low likelihood that a genetic disease diagnosis would

change management were excluded (Figure 1). Infants who were

gravely ill received urWGS, with the fastest possible time to diag-

nosis. All other infants whose parents provided informed consent

were randomized to receive either rWES or rWGS. Genome inter-

pretation was performed as singleton probands. Infants undiag-

nosed as singletons were re-analyzed as familial trios.

Clinical, Rapid Whole-Genome and -Exome Sequencing,

Analysis, and Interpretation
Clinical urWGS, rWGS, and rWES were performed in laboratories

accredited by the College of American Pathologists and certified

through the Clinical Laboratory Improvement Amendments.

Each step included benchmarked quality assessment. Experts

selected a few clinical features representative of each child’s illness
720 The American Journal of Human Genetics 105, 719–733, October 3, 2019
from the Electronic Health Record (Epic)

and mapped them to simple genetic dis-

eases with VAAST.32 Trio EDTA-blood sam-

ples were obtained where possible and all

samples were sequenced upon receipt.

Genomic DNA was isolated with an EZ1

Advanced XL robot and the EZ1 DSP

DNA Blood kit (QIAGEN). DNA quality

was assessed with the Quant-iT Picogreen

dsDNA assay kit (ThermoFisher Scientific)

using the Gemini EM Microplate Reader
(Molecular Devices). Genomic DNAwas fragmented by sonication

(Covaris), and bar-coded, paired-end, PCR-free libraries were pre-

pared for rWGS with TruSeq DNA LT kits (Illumina) or Hyper

kits (KAPA Biosystems). Sequencing libraries were analyzed with

a Library Quantification Kit (KAPA Biosystems) and High Sensi-

tivity NGS Fragment Analysis Kit (Advanced Analytical), respec-

tively. 2 3 101 nucleotide rWGS and urWGS was performed to

at least 40-fold coverage with Illumina HiSeq 2500 (rapid run

mode), HiSeq 4000, or NovaSeq 6000 (S1 or S2 flow cell) instru-

ments, as described.12

Sample preparation and sequencing for rWES was performed by

an external clinical laboratory (GeneDx). Exome enrichment was

with the xGen Exome Research Panel v1.0 (Integrated DNA

Technologies), and amplification used the Herculase II Fusion po-

lymerase (Agilent).33 FASTQ files for rWESwere transferred to Rady

Children’s Institute for Genomic Medicine (RCIGM) for analysis

and interpretation.

urWGS, rWGS, and rWES sequences were aligned to human

genome assembly GRCh37 (hg19), and variants were identified

with the Illumina DRAGEN (Dynamic Read Analysis for

GENomics) Bio-IT Platform (v.2.5.1, Illumina; Table S2).12 Struc-

tural variants were identified with Manta and CNVnator (using

DNAnexus), a combination that provided the highest sensitivity

and precision.12 Structural variants were filtered to retain those

affecting coding regions of known disease-associated genes and

with allele frequencies < 2% in the RCIGM database. Nucleotide

and structural variants were annotated, analyzed, and interpreted

by clinical molecular geneticists using Opal Clinical (Fabric Geno-

mics), according to standard guidelines.34 Interpretation was

initially performed with proband sequences alone, to determine

the diagnostic yield of singleton sequencing (Figure 1). If no diag-

nosis was forthcoming, interpretation was performed again, with

parental samples if available, in order to determine the net in-

crease in diagnostic yield of duo or trio sequencing (Figure 1).

Opal annotated variants with respect to pathogenicity, generated

a rank ordered differential diagnosis based on the disease gene

http://ClinicalTrials.gov


Figure 2. CONSORT Flow Diagram of
the Number of Infants in ICUs Who
Were Screened for Eligibility in NSIGHT2,
Sequenced, and Received a Genetic
Disease Diagnosis that Explained Their
Presentation
HIE, hypoxic ischemic encephalopathy.
algorithm VAAST, a gene burden test, and the algorithm PHEVOR

(Phenotype Driven Variant Ontological Re-ranking), which com-

bined the observed HPO phenotype terms from infants, and re-

ranked disease genes based on the phenotypic match and the

gene score.12 Automatically generated, ranked results weremanual

interpreted through iterative Opal searches. Initially, variants were

filtered to retain those with allele frequencies of < 1% in the

Exome Variant Server, 1000 Genomes Samples, and Exome Aggre-

gation Consortium database.12 Variants were further filtered for de

novo, recessive, and dominant inheritance patterns. The evidence

supporting a diagnosis was then manually evaluated by compari-

son with the published literature. Analysis, interpretation, and re-

porting required an average of 6 h of expert effort. If rWGS or rWES

established a provisional diagnosis for which a specific treatment

was available to prevent morbidity or mortality, this was immedi-

ately conveyed to the clinical team. All causative variants were

confirmed by Sanger sequencing or chromosomal microarray, as

appropriate. Secondary findings were not reported, but medically

actionable incidental findings were reported if families consented

to receiving this information.

Measurement of Analytic Performance
Analytic performance metrics were calculated using MOON

(Diploid).12 Data sources and versions were ClinVar: 2018-04-29;

dbNSFP: 3.5; dbSNP: 150; dbscSNV: 1.1; Apollo: 2019-04-29;

Ensembl: 37; gnomAD: 2.0.1; HPO: 2019-02-12; DGV: 2016-03-

01; dbVar: 2018-06-24; MOON: 3.0.3; KB: 2019-05-29; Mitomap:

2019-01-14; Mitimpact: 2.9.1; Mastermind: 2018-11-26. For

ClinVar, we retained variants with at least one Likely Pathogenic

or Pathogenic classification that did not have any Benign or Likely

Benign classifications. For splicing variants, only splice acceptor

and donor variants were counted.

Statistical Analysis
Tests for binary outcomes were conducted with a chi-square test

or, if the expected counts were less than 5, Fisher’s exact test. For

continuous outcomes, p values were determined with the

Wilcoxon signed-rank test due to deviations from normality.

McNemar’s test was used to test for differences in diagnostic rates

between trio and singleton genomic testing. To account for multi-

ple comparisons, Bonferroni-Hochberg adjusted p values less than
The American Journal of Human Gen
0.05 were considered significant. All ana-

lyses were conducted in R v3.3.5.

Results

NSIGHT2 was a prospective RCT to

compare the effectiveness (rate of

diagnosis, time to diagnosis, clinical

utility, perceived family utility, and

cost) and outcomes of two methods
of rapid genomic sequencing (rWGS or rWES) and two

methods of analysis (singleton probands and familial trios)

in acutely ill infants (Figure 1). Here we report results of an-

alytic and diagnostic performance, including time to

diagnosis.

Enrolled Infants

Between 6/29/2017 and 10/9/2018 (467 days), 1,248 in-

fants of age less than 4 months were screened shortly after

admission for eligibility (Figure 2). Those screened repre-

sented 98% of RCHSD regional NICU, PICU, and CVICU

admissions. There were 578 infants (46%) eligible for

enrollment (Figure 2). Herein, the inclusion criteria were

purposefully broad, because we sought to compare out-

comes following use of genomic sequencing early in the

evaluation of infants with diseases of unknown etiology

(Figure 1). The most common reasons for ineligibility

were exclusionary criteria representative of infants in

whom it was considered highly unlikely that genomic

sequencing would identify a genetic disorder that changed

inpatient management (Figure 1). Common exclusion

criteria were sepsis with normal response to therapy (243,

19% of those screened), isolated prematurity (135, 11%

of those screened), and isolated hyperbilirubinemia

(92, 7% of those screened; Figure 2). Only 2% (20) infants

were ineligible because of failure to meet inclusion criteria

(age greater than 4 months or greater than 96 h had

elapsed since admission; Figure 2).

Some infants have genetic diseases in which specific

treatment must be started within the first week of life for

optimal outcomes. In previous studies of the utility of

rWES and rWGS, genomic sequencing was performed

relatively late in the hospital course, which decreased the

potential for results to change management. Herein,

enrollment was restricted to within 96 h of admission, or

within 96 h of development of a new presentation, in or-

der to evaluate outcomes when genomic sequencing was

used as a first-tier test (Figure 1). Of the 578 eligible infants,
etics 105, 719–733, October 3, 2019 721



213 (37%) were enrolled. The most common reasons for

failure to enroll were parents refused to provide consent

(178, 31% of those eligible), consent not obtained within

96 h of admission (62, 11% of those eligible), and infants

discharged prior to consent obtained (87, 15% of eligible

infants; Figure 2).

Randomization

Of 213 enrolled infants, 24 (11%) were considered to be

too severely ill at enrollment to be randomized. Instead,

they were excluded from randomization and received

urWGS, with the fastest possible time to diagnosis

(Figure 2). The remaining 189 infants were randomized,

with 95 receiving rWES and 94 rWGS. No statistically sig-

nificant differences were found in sex, race, ethnicity,

age, birth weight, location, or intensity of medical therapy

at time of enrollment between the rWGS and rWES groups

(Table 1). Infants who received urWGS differed signifi-

cantly from those who were randomized by age at symp-

tom onset (median day of life 3.1 days versus 0.5 days,

respectively; p ¼ 0.002), receipt of antibiotics at enroll-

ment (88% versus 44%, respectively; p ¼ 0.0001),

and short-term mortality (21% versus 2%, respectively;

p ¼ 0.0005; Table 1). Furthermore, infants who received

urWGS tended to differ from those who were randomized

in proportion admitted from home (as opposed to trans-

ferred from a birthing hospital; 54% in the urWGS

group versus 29% in the randomized group, respectively,

p ¼ 0.01), and proportion enrolled from the CVICU (4%

versus 30%, respectively, p ¼ 0.01, Table 1).

Analytic Performance of rWGS and rWES

rWGS and urWGS were performed at RCIGM with a qual-

ity requirement of at least 35-fold average coverage. Simi-

larly, the sample preparation and sequencing for rWES

were performed at an external clinical laboratory (GeneDx)

with a requirement at least 20-fold coverage of at least 95%

of RefSeq protein-coding nucleotides. In practice rWES had

at least 20-fold coverage of 98% of RefSeq protein-coding

nucleotides. The resultant analytic performance of rWGS

and urWGS were the same, but superior to rWES (Tables 2

and S1). Whole-genome sequencing provided more even

coverage than exome sequencing. Thus, the median pro-

portion of nucleotides with greater than 10-fold coverage

was 98.0% (range 97.7%–98.5%) with whole-genome

sequencing and 94.5% (range 93.8%–95.1%) with exome

sequencing (Tables 2 and S1). The disparity in values for

rWES reflects coverage for RefSeq protein-coding nucleo-

tides versus coverage for all nucleotides with aligned reads.

Whole-genome sequencing identified 121-fold more

nucleotide variants than exome sequencing (median

4,669,310 [range 4,445,016–5,570,158] versus 38,901

[range 36,763–46,938], p < 0.0001), 258-fold more nucle-

otide insertion-deletion variants (indels, median 881,669

[range 756,073–1,044,121] versus 3,401 [range 36,763–

4,445,016], p < 0.0001), and 85-fold more rare variants

(minor allele frequency < 1%; median 240,628 [range
722 The American Journal of Human Genetics 105, 719–733, Octobe
198,728–415,172] versus 2,703 [range 2,046–9,795],

p < 0.0001; Tables 2 and S1). The number of nucleotide

variants identified by 35-fold clinical whole-genome

sequencing was similar to prior studies.13–15 Of more

relevance to the diagnosis of simple genetic diseases,

whole-genome sequencing compared to whole-exome

sequencing identified: (1) 12% more coding domain vari-

ants (median 26,080 [range 24,305–31,345] versus 23,421

[range 22,193–28,390], p < 0.0001), (2) 37%more variants

of types likely to affect protein function (missense,

nonsense, altered splice sites, frameshift indels, disrupted

start codons, in-frame indels, copy number variants, and

variants predicted to create cryptic splice sites; median

1,028 [range 762–3,585] versus 766 [range 555–2,930],

p < 0.0001), and (3) twice as many variants annotated as

pathogenic or likely pathogenic by ClinVar (median 6.0

[range 2–16] versus 3.0 [range 0–8], p < 0.0001). Relevant

to the veracity of these variant calls, 56 nucleotide variants

of types likely to affect protein function were orthogonally

tested by Sanger sequencing in 40 probands. All were

confirmed. They included 38 nucleotide variants in pro-

bands who received rWGS or urWGS and 18 nucleotide

variants in probands who received rWES. In silico tools

are starting to provide useful pathogenicity assessments

for non-exonic variants.35,36 WGS identified 6.5-fold

more variants with predicted splice-altering consequences

than rWES (median 7 [range 3–18] versus 1 [range 0–6],

p < 0.0001).35

Diagnoses and Incidental Findings

Genetic diseases were diagnosed by identification of path-

ogenic or likely pathogenic variants in genes known to

cause diseases with similar presentations to those observed

in the respective infants. Including six incidental findings

(pathogenic variants in genes with known disease associa-

tions but with features unrelated to those observed in the

respective infants), 54 genetic diseases were identified by

genomic sequencing in 52 of the 213 (24%) enrolled in-

fants (Tables 3 and S2). There were 49 primary genetic find-

ings (diagnoses) in 48 (23%) of 213 NSIGHT2 infants

(Table 3). In 33 (5%) of 670 ineligible infants, genetic dis-

eases were identified prior to enrollment (Figure 2). Four

of 24 (17%) infants, who were eligible but not enrolled,

were subsequently diagnosed by rWGS (performed outside

the NSIGHT2 study at subsequent clinician request).

Assuming that the 213 (37%) enrolled infants were repre-

sentative of 578 eligible infants, the minimum incidence

of simple genetic diseases in regional NICU, PICU, and

CVICU infants of age less than 4 months was 14% ((52*

578/213 þ 33)/1,248). This was a minimum value since it

assumed that the 33 of 670 ineligible infants diagnosed

with genetic diseases prior to enrollment were the only

ineligible infants with genetic diseases, and that there

was no bias in genetic disease incidence among eligible

parents who elected to enroll or declined.

Forty-five (82%) of 55 genetic diseases explained the

infants’ presentations completely, while 4 (7%) partially
r 3, 2019



Table 1. Demographic and Clinical Characteristics of the 213 NSIGHT2 Probands

rWES
(n ¼ 95)

rWGS
(n ¼ 94)

urWGS
(n ¼ 24)

rWES versus
rWGS p Value

rWES þ rWGS versus
UrWGS p Value

Sexa

Female, n (%) 43 (45%) 33 (35%) 8 (33%) 0.15 0.52

Race

White, n (%) 55 (58%) 58 (62%) 17 (71%) 0.59 0.30

Asian, n (%) 2 (2%) 6 (6%) 0 (0%) 0.17 0.60

Native Hawaiian or Other Pacific Islander, n
(%)

5 (5%) 2 (2%) 0 (0%) 0.44 1.00

American Indian/Alaskan Native, n (%) 0 (0%) 0 (0%) 1 (4%) 1.00 0.11

African American/Black, n (%) 2 (2%) 3 (3%) 1 (4%) 0.68 0.52

Other, n (%) 27 (28%) 20 (21%) 3 (12%) 0.26 0.18

Unknown, n (%) 4 (4%) 5 (5%) 2 (8%) 0.75 0.36

Ethnicity

Hispanic, n (%) 42 (44%) 36 (38%) 10 (42%) 0.41 0.97

Unknown/Undetermined, n (%) 1 (1%) 2 (2%) 0 (0%) 0.62 1.00

Age

Gestational age, weeks, median (range) 39 (27–42) 38 (27–41) 39 (33–42) 0.23 0.12

Age at symptom onset, day of life, median
(range)

0.6 (0–120) 0.4 (0–102) 3.1 (0–63) 0.64 0.002b

Age at admission, day of life, median (range) 2 (0–121) 2 (0–103) 6 (0–64) 0.47 0.36

Age at enrollment, day of life, median (range) 5 (1–121) 4 (1–105) 7.5 (2–67) 0.42 0.56

Low birth weight (<2,500 g), n (%) 17 (18%) 24 (26%) 3 (12%) 0.20 0.42

Location at Enrollment

NICU, n (%) 59 (62%) 63 (67%) 21 (88%) 0.48 0.02

CVICU, n (%) 28 (29%) 28 (30%) 1 (4%) 0.96 0.01b

PICU, n (%) 7 (7%) 2 (2%) 2 (8%) 0.17 0.36

Other, n (%) 1 (1%) 1 (1%) 0 (0%) 1.00 1.00

Admitted from home rather than birthing
hospital, n (%)

31 (33%) 23 (24%) 13 (54%) 0.21 0.01b

Medical Management at Enrollment

Received antibiotics, n (%) 41 (43%) 43 (46%) 21 (88%) 0.72 0.0001b

Inotropic support, n (%) 15 (16%) 24 (26%) 6 (25%) 0.10 0.62

Conventional or high-frequency oscillatory
ventilation, or ECMO, n (%)

19 (20%) 28 (30%) 8 (33%) 0.12 0.37

Mortality

28-day mortality, n (%) 3 (3%) 0 (0%) 5 (21%) 0.25 0.0005b

aNo enrolled infants had unknown or undetermined sex. ECMO, extra-corporeal membrane oxygenation.
bBenjamini-Hochberg adjusted p value (not shown) < 0.05.
explained their presentations, and 6 genetic diseases or

actionable carrier states (11%) were considered incidental

findings (Tables 3, S2, and S3). The rate of incidental find-

ings was 3% (6 of 213). Of 62 pathogenic and likely path-

ogenic variants, 33 (53%) were single-nucleotide variants,

18 (29%) were copy number or structural variants, and

11 (18%) were small insertion-deletion variants (Tables 3,
The America
S2, and S3). The most common inheritance mode was

autosomal dominant (46 of 55, 84%), with 11% (6 of 55)

being autosomal recessive and 5% (3 of 55) X-linked.

Twenty-five (57%) of the 44 diagnoses for which parental

genotypes were available occurred de novo (Tables 3, S2,

and S3). De novo variants accounted for 23 (66%) of 35 di-

agnoses that were autosomal dominant and for which
n Journal of Human Genetics 105, 719–733, October 3, 2019 723



Table 2. Comparison of the Analytic Performance of rWES (n ¼ 95) and Rapid Genome Sequencing (rWGS/urWGS, n ¼ 118)

Value
rWES or
rWGS

% Coding Nt
with R103
Coverage

% Coding
Nt with
R153
Coverage

% Coding
Nt with
R203
Coverage

Total
Variants

Copy
Number
Variants

Single Nt
Variants Indels

Heterozygous
Variants

Homozygous
Variants

Coding
Variants

Median rWES 94.5 94.3 94.0 38,901 7.0 35,465 3,401 22,134 13,157 23,421

Median rWGS 98.0 97.6 96.3 4,669,310 9.0 3,792,213 881,699 2,312,709 1,420,249 26,080

Fold
difference

1.04 1.03 1.02 121 1.3 107 258 108 112 1.12

Wilcoxon
signed-rank
p values

<.0001a 0.31 <.0001a

Only variants passing quality filters were counted. OMIM, Online Mendelian Inheritance in Man; Nt, nucleotide; indel, oligonucleotide insertion deletion variants;
P/LP, pathogenic or likely pathogenic; Non-coding Splice Variants, variants predicted to cause cryptic splicing.35
aBenjamini-Hochberg adjusted p value < 0.05.
inheritance information was known, and for 2 of 2

X-linked dominant disorder diagnoses.

Singleton, Trio, and Inheritance Testing

Parent-child trio samples were available from 147 (69%) of

213 families. Forty-eight (98%) of 49 diagnoses that ex-

plained presentations were made by solo genomic

sequencing. Importantly, most were confirmed by down-

stream targeted inheritance testing. Especially for novel

variants, the incorporation of inheritance information

was critical to the variant classification. Although this led

to a delay in reporting, in certain cases it was necessary

to classify the variant. In 104 infants with negative solo

sequencing, parental samples were available. The incre-

mental diagnostic yield of trio sequencing was 1 (1%) of

104. Thus, the diagnostic rate of trio sequencing was not

significantly higher than singleton sequencing (p ¼ 1.0,

McNemar’s test). However, trio sequencing did aid in a

faster turn-around time for positive and negative cases.

Of note, infants receiving urWGSwere run as trios if parent

samples were available to avoid the delay of confirmatory

testing for phasing variants in recessive disorders and

determination of inheritance, which can upgrade or down-

grade their pathogenicity classification.

Comparison of the Diagnostic Rate of rWGS, rWES, and

urWGS

With 189 randomized subjects and current interpretation

guidelines, the diagnostic rate of rWGS (18 of 94, 19%)

was not significantly different than rWES (19 of 95, 20%;

Table 4). With this sample size, our study had 80% power

to detect an 18% difference between groups (group 1 diag-

nostic rate 20%, group 2 diagnostic rate 38%). One diag-

nosis by rWGS, renal hypodysplasia/aplasia 3 (GREB1L

c.3194C>T, p.Thr1065Ile [MIM: 617805]), would have

been missed had infant 401 been randomized to rWES

since the chromosomal region containing that gene had

no sequence coverage in the 240 rWES sequences.

The time to report of results of rWGS and rWES varied

widely (Table 4, Figure 3). This variability had two prin-
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cipal sources. First, as noted above, some variants required

confirmation in order to make a diagnosis. Furthermore,

structural variants were confirmed by send-out tests with

a turnaround time of several weeks. Second, 13 of 49

(27%) genetic disease diagnoses informed immediate treat-

ments that had the potential to improve outcomes; these

provisional diagnoses were reported prior to confirmation

(Figure 2). The median time to report of results was not

significantly different between rWGS and rWES (Table 4).

However, the median time from sample accessioning to

interpretation of rWGS (3.2 days) was shorter than rWES

(5.3 days, p < 0.0001, Table 4, Figure S1). This difference

remained significant after accounting for shipping time

of rWES to an external reference laboratory. Excluding

urWGS, the proportion of rWGS results reported within

7 days (11%) was greater than rWES (4%), although this

difference was not statistically significant with a sample

size of 189 (p ¼ 0.10).

The diagnostic rate of urWGS (11 of 24, 46%) was

considerably higher than rWES and rWGS (37 of 189,

20%, p ¼ 0.004; Table 4, Figure 3). All turnaround times

with urWGS were significantly less than rWES and rWGS

(Table 4, Figures 3 and S1). In particular, the median time

to positive report of urWGS (2.3 days) was faster than

rWES and rWGS (11.8 days, p ¼ 0.0001). As measured by

return of provisional results, the proportion of urWGS

infants diagnosed with genetic diseases that informed

immediate treatments that had the potential to improve

outcomes (7 of 24, 29%) was greater than rWES and

rWGS (6 of 189, 3%, p ¼ 0.0001, Figure 2).
Discussion

Prior to this study, there was considerable evidence that

rapid genomic sequencing was a useful diagnostic test for

infants in ICUs who were suspected to have genetic dis-

eases (Table 5). However, consensus with regard to optimal

methods and scope of use was still lacking. In this report of

the NSIGHT2 RCT, we addressed the relative analytic and
r 3, 2019



Coding
Single Nt
Variants

Coding
Indels

Rare
Variants
(MAF
< 1%)

Variants
in OMIM
Disease
Genes

Missense
Variants

Non-sense
Variants

Altered
Canonical
Splice Sites

Frameshift
Indels

Disrupted
Start
Codons

In-frame
Indels

P/LP
Variant
per ClinVar

Non-coding
Splice
Variants

22,644 783 2,703 670 558 14.0 15.0 46.0 3.0 122.0 3.0 1.0

25,062 1,033 240,648 48,231 687 16.0 82.0 85.0 4.0 138.0 6.0 7.0

1.1 1.3 85 69 1.27 1.29 5.41 1.82 1.26 1.14 2.05 6.5

0.001a <.0001a
diagnostic performance of urWGS, rWGS, and rWES in

seriously ill infants, evaluated as singleton probands and

trios. Longitudinal data related to relative clinical utility,

outcomes, and cost effectiveness is being collected and

will be reported when complete.

Most prior studies of rapid genomic sequencing exam-

ined diagnostic utility for simple genetic diseases in

selected subsets of infants in regional ICUs, such as those

with disorders of unknown etiology that were suspected

to be genetic (Table 5). These narrow criteria resulted in

less than 20% of regional ICU infants being eligible in

those studies. Correspondingly, the rate of genetic disease

diagnosis in prior studies ranged from 21% to 57% (Table 5)

and was dependent on pre-test likelihood of genetic dis-

ease. A distinguishing feature of NSIGHT2 was much

broader eligibility in order to inform a less biased estimate

of the incidence of genetic disease in regional ICU infants

and to assess diagnostic utility when the prior probability

of a genetic disease was lower. Herein, we pre-screened

98% of NICU, PICU, and CVICU infant admissions under

4 months of age. Of these, 46% were eligible for enroll-

ment, and all eligible families were approached for enroll-

ment. Based on 2016 records, this represented �1.0% of

births in San Diego County.38 In NSIGHT2 we also sought

to examine the feasibility of deploying genomic

sequencing as a first-tier diagnostic test in infants with dis-

orders of unknown etiology upon ICU admission. We

found that it was technically feasible to limit rapid

genomic sequencing to the first 96 h of admission in

regional ICU infants: 37% of eligible infants were enrolled,

and short-term follow-up did not disclose any false posi-

tive results. However, limiting enrollment to the first

96 h of admission did result in 24 (7%) of 365 infants,

who had been eligible but were not enrolled, subsequently

receiving rWGS outside the study. Of these, 4 (17%) infants

were diagnosed with genetic disorders.

The incidence of genetic diseases among infants enrolled

in NSIGHT2 was 24% (including incidental findings),

which suggested a substantially higher incidence of simple
The America
genetic diseases than previous studies whose enrollment

was limited to infants in whom a genetic disease had

been suspected. Including 33 ineligible infants who were

known to have a genetic disease at pre-screening, this sug-

gested the incidence of genetic diseases in infants in San

Diego regional ICUs to be 14%. This estimate represents

a minimal incidence since the assumption was that no

ineligible infants had undiagnosed genetic diseases and

that there were no false negative results. One prior study

explored the use of WES as a screening test in newborns

in a regional ICU and found the incidence of genetic dis-

ease to be 16%.39 Together, data from our study and that

of Ceyhan-Birsoy imply that genetic diseases are substan-

tially under-recognized in infants in ICUs. Furthermore,

the pre-test probability of a genetic disease in infants in

regional ICUs provides evidence of recommend genomic

sequencing as a first-tier test.

A second distinguishing feature of NSIGHT2 was that

enrollment was restricted to infants admitted within the

past 96 h or within 96 h of development of a new clinical

feature, which ensured that genomic sequencing was per-

formed as a first-tier diagnostic test. Thus, many infants

were enrolled prior to subspecialty consults, including

medical genetics. Early enrollment for rapid genomic

sequencing was feasible in ICU settings: only 11% of fam-

ilies were excluded due to inability to make enrollment de-

cisions in the allotted time. Most prior studies evaluated

the diagnostic and clinical utility of genomic sequencing

performed late during NICU and PICU stay. Infants in

those studies had received multiple consultations and

negative tests, changing the prior probability of a genetic

disease. Those studies were also biased toward evaluation

of infants with prolonged length of stay. In such cases, a

considerable proportion of medical and surgical decisions

had already been made empirically, prior to return of

genomic sequencing results. Thus the clinical utility of

positive and negative results was decreased. An insight

from our prior studies was that a determinant of the cost

effectiveness of genomic sequencing was time from
n Journal of Human Genetics 105, 719–733, October 3, 2019 725



Table 3. 49 Genetic Diseases Diagnosed by Genomic Sequencing in 48 of 213 NSIGHT2 Infants

ID
Solo,Duo,
Trio

rWES,rWGS,
UrWGS Disease

Affected Gene(s)
or Chromosomal
Segment Variant 1 Variant 2 Inheritance

De novo
Inherited

Complete/
Partial
Diagnosis

Diagnosis
Made
with Solo

201 trio rWES Prader-Willi syndromea 15q11.2-q12 del chr15:23684685-26108259 AD de novo complete yes

205 trio UrWGS Dursun syndrome (G6PC3
Deficiency)

G6CP3 c.199_218þ1delCTCAACC
TCATCTTCAAGTGG

c.207dupC
(p.Ile70HisfsTer17)

AR inherited complete yes

208 trio rWGS alpha-1-antitrypsin deficiency SERPINA1 c.1096G>A (p.Glu366Lys)
(homozygous)

AR inherited partial yes

210 trio rWES CHARGE syndrome CHD7 c.8962dupG (p.Asp2988GlyfsTer2) AD de novo complete yes

213 duo rWGS heterotaxy, visceral, 5 NODAL c.778G>A (p.Gly260Arg) AD inherited complete yes

216 trio rWES stroke, hemorrhagic,
susceptibility to

COL4A2 c.3272G>A (p.Gly1091Asp) AD de novo partial no

217 trio rWGS DiGeorge syndrome 22q11.21 del chr22:18873201-21565900 AD de novo complete yes

222 trio rWGS focal dermal hypoplasia PORCN c.1356delA (p.Cys453AlafsTer8) XLD de novo complete yes

223 trio rWGS Williams-Beuren syndrome 7q11.23 del chr7:72521701-74158700 AD de novo complete yes

224 trio rWGS Mowat-Wilson syndrome ZEB2 c.1297C>T (p.Gln433Ter) AD de novo complete yes

227 solo rWGS visceral heterotaxy 5 NODAL c.824G>A (p.Arg275His) AD n.d. complete yes

233 trio rWGS tuberous sclerosis 1 TSC1 c.1498C>T (p.Arg500Ter) AD de novo complete yes

239 duo rWGS atrioventricular septal
defect 3

GJA1 c.1085G>A (p.Arg362Gln) AD inherited complete yes

243 trio UrWGS epilepsy, pyridoxine-
dependent

ALDH7A1 c.328C>T (p.Arg110Ter) c.1279G>C
(p.Glu427Gln)

AR inherited complete yes

244 duo UrWGS 14q31.2q32.2 del 14q31.2q32.2 del chr14:84783523-96907490 AD de novo complete yes

247 trio rWES CHARGE syndrome CHD7 c.496C>T (p.Gln166Ter) AD de novo complete yes

253 duo rWES optic atrophy plus syndrome OPA1 c.556þ1G>A AD inherited complete yes

259 trio rWES DiGeorge syndrome 22q11.21 del chr22:18893883-21568208 AD de novo complete yes

263 trio UrWGS early infantile epileptic
encephalopathy 7

KCNQ2 c.727C>G (p.Leu243Val) AD de novo complete yes

276 trio rWGS transient neonatal diabetes
mellitus 2

ABCC8 c.4591A>C (p.Thr1531Pro) AD inherited complete yes

282 solo rWES Turner syndrome monosomy X XLD de novo complete yes

286 trio rWES Prader-Willi syndromea 15q11.2-q13.1 del chr15:22833478-28566610 AD de novo complete yes

296 trio rWGS Stickler syndrome, type I COL2A1 c.2908_2909dupCC
(p.Pro971HisfsTer58)

AD inherited complete yes

(Continued on next page)
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Table 3. Continued

ID
Solo,Duo,
Trio

rWES,rWGS,
UrWGS Disease

Affected Gene(s)
or Chromosomal
Segment Variant 1 Variant 2 Inheritance

De novo
Inherited

Complete/
Partial
Diagnosis

Diagnosis
Made
with Solo

301 solo rWGS Noonan syndrome 1 PTPN11 c.1510A>G (p.Met504Val) AD de novo complete yes

302 trio UrWGS chromosome 17q12
deletion syndrome

17q12 del chr17:34759401-36284600 x1 AD inherited partial yes

309 trio rWES 19p12q13.11 dup 19p12q13.11 dup chr19:23158251-37100999x3 AD de novo complete yes

311 duo UrWGS Barth syndrome TAZ c.811C>T (p.Gln271Ter) XLR inherited complete yes

313 trio rWES Sotos syndrome 1 NSD1 c.5431C>T (p.Arg1811Ter) AD de novo complete yes

314 trio rWES Mowat-Wilson syndrome ZEB2 c.1387delG (p.Val463PhefsTer24) AD de novo complete yes

319 trio rWES Down syndrome trisomy 21 47XYþ21 AD de novo complete yes

322 trio UrWGS Muenke syndrome FGFR3 c.749C>G (p.Pro250Arg) AD inherited complete yes

325 solo rWES campomelic dysplasia
w. sex reversal

SOX9 c.196G>T (p.Glu66Ter) AD n.d. complete yes

326 trio rWGS Dubin-Johnson syndrome ABCC2 c.3399_3400delTT
(p.Tyr1134CysfsTer43)

c.3851G>A
(p.Trp1284Ter)

AR inherited partial yes

336 duo rWES hypobetalipoproteinemia,
1q21 del

APOB, 1q21.1-
q21.2 del

c.2988_2994delCGGGGAC
(p.Gly997ProfsTer3)

chr1:146631123-
147416271

AD n.d. complete yes

341 trio UrWGS maple syrup urine disease BCKDHB c.212T>G (p.Met71Arg); c.249C>A
(p.Asn83Lys)

c.410C>T
(p.Ala137Val)

AR inherited complete yes

352 trio UrWGS permanent neonatal
diabetes mellitus

INS c.26C>G (p.Pro9Arg) AD de novo complete yes

354 trio rWGS 6q24-q25 deletion syndrome 6q24.2-q25.1 del chr6:144951601-150260400 AD de novo complete yes

356 trio rWES Emanuel syndrome der(22)t(11;22)
(q23;q11)

chr11:116691508-134257793 chr22:17038511-
20307516

AD de novo complete yes

361 trio rWES DiGeorge syndrome 22q11.21 del chr22:18893883-21562619 AD de novo complete yes

364 duo rWES congenital heart defect NOTCH1 c.1810delA (p.Ile604SerfsTer27) AD inherited complete yes

366 trio rWGS Costello syndrome HRAS c.34G>A (p.Gly12Ser) AD de novo complete yes

377 trio rWGS lymphedema, hereditary, IA FLT4 c.3121C>T (p.Arg1041Trp) AD inherited complete yes

400 trio UrWGS Brugada syndrome 1 SCN5A c.4534C>T (p.Arg1512Trp) AD inherited complete yes

401 trio rWGS renal hypodysplasia/aplasia 3 GREB1L c.3194C>T (p.Thr1065Ile) AD inherited complete yes

405 trio rWES spinal muscular atrophy SMN1 Del AR inherited complete yes

(Continued on next page)
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admission to return of results, and, particularly, prior to

medical decision making with long-term consequences

for care.13

The third distinguishing feature was that most NSIGHT2

enrollment occurred before broad use of urWGS was tech-

nologically possible. Until February 2018, urWGS could be

performed only for singleton proband samples, and at

considerably higher cost (requiring a full run on the HiSeq

2500 in rapid run mode). This forced us to adopt a study

design where only a subset—24 (11%) of 213 enrolled

infants and 5% of infant NICU, PICU, and CVICU admis-

sions—were selected for urWGS. These were the most un-

stable infants in whom the differential diagnosis included

rare genetic diseases with specific treatments or interven-

tions whose effectiveness required early institution. De-

layed diagnosis in these infants was likely to be associated

with permanent morbidity or mortality. They were not

randomized between rWGS and rWES or analyzed as

singleton first with secondary trio analysis, but instead

received urWGS, with the fastest possible time to diagnosis

(median 2.3 days). Selection of such infants by NSIGHT2

clinicians was relatively effective. Infants selected for

urWGS were diagnosed with genetic diseases more

frequently than those who were randomized (11 of 24

[46%] versus 37 of 189 [20%]; p ¼ 0.004). In addition,

the proportion of infants who had urWGS leading to diag-

noses that informed immediate interventions or treat-

ments that had the potential to improve outcomes was

greater than in those who were randomized (7 of 24

[29%] versus 6 of 189 [3%], p ¼ 0.0001).

In comparison to rWES, the analytic performance of

rWGS identified: (1) 107-fold more single-nucleotide vari-

ants; (2) 91-fold more variants in OMIM disease-associated

genes; (3) 7-fold more noncoding variants predicted to

cause cryptic splicing, as expected from capture probe dis-

tribution; and (4) 259-fold more nucleotide insertion dele-

tion variants, reflecting strong purifying selection of

exonic indels relative to exonic single-nucleotide variants

(41). Thus, as expected, rWGS sampled non-exonic varia-

tion much more comprehensively than rWES. Less ex-

pected, however, was the finding that rWGS identified

11% more nucleotide coding variants than rWES, 26%

more missense variants, 21% more nonsense variants,

33%more disrupted stop codons, 81%more frameshift in-

dels, and 5.5 times more altered splice sites. WES is known

to have methodologic characteristics that decrease exonic

variant sensitivity, particularly for heterozygous variants.

These include PCR amplification, which tends toward

lower coverage in GC-rich regions, preferential capture of

reference sequence alleles (particularly for multiple nucle-

otide variants and indels), and more heterogeneous read

coverage over target regions.40,41 Of greatest relevance for

clinical sequencing, rWGS identified twice as many nucle-

otide variants with ClinVar pathogenic and likely patho-

genic assertions as rWES.

Given the greater number of potentially disease-causing

variants detected by rWGS, it was surprising that rWES and
r 3, 2019



Table 4. Rate of Molecular Diagnosis and Time to Diagnosis with rWGS, rWES, and urWGS in NICU, PICU, and CVICU Infants

rWES (n ¼ 95) rWGS (n ¼ 94) urWGS (n ¼ 24)
rWES versus
rWGS p Value

urWGS versus
rWESþrWGS
p Value

Infants diagnosed, n (%) 19 (20%) 18 (19%) 11 (46%) 0.88 0.004a

Time, sample receipt to first positive or
negative report (days), median (range)

11.2 (4.3–38.6) 11.0 (3.3–49.1) 4.6 (1.1–14) 0.65 <.0001a

Time, sample receipt to first positive
report (days), median (range)

11.4 (8.1–38.6) 12.4 (3.3–41.2) 2.3 (1.1–14) 1.00 0.0001a

Time, sample receipt to interpretation
(days), median (range)

5.3 (2.6–11.9) 3.2 (1.6–16.4) 2.2 (0.9–3.3) <.0001a <.0001a

Time, sample receipt to interpretation minus
shipping time (days), median (range)

4 (2–11) 3 (1–16) 2 (1–3) <.0001a <.0001a

Interpretation time to first positive or
negative report (days), median (range)

5.1 (0.9–33.1) 7.3 (1.1–44.4) 2.4 (0.1–12.7) 0.0008a <.0001a

Positive or negative result within 7 days
of accession, n (%)

4 (4%) 10 (11%) 17 (71%) 0.10 <.0001a

Positive result within 7 days of accession,
n (%)

0 (0%) 3 (3%) 8 (33%) 0.12 <.0001a

Positive result prior to ICU discharge,
n (%)

12 (13%) 13 (14%) 8 (33%) 0.81 .02a

aBenjamini-Hochberg adjusted p value < 0.05.
rWGS had very similar rates of diagnosis (19 of 95 [20%]

versus 18 of 94 [19%], respectively). Four previous

within-cohort comparisons of WES and WGS reported

4%–7% increased diagnostic yield with WGS.42–45 Condi-

tions that resulted in diagnosis by WGS but not WES

included non-coding variants in neurodevelopmental

and skeletal disorders, pseudogenes in polycystic kidney

disease, and structural variants.45–50 Herein, one diagnosis

(6%) by WGS, renal hypodysplasia/aplasia 3 (GREB1L

c.3194C>T) would have been missed had that infant
The America
been randomized to WES, since that gene lacks sequence

coverage by WES. Failure to show a difference in the diag-

nostic yield of rWGS and rWES herein likely resulted from

differences in experimental design from previous studies,

and the limited statistical power to detect a difference

within a moderate sample size. As our ability to interpret

the pathogenicity of noncoding nucleotide and structural

variants associated with cryptic splicing or gene regulation

improves, the difference in proportion diagnosed by

rWGS and rWES should increase. Currently, however,
Figure 3. Comparison of Time to Return
of Results by rWES, rWGS, and urWGS in
213 Infants
(A and B) Kaplan-Meier curves of time from
sample receipt to first positive or negative
report (A) or first positive report (B).
(C) Gantt chart of the median times of the
major components in clinical genomic
sequencing for diagnosis of genetic dis-
eases. Diagnoses that informed acute
changes in management that had the po-
tential to improve outcomes were reported
verbally to clinicians provisionally before
confirmatory testing of variants. Upon
confirmation, all diagnoses were reported
in writing.
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Table 5. Prior Studies of the Diagnostic Performance of rWES, rWGS, and Rapid Panel Tests in Seriously Ill Infants

Reference Date Study Type
Sequencing
Type

NICU and PICU Enrollment
Criteria Study Size

Rate of
Diagnosis

Time to
Result (days)

15 2015 cohort rWGS <4 mo of age; suspected actionable
genetic disease

35 57% 23

11 2017 cohort rWES <100 days of life; suspected genetic
disease

63 51% 13

37 2017 cohort rapid panel infants; suspected genetic disease 23 30% 12

14 2018 RCT rWGS <4 mo of age; suspected genetic
disease

32 41% 13

13 2018 cohort rWGS infants; suspected genetic disease 42 43% 23

21 2018 cohort rWGS PICU children with suspected
genetic disease

24 42% 9

20 2018 cohort rWES acutely ill children with suspected
genetic diseases

40 53% 16

26 2019 cohort rWGS 4 months-18 years; PICU; suspected
genetic disease

38 48% 14

25 2019 cohort rWGS NICU and PICU; suspected genetic disease 195 21% 21
interpretation is largely limited to coding variation.

Furthermore, the ability to make a genetic diagnosis is

significantly limited by published scientific knowledge

on pathogenicity of genetic variation. Therefore, it is not

unreasonable to expect higher diagnostic rate by rWGS

compared to rWES in the near future given the superior an-

alytic performance of rWGS.

As a result of differences in sequencing and analysis

methods, urWGS results were reported much faster than

in those who were randomized (median time to positive

report 2.3 days versus 11.8 days, p ¼ 0.0001). In contrast,

time to results of rWGS and rWES did not differ signifi-

cantly. As expected, time from sample receipt to interpreta-

tion was faster by rWGS, since it had much simpler library

preparation than rWES. Of note, 13% of infants random-

ized to rWES received a diagnosis prior to discharge from

the ICU, compared with 14% with rWGS (p ¼ 0.81) and

33% with urWGS (p ¼ 0.02). Thus, the timeliness of

urWGS was superior to rWGS and rWES. With the intro-

duction of the Illumina NovaSeq 6000, rWGS and urWGS

have similar scalability to rWES in a clinical laboratory

setting. The principal rationale in favor of rWES has been

lower test cost. In our clinical laboratory, at volumes of at

least 1,000 per annum, proband rWES costs $1,500 less

than rWGS and urWGS. A direct comparison of the diag-

nostic performance of urWGS and rWES is warranted,

with larger sample size than herein, and, ideally, perfor-

mance of both tests in each proband.

Finally, in 147 (69%) of 213 families with trio samples,

we examined whether the diagnostic rate of genomic

sequencing of parent-child trios was higher than that of

singletons with genotype confirmation in trios. Tradition-

ally, trios were considered superior for genetic disease diag-

nosis, since they facilitated detection of de novo variants

and allowed phasing of compound heterozygous variants

during interpretation. Determination of de novo occur-
730 The American Journal of Human Genetics 105, 719–733, Octobe
rence often upgrades the pathogenicity classification of

variants. Herein, however, 98% (50) of 51 diagnoses were

made with singleton genomic sequencing and trio geno-

type confirmation, where possible. Trio sequencing only

yielded one new diagnosis (0.7%). Thus, the diagnostic

rate of trio sequencing was not significantly higher than

singleton sequencing. In contrast, a recent meta-analysis

of five cohorts showed trio genomic sequencing to have

twice the odds of diagnosis than singleton genomic

sequencing (95% CI 1.62–2.56, p<.0001).51 A likely expla-

nation of the disparity in results herein was the difference

in experimental design: herein, trios were used to confirm

phasing and de novo occurrence of likely causative variants

detected by singleton sequencing, but not in the other

studies. Of note, de novo variants are frequently novel

(absent from allele frequency databases), facilitating their

presumptive identification in singletons during interpreta-

tion, before confirmation as de novo. Likewise, the occur-

rence of two pathogenic or likely pathogenic variants in

a singleton in a recessive disorder that fits an infant’s pre-

sentation is sufficient to merit nomination for confirma-

tory phasing. While trio genomic sequencing is about

twice as costly as singleton testing, the latter adds

�5 days to the time to result in cases requiring confirma-

tory testing for variant phasing or determination of de

novo occurrence. This was a common occurrence: 32

(63%) of the diagnoses herein were associated with de

novo or compound heterozygous variants. For this reason,

all infants selected for urWGS received trio genomic

sequencing. Recurrent presentations for which urWGS

merits consideration include neonatal encephalopathy, or-

gan failure, severe metabolic abnormalities, and infants in

whom major surgeries or palliative care are being

considered.

In conclusion, NSIGHT2 demonstrated that rapid

genomic sequencing can be performed as a first-tier
r 3, 2019



diagnostic test in infants with diseases of unknown

etiology at time of admission to regional ICUs. In unsta-

ble infants and those in whom a genetic diagnosis was

likely to impact immediate management, urWGS had

optimal analytic and diagnostic performance, by virtue

of shortest time to result. We did not find significant dif-

ferences in the diagnostic performance of rWES or rWGS,

nor of singleton testing with confirmatory testing of trios

as indicated or trio testing. A larger study of the diag-

nostic performance of genomic sequencing methods in

ICU infants is warranted since the underpinning

technologies and the breadth of knowledge of variant

pathogenicity are improving rapidly. While analytic and

diagnostic performance are important measures of the

utility of clinical tests, these conclusions will be modified

by results of the clinical utility and outcomes in the

NSIGHT2 cohort.
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