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Molecular Diagnostic Outcomes from 700 Cases
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Clinical exome sequencing (CES) aids in the diagnosis of rare genetic disorders. Herein, we report the
molecular diagnostic yield and spectrum of genetic alterations contributing to disease in 700 pediatric
cases analyzed at the Children’s Hospital of Philadelphia. The overall diagnostic yield was 23%, with
three cases having more than one molecular diagnosis and 2.6% having secondary/additional findings.
A candidate gene finding was reported in another 8.4% of cases. The clinical indications with the
highest diagnostic yield were neurodevelopmental disorders (including seizures), whereas immune- and
oncology-related indications were negatively associated with molecular diagnosis. The rapid expansion
of knowledge regarding the genome’s role in human disease necessitates reanalysis of CES samples. To
capture these new discoveries, a subset of cases (n Z 240) underwent reanalysis, with an increase in
diagnostic yield. We describe our experience reporting CES results in a pediatric setting, including
reporting of secondary findings, reporting newly discovered genetic conditions, and revisiting negative
test results. Finally, we highlight the challenges associated with implementing critical updates to the
CES workflow. Although these updates are necessary, they demand an investment of time and resources
from the laboratory. In summary, these data demonstrate the clinical utility of exome sequencing and
reanalysis, while highlighting the critical considerations for continuous improvement of a CES test in a
clinical laboratory. (J Mol Diagn 2022, 24: 274e286; https://doi.org/10.1016/j.jmoldx.2021.12.002)
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Clinical exome sequencing (CES) is efficient and compre-
hensive, allowing for analysis of most protein coding
regions, resulting in the diagnosis of 25% of patients
referred for testing and prompting the discovery of novel
disease genes.1,2 Exome sequencing is a common molecular
diagnostic test for individuals with rare genetic disorders or
individuals for whom traditional diagnostic technologies
were uninformative. This includes pediatric patients with
clinical indications such as epilepsy, brain malformations,
congenital heart disease, immunologic disorders, autism,
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tive Pathology. Published by Elsevier Inc.

/licenses/by-nc-nd/4.0).

mailto:asantani@veritasgenetics.com
https://doi.org/10.1016/j.jmoldx.2021.12.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmoldx.2021.12.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0
https://doi.org/10.1016/j.jmoldx.2021.12.002
http://jmdjournal.org
https://doi.org/10.1016/j.jmoldx.2021.12.002


Diagnostic Outcomes of 700 Exome Cases
for the deprioritization of rare variants inherited from an
unaffected parent.1e3 CES can also identify more than one
genetic condition per patient,1,2,4,5 even when the presence
of multiple conditions was not obvious based on the clinical
presentation. This may include multiple pathogenic variants
contributing to a patient’s phenotype and secondary
actionable findings.6 Although the diagnostic yield of CES
ranges from 25% to 30%, certain clinical indications are
more likely to result in a diagnosis.1e4,7e10 Moreover,
facilitating timely and accurate diagnosis requires the CES
laboratory to periodically perform updates and additions to
existing sequencing and enrichment platforms and infor-
matics pipelines, and to utilize new data to periodically
reanalyze previously tested patients with uninformative
results.11e14 An accurate diagnosis benefits patients and
their families by optimizing clinical management, predicting
recurrence risks, and providing prognosis, all while ending
the invasive, time-consuming, and costly diagnostic
odyssey.

Herein, we provide a retrospective study of 700 pediatric
patients referred to our laboratory for CES, with a variety of
phenotypes and molecular diagnostic outcomes. We present
a review of clinical indications prompting the test, along
with their associated diagnostic rates, and discuss im-
provements initiated to refine and optimize the CES test.
Our results demonstrate the utility of CES and reanalysis in
elucidating the underlying basis of genetic disorders, while
providing an assessment of CES test considerations:
sequencing, informatics, troubleshooting, interpretation, and
reporting.

Materials and Methods

Patient Information

This study was performed with approval from the Chil-
dren’s Hospital of Philadelphia Institutional Review Board.
Consent for this study was not obtained because of ano-
nymity. Between 2013 and 2017, patients were ascertained
sequentially through clinical samples referred to the Divi-
sion of Genomic Diagnostics Laboratory by the Roberts
Individualized Medical Genetics Center, physicians and
genetic counselors at Children’s Hospital of Philadelphia.
For each proband, informed consent was signed, which
provided the option of receiving secondary findings as
recommended by the American College of Medical Genetics
and Genomics (ACMG).6,15

Clinical Indication and Scoring of Phenotypes for
Statistical Correlation

At the time of testing, clinicians and genetic counselors
from the Roberts Individualized Medical Genetics Center
conducted a review of the clinical records and provided
detailed phenotypic data, a clinical indication for testing,
and a list of human phenotype ontology terms for each
The Journal of Molecular Diagnostics - jmdjournal.org
individual undergoing exome sequencing. Retrospectively,
a genetic counselor reviewed the clinical indications and
assigned 1 of 17 primary clinical indication categories:
neurodevelopmental disorder, neuromuscular disorder,
congenital anomalies, hearing loss, ophthalmologic issues,
skeletal/connective tissue, integumentary system, respira-
tory disease, renal disease, liver disease, gastrointestinal
disease, oncology, hematological disorder, growth disorder,
suspected metabolic or mitochondrial disorder, autoimmune
disease/immunodeficiency/allergies, and other
(Supplemental Table S1). The other category includes
various clinical indications that could not be easily incor-
porated into the discrete categories and does not contain
shared features among the cases within this category.

In addition to assigning a primary category, the clinical
indications were retrospectively used to score each indi-
vidual for the presence or absence of a phenotype affecting
the following body parts, organs, or systems: central ner-
vous, musculoskeletal, integumentary, cardiovascular, im-
mune (divided into autoimmune, immunodeficiency, or
allergy), respiratory, gastrointestinal, renal, genitourinary,
liver, hematological, endocrine, dental, ophthalmologic,
audiological/otolaryngologic, and metabolic/biochemical.
The central nervous system (CNS) and musculoskeletal
systems were further subdivided to allow for more specific
scoring. For example, if an individual had seizures, the in-
dividual would receive a score for both the presence of an
issue impacting the CNS and the presence of seizures.
Subcategories for CNS involvement included the following:
nonsyndromic intellectual disability, syndromic intellectual
disability, autism spectrum disorder, neurologic movement
disorder, abnormality of the neural tube, abnormal brain
magnetic resonance imaging, developmental delay, and
seizures. Subcategories for the musculoskeletal systems
included the following: neuropathy, muscular dystrophy
and/or myopathy, abnormal muscle tone, skeletal, joint
contractures/arthrogryposis, and connective tissue. Finally,
cases were scored for the presence or absence of common
reasons for referrals to a genetics specialist, such as
craniofacial or dysmorphic features, growth disorders,
microcephaly, macrocephaly, abnormalities noted prenatally
(referred to as obstetric), structural anomalies, and malig-
nancy (referred to as oncologic).

Extraction and Sequencing

Genomic DNA was extracted from blood following stan-
dard DNA extraction protocols in the Division of Genomic
Diagnostics Laboratory at Children’s Hospital of Philadel-
phia. A minimum of 3 mg DNA from each sample was used
for whole exome library preparation and sequencing. Exome
libraries were prepared using the SureSelect chemistry,
following the standard manufacturer protocol (Agilent
Technologies, Santa Clara, CA). Cluster generation and
sequencing were performed using the TruSeq Rapid Cluster
Kit-Paired-End and TruSeq Rapid SBS Kitse200 Cycle on
275
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a HiSeq 2500 following standard manufacturer guidelines
(Illumina, San Diego, CA).

Variant Calling and Quality Control

Bioinformatics Pipeline CES Version 1.0 (First 409 Exomes)
An in-house bioinformatics pipeline was developed incor-
porating NovoAlign (Novocraft, Selangor, Malaysia) for
read alignment; Picard (Broad Institute, Cambridge, MA)
for marking duplicates; and Genome Analysis Toolkit
(GATK; Broad Institute, Cambridge, MA).5,16 Best Prac-
tices for UnifiedGenotyper, with no parameter modifica-
tions,17 was used for variant calling (reference sequence:
hg19 GRCh37) and variant filtering based on read depth
(�5�). Subsequent pipeline upgrades included an updated
list of high-frequency pathogenic variants (managed variant
list) and an internal population frequency cohort to remove
sequencing artifacts.

Bioinformatics Pipeline CES Version 2.0 (Remaining 291
Exomes)
A new bioinformatics pipeline was implemented for the
remaining cases (Table 1). Raw sequencing reads were
aligned to the human genome reference build hg19v37 with
Novoalign version 2.08.02. Duplicate reads were tagged in
the alignment, and Picard HSmetrics and GATK depth of
coverage were used to calculate coverage metrics for the
regions of interest intervals. To help with insertion/deletion
identification in the pipeline, read re-alignment base reca-
libration was performed around insertions/deletions using
GATK version 2.2 to 5. Variant calls were generated using
the GATK Unified Genotyper, and variants supported by a
read depth of >5 were included in the vcf file output. Copy
number variation calling was not performed.

Quality Checks
Additional quality control checks were employed to check
for sample contamination, confirm the sex of the patient,
and confirm the identity of the patient and any related family
members when included. To rule out sample contamination
during extraction and sequencing, contamination was
analyzed on each sample using VerifyBamId per published
methods; any BAM file found to have >2% predicted
contamination was flagged and removed.18 For
Table 1 Dynamic CES Environment: List of Bioinformatic Improvemen
Performance of the Test

Category Updates

Variant annotation and filtration Migration from third party to in-ho
Variant calling Software upgrades

Minor allele frequency thresholds Database of known high-frequency
Minor allele frequency thresholds Expansion of internal exome cohor
verifyBamID Implementation of verifyBamID

CES, clinical exome sequencing.
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contaminated samples, libraries were prepared and rese-
quenced using a re-extracted DNA sample.

Variant Prioritization

Medical Exome
To focus the analysis on only the genes previously associ-
ated with human disease, a medically relevant gene list was
developed. The medically relevant gene list is updated
monthly using a custom algorithm that incorporates new
gene-disease information from Online Mendelian Inheri-
tance in Man (OMIM; https://www.omim.org) and the
Human Genome Mutation Database (HGMD; http://www.
hgmd.cf.ac.uk/ac/index.php) (both last accessed January 1,
2022).19,20

Phenoxome
To increase diagnostic efficiency, a robust, phenotype-
driven model that adopts a network-based approach to
facilitate automated variant prioritization, called Phenox-
ome, was developed.21 This program incorporates human
phenotype ontology terms into the analysis pipeline.

Variant Filtration
Variant filtering was performed using Cartagenia Bench Lab
Versions 3.1 and 4.2 (Agilent Technologies), and later an
in-house bioinformatics pipeline (Table 1). Included in the
analysis of patient sequencing data were variants predicted
to affect protein coding (missense, nonsense, frameshift,
insertions, deletions, and splice site changes), along with
any variants reported in HGMD. In instances where familial
data were available, priority was given to variants matching
an expected segregation pattern for genetic disease, which
could include the following: de novo, homozygous, com-
pound heterozygous, X-linked, and/or inherited segregation
patterns.
Briefly, all variants in each patient’s data were matched

against a managed variant list containing known pathogenic
variants present within the general population at high minor
allele frequency (MAF), and all matching variants were
retained in the analysis. Patient data were next filtered such
that only variants with a <1% MAF in an internal control
cohort were retained in the analysis. Next, remaining vari-
ants were grouped by their presence in HGMD
ts Made Over the Course of CES Testing and Their Major Impact on

Impact

use software Improved scalability
Improved detection of large deletion and
insertion variants

pathogenic variants Improved variant filtration
t Improved variant filtration

Provided contamination detection
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Diagnostic Outcomes of 700 Exome Cases
Professional.19 Variants located at genomic positions
matching HGMD entries were filtered such that variants
with an MAF of <0.5% based on measurement of the site in
>3000 chromosomes in the Exome Aggregation Con-
sortium version 0.3.1 general population22 or in >3000
chromosomes in the Genome Aggregation Database
(gnomAD)23 were retained in the analysis. Variants located
at genomic positions not matching HGMD entries were
filtered such that only variants with an MAF of <0.2%
based on measurement of the site in >3000 chromosomes in
the Exome Aggregation Consortium version 0.3.1 general
population were retained in the analysis. All variants
retained in the analysis at the conclusion of the filtration step
were included in the clinical correlation step.

Variant Tiers
After filtration, each variant received a tier designation (tier
1 to 4) based on variant characteristics and/or segregation
information. Tiers consisted of the following characteristics:
tier 1 included variants in the probands that were i) de novo,
ii) homozygous, iii) compound heterozygous, iv) on the X
chromosome, v) loss of function, vi) listed in HGMD, vii)
located in an imprinted gene, and viii) a Phenoxome gene
match. Tier 2 variants included missense variants of
maternal origin. Tier 3 variants were missense variants
inherited from the father. Tier 4 variants were of two types:
homozygous that were also homozygous in at least one
parent or inherited missense with ambiguous parental origin.
Variants were assigned to a single tier, with tier 1 having
priority.

Exome Data Analysis

Personnel
Each exome received three levels of review after variant
filtration: i) an analyst, with post-doctoral experience in
genetics or molecular biology, ii) the Roberts Individualized
Medical Genetics Center clinical team, and iii) a board-
certified clinical molecular geneticist.

Clinical Correlation
The patient’s clinical presentation, family history, and
phenotype terms coded into human phenotype ontology
terms are reviewed as part of the clinical correlation pro-
cedure. Clinical correlation was performed on each variant-
containing gene and was conducted independently by the
Roberts Individualized Medical Genetics Center and the
analyst team. The correlation step focused on the assessment
of the overlap between the proband’s phenotype and re-
ported disease phenotypes for that gene using OMIM and
HGMD as information sources.19,20 Each gene reviewed
received one of the following designations: i) associated
with phenotype; ii) possibly associated with phenotype; iii)
not associated with phenotype; iv) ACMG secondary
finding6,15; or v) candidate gene (potential human disease
candidate). Variants were positively correlated (designation
The Journal of Molecular Diagnostics - jmdjournal.org
i or ii) if partial or significant overlap was present between
the patient’s phenotype and published reports on disease(s)
caused by pathogenic variants in the gene. Designation iv
applied only when consent for secondary findings was
provided and was cocorrelated with designations i to iii. The
initial analysis was restricted to variants within genes
known/likely to be associated with human disease; an
additional review of variants in genes with unknown med-
ical relevance (designation v) was performed for negative
cases.

Variant Classification
Variants with a clinical correlation designation other than
three (not associated with phenotype) were classified for
pathogenicity using an evidence-based review process
centered on the ACMG standards and guidelines.24 An an-
alyst performed primary variant classification, which was
reviewed by a board-certified clinical molecular geneticist.
Variants received one of the following classifications:
benign, likely benign, variant of uncertain significance
(VOUS), likely pathogenic, or pathogenic.

Candidate Gene Analysis
Candidate gene analysis was included in some cases to re-
view genes, which, at the time of analysis, were not known
to cause disease in humans. Variants with either a de novo,
compound heterozygous, homozygous, or hemizygous
(male) inheritance were assessed in trios containing a pro-
band and both unaffected parents. For trios with one
affected parent, only variants inherited from the similarly
affected parent were prioritized. In some instances, CES
cases included multiple affected siblings; in those cases,
shared variants were examined for potential disease candi-
dacy. Exclusionary criteria for variants in genes not known
to cause disease included the following: an allele frequency
of >0.2% in gnomAD, presence in four or more internal
cohort samples, and location in highly homologous regions.
Splice variants had to be located in the �1.2 position, and
missense variants had to be highly evolutionarily conserved
(through mammals and chicken). Candidate genes identified
were placed into GeneMatcher.25

Reporting Criteria

Associated with Phenotype
This category is utilized for patients where the laboratory
has identified a clear molecular diagnosis that is consistent
with the clinical indication provided. The gene has been
shown to cause a disease with features that almost
completely overlap with the patient’s phenotype. Variants
that meet the following criteria are reported: pathogenic or
likely pathogenic and zygosity that is consistent with the
inheritance model for that disease (examples include the
following: heterozygous or a de novo variant for an auto-
somal dominant condition or homozygous or compound
heterozygous for an autosomal recessive disorder).
277
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Possibly Associated with Phenotype
This category is utilized for variants in a gene associated
with a disease, whose features partially overlap but may not
be considered as a molecular diagnosis without additional
information. Variants classified as VOUS, pathogenic, or
likely pathogenic are reported. Although inheritance
modeling is considered, a patient with a single heterozygous
variant in a gene associated with a recessive condition is
reported because the possibility of an undetected variant
(such as a copy number change) on the other allele cannot
be ruled out with certainty.

ACMG Secondary Findings
These findings are returned only if the patient has consented
to receive ACMG secondary findings and the variants in that
gene have been classified as pathogenic or likely
pathogenic.

The approach to return of results for family members of a
proband was implemented after discussions with the genetic
counselors and ordering providers. Separate consent forms
for reporting secondary findings were provided to each
family member. Separate reports for the parents or other
family members were not generated. If the parents gave
consent for secondary findings, inheritance of the variant(s)
was presented in the proband’s report. Inheritance of the
variant was reported as not applicable if parents did not
consent to secondary findings in themselves.

Candidate Gene
For a gene to be reported as a candidate, it must not have an
established association with a human genetic condition and
have sufficient evidence through animal models, segregation
data, functional studies, and/or biochemical pathways to
suggest involvement in a disease relevant to the patient’s
phenotype. Various databases used to gather the appropriate
information included OMIM, HGMD, Mouse Genome
Informatics (MGI) Jackson Laboratory database, and
PubMed. Variants were classified as variant of uncertain
significance because of the limited information about gene-
disease correlation.

Variant Confirmation by Sanger Sequencing
All reported variants classified as pathogenic or likely
pathogenic were confirmed using Sanger sequencing before
reporting (Supplemental Table S2). Variants classified as
VOUS were Sanger sequenced before reporting if they were
not inherited from either parent (ie, were de novo), were
located within �1.2 bp of an annotated splice site, or failed
to meet any of the internally validated quality criteria.

CES Reanalysis

CES reanalysis was initiated by the laboratory in 2018 on
samples originally analyzed between 2014 and 2016. The
CES reanalysis data set was generated by collating all ge-
notype, phenotype, and test interpretation data generated
278
during primary analysis for the first 300 samples that
comprise the cohort. Sixty of the 300 samples had a positive
diagnosis and were used for validation of the analysis.
Reanalysis was performed as described previously.11
Statistical Analysis

For each primary clinical indication and for each phenotype
subcategory, the number of patients carrying that feature
with a positive outcome (reported variants that were
considered strongly clinically correlated) and a negative
outcome, and the number of patients without that feature
with positive and negative outcome were counted. Two-
sided Fisher exact tests were performed on the resulting
2 � 2 table to determine the significance of the association
of each primary clinical indication or phenotype subcate-
gory with a positive or negative diagnosis. The phenotype
subcategories annotated for each patient were also counted,
and the resulting distributions between patients with positive
and negative outcomes were compared to test whether a
larger number of phenotypic terms was associated with a
positive outcome, using a U-test. In both cases, the associ-
ation was defined to be significant if the test P � 0.05;
multiple test correction was not applied.
The phenotype subcategories that were associated with a

positive outcome (P-value threshold Z 0.05) were then
selected. All the combinations and subcombinations of these
selected features were listed, and the occurrence of each of
them was counted in the case of positive outcomes and
overall.
Results

Primary CES analysis was performed on 700 consecutive
patients. Most probands were aged <19 years (94%), with a
1.06:1 ratio of males/females. The mean age was 7.1 � 7.6
years, with a median of 4.5 years. Traditional trios (proband
and parents) made up 78% of the exomes (546/700), 4
exomes were nontraditional trios (proband, parent, and
sibling), 67 exomes were duos (9.6%), 45 exomes were
proband only (6.4%), 31 exomes were quad (proband,
parents, and sibling), and 7 exomes were quints (proband,
parents, and two siblings). A molecular diagnosis was
defined as the presence of at least one pathogenic or likely
pathogenic variant (diagnostic, 23%) that was clinically
correlated as associated with the proband’s indication for
testing (N Z 162) (Supplemental Table S2). All cases
without a molecular diagnosis were considered non-
diagnostic (77%), including cases with a candidate gene
finding or other variants that did not meet our criteria for
diagnosis. The highest diagnostic yields were seen in the 7-
to 12-month (36.8%) and 18.1 to 40 years (34.0%) age
groups (Figure 1). This may be explained by the 7- to
12-month group having the exome as a first-tier test or
possibly this age group is starting to show or develop
jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 1 Diagnostic yield per age group. Ages ranged from birth to 40 years. Percentages reflect the diagnostic rate in each age group. Numbers (N )
indicate the total number of individuals with diagnostic findings. There were no diagnostic cases aged >40 years. Diagnostic percentages for each group is as
follows: 23.8% (24/101) for ages 0 to 6 months; 36.8% (14/38) for ages 7 to 12 months; 20.3% (47/231) for ages 1 to 5 years; 22.5% (38/169) for ages 5 to
12 years; 20.6% (22/107) for ages 12 to 18 years; 34.0% (17/50) for ages 18 to 40 years.

Diagnostic Outcomes of 700 Exome Cases
features, such as developmental delay or dysmorphic fea-
tures, that could be attributed to a disorder. The 18 to 40
years age group may be explained by these probands un-
dergoing numerous tests over the years and now exome
sequencing has provided an end to the diagnostic odyssey.
The diagnostic yield was 22.7% in proband-only cases,
16.4% when one additional family member was analyzed
(duo), and 23.9% when two or more family members were
analyzed. Of the diagnostic variants detected, 48% were de
novo (Figure 2), and 16.8% trios had at least one diagnostic
de novo variant reported. Among the diagnostic findings,
64% were for an autosomal dominant disorder, 24% were
for autosomal recessive disorder, 11% were for X-linked
disorder, and 1% were for genomic imprinting (Figure 3).
Diagnostic variants included a spectrum of variant types:
39% missense and 48.9% loss of function (frameshift, large
Figure 2 Parental origin of diagnostic variants. Of the 162 diagnostic
cases seen in our clinical exome sequencing cohort, most (48%) were de
novo. Maternal (Mat) and paternal (Pat) inheritance occurred at 22% and
19%, respectively. Inheritance information was unavailable for the
remaining 11% of cases.

The Journal of Molecular Diagnostics - jmdjournal.org
deletions, and nonsense variants) (Figure 4). Several disease
genes were identified as a recurring diagnosis in three or
more cases (Table 2), and more than one diagnosis was
identified in three of the cases (Table 3).

Clinical indications for testing varied. Most patients were
referred with a primary clinical indication related to neu-
rodevelopmental disorders (includes seizures, 42.6%),
multiple congenital anomalies (17.4%), or autoimmune
disease/immunodeficiency (9.3%) (Table 4). Less common
indications for referral included ophthalmologic issues
(0.57%), integumentary system (0.43%), and renal disease
(0.14%). Of the phenotype subcategories, CNS involvement
was the most frequently observed clinical feature (63.7%),
followed by intellectual disability or developmental delay
(54.4%) (Table 5). Dental abnormalities were the least re-
ported feature (0.86%). In addition, although 1.4% of pa-
tients were referred with a primary clinical indication of
cancer, oncology was indicated as a feature in 2.3% of
cases.
Figure 3 Inheritance patterns of molecular diagnoses. Inheritance of
diagnostic variants. One percent of diagnoses were found in genes subject
to genomic imprinting. N Z 162.
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Figure 4 Type of diagnostic variants. The disease-causing variant types
identified were primarily missense (39%), followed by frameshift,
nonsense, and splicing. N Z 162.

Table 2 Recurring Diagnoses: Genetic Conditions Seen Three or
More Times

Gene Occurrences, n Associated clinical syndrome

AHDC1 5 Xia-Gibbs syndrome (AD)
SYNGAP1 3 Intellectual disability (AD)
ATP1A3 4 ATP1A3-related neurologic

conditions (AD)
CHD7 3 CHARGE syndrome (coloboma, heart

defect, choanal atresia, retarded
growth and development, genital
hypoplasia, ear anomalies) (AD)

EP300 3 Rubinstein-Taybi syndrome 2 (AD)
FOXG1 3 Rett syndrome, congenital variant

(AD)
PMM2 3 Congenital disorder of

glycosylation, type Ia (AR)

AD, autosomal dominant; AR, autosomal recessive.

Murrell et al
Statistical Analysis of Clinical Phenotypes

Seventeen primary clinical indication categories were
compared with each other in a 2 � 2 Fisher exact test to
determine correlation with diagnostic outcome. Neuro-
developmental disorders were correlated with a positive
outcome, whereas cancer and autoimmune disease/immu-
nodeficiency/allergies were correlated with a negative
outcome (Supplemental Table S1). Similarly, comparisons
were made for the 39 phenotypic subcategories to determine
if any would differentiate diagnosed from undiagnosed in-
dividuals. Of the phenotypic subcategories, significant as-
sociation with positive outcomes was seen in eight different
categories: syndromic intellectual disability, developmental
delay, CNS involvement, seizures, abnormal muscle tone,
neuromuscular/musculoskeletal disorder, craniofacial
involvement/dysmorphic features, and ophthalmologic
findings. Significant negative associations (more often
found with a negative outcome) were found with autism
spectrum disorder, autoimmune disease, gastrointestinal, or
oncologic findings (Supplemental Table S3). The associa-
tion between the number of phenotype terms provided per
patient and the frequency distributions of positive and
negative diagnostic outcomes was also reviewed. In general,
having a greater number of phenotype subcategories applied
to a patient was predictive of a positive outcome (U-test
P < 0.0038) (Figure 5).

Additional Findings

Of the 576 cases (82%) in which consent was received for
reporting ACMG secondary findings,6,15 18 (3.1%) had
reportable (pathogenic or likely pathogenic) variants
(Supplemental Table S4). The most common secondary
findings reported were for hereditary cancer syndromes:
APC, BRCA1, BRCA2, SDHB, TP53, and WT1 (N Z 7,
38.9%), followed by cardiomyopathies (NZ 3, 16.7%), and
long-QT/Brugada syndrome (N Z 3, 16.7%): GLA,
KCNQ1, MYL2, MYBPC3, and SCN5A. Seven of these 18
280
cases (38.9%) also had a diagnostic result. Of cases with a
secondary finding, 28% (N Z 5) also had a parent with a
secondary finding. The parental origin of the reported
variant was not disclosed for half of the cases with a sec-
ondary finding (Supplemental Table S4). Along with sec-
ondary findings, in this cohort of 700 cases, two additional
findings were reported (0.29%). These additional findings
were not part of the proband’s indication for CES testing,
and involved compound heterozygous variants in CFTR and
a pathogenic variant in NR3C2. Finally, candidate gene
findings were reported in a total of 59 cases (8.4%).
CES Reanalysis

Reanalysis was performed on 240 patients from this cohort
who had received nondiagnostic results from the primary
CES test. Application of our reanalysis methods increased
the diagnostic yield by 15.8%, which was attributed to
several factors, including the following: new disease gene
discovery, phenotypic expansion of known disease genes,
identification of candidate genes, and updated variant clas-
sifications based on newly available literature.11
Discussion

To contribute to the growing body of knowledge sur-
rounding diagnostic testing using CES, we have performed
a retrospective study of 700 pediatric patients referred for
CES, with correlations to outcomes for a range of pheno-
types. The challenges encountered during our analysis are
described below, such as secondary and additional findings,
and discovery of novel disease-causing genes. We also
highlight the dynamic environment, which impacts CES
testing, including improvements in informatics pipelines
and improved diagnostic outcomes using a cohort-based
reanalysis approach.
jmdjournal.org - The Journal of Molecular Diagnostics
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Table 3 Multiple Diagnostic Findings: Three CES Cases had Two Positive Diagnostic Outcomes Related to the Clinical Indication for Testing

Sex Age, years Molecular Dx Inheritance of molecular Dx Primary clinical indication

M 16.8 MYCN and TCOF1 Unknown Neurodevelopmental disorder*
M 6.8 F11 and VWF Maternal Autoimmune disease/immunodeficiency/allergies
M 0.6 AGL and TBX1 Compound het and mat Congenital anomalies

*Patient with a previously identified, de novo, 307-kb deletion in chromosome 22q11.21.
M, male; CES, clinical exome sequencing; Dx, diagnosis; het, heterozygous; mat, maternal.

Diagnostic Outcomes of 700 Exome Cases
Molecular Diagnostic Outcomes

The overall diagnostic yield for CES testing in our labora-
tory was 23%. Although the remaining patients were
negative for a diagnostic finding, 71.3% of these negative
cases still had at least one VOUS reported, and 8.4% had a
candidate gene reported. Factors that yielded a higher
diagnostic rate included the addition of family members to
exome testing, having an autosomal dominant condition,
and having a de novo mode of inheritance; of which the
addition of parents allowed for the mode of inheritance to be
determined. In addition, the presence of certain phenotype
categories that yielded higher positive outcomes was also
noted. In this study, primary clinical indications (main
reason for CES testing) in categories of neurodevelopmental
disorder were associated with a positive outcome (38.3%),
whereas disorder of the immune system (13.8%) and cancer
(0%) associated with a negative outcome (Supplemental
Table S1).

Diagnostic findings for cases where immunodeficiency
was indicated as the reason for testing included two cases of
autosomal recessive IL12RB1-related immunodeficiency
(OMIM #614891), and two cases of autosomal dominant
Table 4 Frequency of Primary Clinical Indications for CES Testing

Primary clinical indication Value, n (%)

Neurodevelopmental disorder 298 (42.6)
Congenital anomalies 122 (17.4)
Autoimmune disease/immunodeficiency/allergies 65 (9.3)
Other 53 (7.6)
Suspected metabolic or mitochondrial disorder 27 (3.9)
Neuromuscular disorder 27 (3.9)
Gastrointestinal disease 21 (3.0)
Skeletal/connective tissue 18 (2.6)
Hearing loss 14 (2.0)
Hematological disorder 11 (1.6)
Cancer 10 (1.4)
Respiratory disease 10 (1.4)
Growth disorder 10 (1.4)
Liver disease 6 (0.9)
Ophthalmologic issues 4 (0.6)
Integumentary system 3 (0.4)
Renal disease 1 (0.1)

Primary clinical indications were itemized into 17 categories. Patients
were assigned to one primary category based on the main indication for
exome testing.
CES, clinical exome sequencing.

The Journal of Molecular Diagnostics - jmdjournal.org
syndromic intellectual disability, POGZ (OMIM #616364)
and SON (OMIM #617140). The patient with a de novo
POGZ pathogenic variant presented with combined variable
immune deficiency of unknown etiology, nodular lymphoid
hyperplasia of the gastrointestinal tract, hiatal hernia,
gastroesophageal reflux, mild intellectual disability, hypo-
tonia, obsessive-compulsive behaviors, polycystic ovary
syndrome, and mildly dysmorphic features. The patient with
a SON pathogenic variant presented with hearing loss,
developmental delay, failure to thrive, intermittent diarrhea,
acute pyelonephritis, and presumed immunodeficiency.
Although both cases had a primary clinical indication of
immune disorder, the presence of additional phenotypic
terms at the time of test requisition contributed to the mo-
lecular diagnosis. This is in agreement with our observation
that more phenotype terms are predictive of a diagnostic
outcome (Figure 5). Although the overall diagnostic rate for
immune disorders is presently low, they still comprised 10%
of tests ordered, indicating a need to obtain molecular di-
agnoses in this population. This type of cohort may benefit
from reanalysis as novel gene disease associations are
discovered, which may improve diagnostic rates over time.

The outcomes for phenotype subcategories were studied
next (Supplemental Table S3). Syndromic intellectual
disability, abnormal muscle tone, craniofacial dysmorphism,
developmental delay, CNS involvement, neuromuscular/
musculoskeletal, ophthalmologic issues, and seizures were
all associated with a positive outcome, whereas autoimmu-
nity, gastrointestinal, autism spectrum disorder, and
oncology were associated with a negative outcome. In
addition to reviewing individual primary clinical indications
and phenotype subcategories, their combinations were
studied and the results were as expected; terms associated
with positive outcomes were positive when combined, and
terms associated with negative outcomes were negative
when combined (data not shown). Interestingly, there was
no significant association with outcome when positively and
negatively associated terms were combined.

The positive outcome rates for these clinical features
(Supplemental Tables S2 and S3) are comparable to previ-
ous CES cohort studies,1,2,7,26 indicating consistency in
detection and reporting of their known genetic causes. In
addition, this study added statistical analysis to see if they
can explain observed outcomes. Although these findings
indicate the clinical indications that are more or less likely to
yield a diagnosis, there are a couple of caveats. For instance,
some of these phenotype categories have a small number of
281
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Table 5 Frequency of Phenotype Subcategories for CES Testing

Phenotype subcategory Value, n (%)

CNS involvement 446 (63.7)
Developmental delay 329 (54.4)
Neuromuscular/musculoskeletal 322 (46.0)
Structural birth defect(s) 236 (33.7)
Growth abnormality 210 (30.0)
Craniofacial involvement/dysmorphic features 209 (29.9)
Abnormal muscle tone 172 (24.6)
Gastrointestinal 155 (22.1)
Skeletal 123 (17.6)
Seizures 119 (17.0)
Abnormal brain MRI 115 (16.4)
Cardiovascular 108 (15.4)
Ophthalmologic 104 (14.9)
Audiologic/otolaryngolic 83 (11.9)
Respiratory/pulmonary 82 (11.7)
Microcephaly 80 (11.4)
Immunodeficiency (rare and/or recurrent
infections)

78 (11.1)

Neurologic movement disorder (ataxia/spasticity,
tremor, dystonia, parkinsonism, or myoclonus)

69 (9.9)

Autism spectrum disorder 66 (9.4)
Endocrine 63 (9.0)
Connective tissue 59 (8.4)
Hematological/vascular 58 (8.3)
Genitourinary 49 (7.0)
Renal 47 (6.7)
Integumentary (includes hair, skin, and nails) 42 (6.0)
Syndromic intellectual disability 42 (6.0)
Metabolic/biochemical 39 (5.6)
Macrocephaly 35 (5.0)
Autoimmune disease 34 (4.9)
Muscular dystrophy and/or myopathy 32 (4.6)
Liver 31 (4.4)
Joint contracture/arthrogryposis multiplex
congenita

23 (3.3)

Oncologic 16 (2.3)
Neuropathy 15 (2.1)
Allergies 15 (2.1)
Abnormality of spinal cord/neural tube 13 (1.9)
Nonsyndromic intellectual disability 11 (1.6)
Obstetric 11 (1.6)
Dental 6 (0.9)

Individual clinical features were listed in 39 subcategories. Each patient
was assigned to one or more subcategories.
CES, clinical exome sequencing; CNS, central nervous system; MRI,

magnetic resonance imaging.

Figure 5 Outcome per number of phenotypic terms. Percentage of
positive (Pos) and negative (Neg) outcomes per number of phenotype
subcategories.

Murrell et al
cases and results may be inconclusive. Therefore, it would
be useful to apply this analysis to an even larger cohort and
obtain statistically significant results across a broader range
of phenotypic terms. Furthermore, it is possible that the
phenotypes associated with negative outcomes do not have
extensive gene-disease etiologies in the literature. These
negatively associated clinical indications are likely to be
candidates for positive reanalysis findings, as more infor-
mation becomes available regarding their gene-disease
associations.
282
A common challenge that laboratories face while
analyzing CES cases, with a wide phenotypic spectrum, is
ensuring that the analysis strategies identify multiple mo-
lecular etiologies, which is observed in approximately 1% to
4% of CES cases.1e4,7 In some cases, multiple overlapping
features were present between both genetic diagnoses,
making it challenging to delineate the exact molecular eti-
ology of each clinical feature. An example of one such case
is an individual with seizures, hypotonia, microcephaly,
colobomas, proptosis, optic nerve hypoplasia, dysmorphic
features, and intellectual disability who carried heterozy-
gous variants in both MYCN (OMIM #164840) and TCOF1
(OMIM #606847) along with a previously identified de
novo 307-kb deletion of chromosome 22q11.21, including
only the low copy region B.27

Comprehensive analysis is necessary to ensure that lab-
oratories do not stop prematurely before all diagnoses are
detected. In such cases, laboratories must continue the
analysis of additional phenotypically relevant variants to
rule out the possibility of an additional molecular diagnosis.
In a case that highlights this challenge, the proband pre-
sented with complex brain malformation and abnormal
electroencephalography with seizures. A de novo missense
variant was identified in GRIN2B (OMIM #138252). At the
time of analysis, the published literature reported patients
with GRIN2B variants and seizures only, leading to the
question of whether the brain malformations in our patient
represented an expansion of the GRIN2B phenotype, or if
there was a second, unknown genetic diagnosis with
possible recurrence risk ramifications for the family. Since
then, a GRIN2B cohort demonstrating cortical malforma-
tions has been published.28 This case highlights the
complexity of a clinical laboratory’s need to balance turn-
around time while maintaining a sensitive and comprehen-
sive approach.
jmdjournal.org - The Journal of Molecular Diagnostics
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Diagnostic Outcomes of 700 Exome Cases
Another finding of interest involves the inclusion of
clinical information from family members and its utility in
testing. As expected, trio testing was beneficial for capturing
segregation information and to add weight to a variant’s
pathogenicity, especially with novel missense changes that
might otherwise be classified as VOUS and possibly
considered nondiagnostic. Trio-based exome analysis also
helped deprioritize heterozygous variants from a seemingly
unaffected parent. However, a maternally inherited, patho-
genic variant was encountered in FOXG1 (OMIM
#164874). The proband presented with microcephaly,
developmental delay, hypotonia, failure to thrive, delayed
myelination, complex partial seizures, and structural brain
abnormalities. The mother was unaffected, and although she
carried the variant, she was found to be mosaic, a state that
has repercussions for recurrence risk and need for further
genetic counseling.

Overall, these findings demonstrate the need for a
comprehensive CES approach that can anticipate and
adequately address a variety of diagnostic challenges,
including diverse and complex clinical indications, mosai-
cism, and multiple findings.

Complexities with Reporting Secondary and Additional
Findings

When the ACMG recommendations for reporting of sec-
ondary findings were first published,6 there were concerns
regarding appropriate procedures for consenting of patients
and family members.29 Parents may provide consent for
their child to undergo secondary findings analysis; however,
if a secondary finding is identified in the child, then it is
likely to have been inherited. Therefore, parents analyzed as
part of a trio would put the laboratory in the position of
seeing data that will have implications not only for the pa-
tient, but also for the parents. For adults, additional con-
siderations include making arrangements should they
choose to obtain additional health, life, and/or other sup-
plemental insurance before release of results. This issue led
us to reevaluate our consent process such that parents would
have the option to consent to receive their own status for
secondary findings identified in their child.

The delivery mechanism for return of results relevant to
the parent’s health was also evaluated. Parental inheritance
may be included in the proband’s report (with appropriate
consent); however, a separate report for the parents would
ensure that this information could be stored in their indi-
vidual electronic health records, thereby promoting appro-
priate clinical management. Although facilitating consent
and multiple return of results is an ideal scenario for the
patient and family members, it is important to recognize the
impact on the laboratory. A case management workflow was
instituted for this scenario (including separate accessioning,
tracking of consent options, and confirmation of findings by
an orthogonal technique, and a separate reporting work-
flow). Because the percentage of patients who receive an
The Journal of Molecular Diagnostics - jmdjournal.org
actionable finding is about 1.7% to 6.2%,1,30 it is essential to
ameliorate the impact on the laboratory, as well as the cli-
nicians, with appropriate workflow management tools,
while still providing the best care for patients and their
families.

In this cohort, compound heterozygous pathogenic vari-
ants were identified in CFTR (OMIM #602421), along with
a pathogenic variant in NR3C2 (OMIM #600983) associated
with pseudohypoaldosteronism (OMIM #177735)
(Supplemental Table S4). The proband with the pathogenic
variant in NR3C2 had moderately short stature, sacral
agenesis, failure to thrive, hypotonia, and hypertelorism
listed as the clinical indication for exome testing. The pro-
band medical record was examined in greater detail, and it
was thought that this variant provided an explanation for the
proband’s salt wasting, a feature that was part of the pro-
band’s medical history, but was not listed as an indication
for CES. The CFTR variants were found in a patient with
hypogammaglobulinemia, lymphopenia, primary intestinal
lymphangiectasia, and lower limb asymmetry as the clinical
indication for exome sequencing. The proband was aged 5
years at testing and had passed all newborn screening. These
CFTR variants are not associated with typical cystic fibrosis
but associated with an increased risk for pancreatitis.
Therefore, it is important to be aware that additional find-
ings might be part of a patient’s medical history and might
provide changes to medical management, but may not be
included as part of the indication for testing.31 Therefore,
appropriate consent strategies are important to educate the
patients before test initiation.

Complexities with Reporting and Publishing Novel
Candidate Gene Findings

Candidate gene findings were reported in 8.4% of cases.
Reporting of candidate genes from whole exome sequencing
has been debated among clinical laboratories, particularly
because candidate genes are not conclusively proven to cause
disease32 and the evidence needed to assess clinical validity of
a gene to a disease in the form of peer-reviewed publications
tends to be limited. The risks associated with reporting
candidate genes in CES may include cessation of further ge-
netic testing, initiation of prenatal testing, and other medical
management decisions based on this limited evidence. On the
other hand, using the power of CES can help to elucidate
unique and novelmolecular diagnoses. For example, of the 59
cases that received candidate gene findings, 7 (12.9%) sub-
sequently received updated reports where the candidate was
upgraded to a disease-associated gene.16,33e37

For these reasons, a standardized system for reporting
potential candidate genes was developed. This policy de-
fines candidate genes as those without current association to
human disease, but for which significant experimental evi-
dence, generated using either in vitro or in vivo models,
exists, suggesting a possible role in human disease. Given
the limited published evidence supporting the role of these
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genes in human disease, all variants in candidate genes are
classified and reported as VOUS. Candidate genes are re-
ported in a separate table in the final report with a clear
stipulation that medical decisions should not be made based
on this limited evidence. The report clearly states that
additional case reports, segregation studies, and/or func-
tional data are required to determine the significance of the
candidate findings within the context of human disease.

This approach has allowed for several international col-
laborations, resulting in publications, and six of our previ-
ously reported candidate genes are now associated with
disease. Some of these candidate to positive exomes were a
result of a positive match in GeneMatcher.25,38 In addition,
some of the candidate genes were of interest to researchers
and clinicians here at the Children’s Hospital of Philadel-
phia and have resulted in several publications linking these
genes to disease.16,34

Despite these successes, the gene discovery process is labor
intensive, and requires consistent follow-up and communi-
cation. An organized infrastructure is necessary tomanage the
multiple gene submissions to GeneMatcher, the correspond-
ing phenotypes, the potential multi-institution matches, and
tracking of the numerous communications between various
groups. In this situation, a clinical laboratory, because of its
central role in gene identification and access to additional
patients, may be a logical facilitator of these discussions be-
tween clinicians and research collaborators. This undertaking
is difficult to measure in terms of time and resources and is
likely to increase with the number of exomes performed over
time. Our experience suggests that taking the initial gene
discovery to a publication requires a team effort with clini-
cians, researchers, and clinical laboratories; and transparent
and effective communication is essential to ensure a suc-
cessful and productive collaboration.

CES Reanalysis

The rapid pace at which new disease genes and disease-
causing variants are identified supports the idea that con-
ducting periodic reanalysis of nondiagnostic CES samples is
likely to reveal novel molecular diagnoses.12,13 As part of
developing a semiautomated approach to provide reanalysis
for CES patients, a cohort of 240 nondiagnostic cases were
selected by the laboratory for reanalysis. To this end, we
previously reported the application of a reanalysismethod that
increased the diagnostic yield of a previously negative
cohort.11 Although the rationale for reanalysis of non-
diagnostic CES samples is compelling from the standpoint of
improving patient care, there are significant barriers to
implementing reanalysis procedures that can be scaledwith an
expanding patient cohort while simultaneously minimizing
impacts on laboratory turnaround time and labor. Reanalysis
can include all or some of several modalities, such as the
following: i) utilization of updated patient phenotype infor-
mation and additional family members, ii) improved infor-
matics algorithms (eg, copy number calling from short read
284
sequence data), and/or iii) updated exome capture and rese-
quencing. Although estimates of diagnostic yield and the
workload required for reanalysis will likely vary between
clinical laboratories and cohorts, defining the scope of rean-
alysis can aid clinical laboratories in determining the fre-
quency and resources with which to reanalyze their data. Our
experience suggests that for reanalysis to be successful,
clinical laboratories should carefully consider the resources
required for the implementation of a reanalysis infrastructure,
including adequate personnel and informatics support, edu-
cation of ordering clinicians, and development of strategies to
facilitate timely reimbursement of these types of tests.
Keeping Up with Advancements in Genomics in a
Dynamic Environment

One striking feature of CES at our site has been its dynamic
nature, driven primarily by the desire to enhance this clinical
test with improved methods, while balancing high clinical
sensitivity and operational scalability. An example of this is
the evolution of pipelines and tools used to perform CES in
this laboratory (Table 1). At the initial test launch, third-
party software was utilized for variant annotation and
filtration. Increasing test volumes to improve efficiency and
reduce costs led to the development and validation of an in-
house pipeline. Another approach to improving efficiency
was to improve variant filtration strategies by refining the
MAF threshold by developing a genome-wide knowledge-
base of high-frequency pathogenic variants and by building
a database of internal exomes. Additional modifications
were aimed at improving test quality, such as upgrading
from GATK unified genotype to GATK HaplotypeCaller39

in CWES2.0, which resulted in improved calling of larger
insertion and deletion variants, and implementation of ver-
ifyBamID to prospectively identify sample contamination.18

It is clear that in a CES laboratory, processes will continue
to evolve over time, although frequent validation of new
processes and new tools presents a logistical challenge for a
hospital-based diagnostic laboratory. It is nonetheless an
essential task to maintain the highest quality test possible.
In summary, CES is an unbiased test with proven clinical

utility to diagnose patients with severe and/or multisystemic
conditions. Guiding ordering clinicians by suggesting
helpful human phenotype ontology terms and revealing the
most promising clinical indications will increase diagnostic
yield, make the diagnostic process more efficient, and
reduce costs. In addition, the laboratory has a responsibility
to provide an accurate and efficient test while ensuring that
the processes and workflows are up-to-date.
Supplemental Data

Supplemental material for this article can be found at
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