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Abstract A pilot program was initiated using whole genome sequencing (WGS) to diagnose
suspected genetic disorders in the Genetics Clinic at Children's Hospital of Wisconsin.
Twenty-two patients underwent WGS between 2010 and 2013. Initially, we obtained a
14% (3/22) diagnosis rate over 2 years; with subsequent reanalysis, this increased to 36%
(8/22). Disease causing variants were identified in SKIV2L, CECR1, DGKE, PYCR2, RYR1,
PDGFRB, EFTUD2, and BCS1L. In 75% (6/8) of diagnosed cases, the diagnosis affected
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Introduction

Research use of next-generation sequencing has successfully
identified pathogenic variants in the genes responsible for
numerous rare genetic disorders.1 One of the earliest uses of
this technology in clinical practice was the successful diagno-
sis and treatment of a child with a rare immunologic disor-
der.2 This case showed that whole exome sequencing (WES)
has a place in clinical care. The exome represents�1.5% of the
genome and, in this case, exome sequencing provided a cost-
effective approach for analysis of the patient’s sample. WES
was subsequently used in a research setting to establish
disease etiology in a larger number of cases.3

Today, commercial and academic diagnostic laboratories
offer WES and whole genome sequencing (WGS), together
referred to as genomic or genome-wide testing, to clients
across the United States and abroad. Genomic testing has
been proven to be effective in the diagnosis of rare diseases4

in both children5–11 and adults.12 Recently, WES provided
diagnostic and/or potentially actionable findings in 40% of
pediatric cases with newly diagnosed solid tumors.13 Impor-
tantly, Miller14 has shown that testing can yield results rapidly.
A WES approach is used more often than WGS for both gene
discovery and clinical diagnostics due to its lower cost.

As genomic testing enters clinical practice broadly, many
questions and proposals have emerged concerning next-
generation sequencing’s reliability, variant interpretation,
integration of testing into current practice, impact of results
on clinical management, test regulation, and test reimburse-
ment.15–19 Nationally funded programs designed to deliver
actionable genomic information into medical practice are
underway.20

With these questions in mind, the Medical College of
Wisconsin (MCW) joinedwith Children’s Hospital of Wiscon-
sin (CHW) in 2010 to create a unified genomic medicine
program. This paper describes the development of that
program, the findings from initial cases, and specific infor-
mation describing how WGS can be integrated into clinical
care.

Methods

Setting
Success with our initial case2 led to significant internal
demand for genomic sequencing to be available as a part of
routine clinical practice at CHW. In June 2010, a team with
expertise in clinical genetics, laboratory genetics, pathology,
and genomics met with senior leadership from MCW and
CHW to establish a pilot program to provide genomic
sequencing for clinical diagnostic purposes.

Case Referral
The pilot program sought to identify a molecular etiology in
cases with a suspected Mendelian disorder where standard
testing had failed to yield a diagnosis and where a diagnosis
would enhance medical decision making. Because resources
were limited, cost-per-case was high ($25,000 for sequencing
alone at the outset), and insurance coverage was uncertain, a
referral procedure and a multidisciplinary case review team
to select cases were established. All specialties at CHW were
encouraged to submit cases.

The review team met monthly. Referral required two
physicians with expertise in the patient’s disorder to deter-
mine that sequencing the patient’s genome was clinically
warranted and that other standard clinical assessments had
been attempted and had failed to define the cause of the
patient’s disorder. A case summary of the patient’s history
(►Supplement 1, available in the online version), family
history (four-generation pedigree), physical examination,
and laboratory evaluation was prepared for the review team.

Case Review Team and Case Selection
The case review team was led by the hospital’s chief medical
officer and included two ethicists, three physicians not directly
involved with the case, a clinical geneticist with expertise in
DNA testing, a genetic counselor, an informatics specialist, a
genomics expert, a pathologist, and a CHW administrative
leader. The informatics specialist was a PhD scientist with
extensive experience in human genomic analysis and the
developer of CarpeNovo, the software tool used to analyze
all of the cases in this report. The genomics expert was a PhD
scientist with extensive experience in genomics research. A
case review process that accounted for the limitations of the
technology was developed by the case review teamwith input
from legal counsel, hospital administration, an internal ethics
board, and by external ethics review.21

The team developed case selection requirements with the
aim to integrate WGS into routine medical care (►Table 1).
The decision to recommend WGSwas based on the informa-
tion supplied by the referring physicians in a case summary
(►Supplement 1, available in the online version). This sum-
mary ranged from two to five pages.

Following a review of each case, the case review team
made one of the followingdecisions: (1) recommendWGS, (2)
recommend additional testing and/or additional information
prior to resubmission, (3) reserve for future consideration,
and (4) WGS not recommended. As this was a clinical
program, cases were selected without consideration of their
research potential. Although the pilot program itself was
clinical, some limited research aspects were also included.
A study of patient outcomes and attitudes was approved by

treatment and/or medical surveillance. Additionally, one case demonstrated a homo-
zygous A18V variant in VLDLR that appears to be associated with a previously
undescribed phenotype.
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the Institutional Review Board at the MCW and patients (or
their family members) provided written informed consent.

Genetic Counseling, Consent, and Sample Submission
Genetic counseling was provided by a genomics trained, board-
certified genetic counselor prior to WGS. A note was entered
into the medical record describing the counseling, and the
consent form required by the laboratory was completed.
►Supplement 2, available in the online version lists the topics
typically covered during counseling. Due to the nature of the
test, counseling concerning incidental findings received special
consideration. An incidental finding was defined as a variant
identified in the patient that published literature identified as
causing aMendelian disorder unrelated to the patient’s current
phenotype. A form to indicate which types of incidental find-
ings the family wished to have returned (►Supplement 3,
available in the online version) was completed and provided
to the laboratory. This approachwasbasedon the recognitionof
patient and parental rights as applied in other societal contexts
and other areas of clinical medicine.22 Pharmacogenetic var-
iants and risk alleles such as ApoE4 were not reported.

At the time of sample submission, the case summary
(►Supplement 1, available in the online version) was provid-
ed to the laboratory. In addition, a list of genes thought to be
associatedwith the patient’s phenotypewas generated by the
geneticist and clinician involved in the case (►Supplement 4,
available in the online version) and submitted to the labora-
tory. To reduce the chance of uncovering incidental findings,
families were informed that if a diagnosis was established
based on the gene list, further analysis of the genome would
not be undertaken. The patient/family preference form
(►Supplement 3, available in the online version) was used
by the laboratory to guide analysis.

When testing failed to identify an etiology, routine yearly
follow-upwas offered, at which time, clinical informationwas
updated and the genome reevaluated.

Genomic Sequencing and Analysis
All testing was performed in CLIA certified/College of Ameri-
can Pathologist accredited laboratories. Blood was drawn

from each patient and both biological parents when possible.
DNAwas extracted using a Gentra Puregene Cell Kit (Qiagen,
Germantown, MD, United States). Cases were sequenced on
an Illumina HiSEq, 2000 or Illumina GAIIx system (Illumina
Clinical Services Laboratory, San Diego, CA, United States). All
variants identified as candidates for clinical reporting were
evaluated by dideoxynucleotide sequencing using an ABI
3730 capillary sequencer (Advanced Genomics Laboratory,
Children’s Hospital of Wisconsin, Milwaukee, WI, United
States). Parental DNA was used for variant segregation
analysis.

Sequence analysis took place in three phases: primary,
secondary, and tertiary.

Primary analysis: Primary analysis took place on the
Illumina sequencer. Two � 100 base pair reads were pro-
duced using on-board cluster generation and paired-end
sequencing.

Secondary analysis: The Illumina Clinical Services Labora-
tory analyzed the data using the CASAVAmapping, alignment,
and variant calling software (versions 1.6–1.8 depending on
the sample; for review of this step, see Worthey 2013).23

Sequence reads were quality selected (according tometrics in
►Supplement 5, available in the online version). Y chromo-
some trimming, creation of a consensus file, analysis of DNA
sequencing, mapping to the NCBI Human reference genome
(build 36 or 37), making use of variant data from dbSNP
(versions 28–31), genotyping concordance, and finally vari-
ant calling were performed. The output was analyzed to
ensure quality (an overall accuracy of > 99.9% and an accu-
racy at the poorest quality calls of 97%).

Tertiary analysis: Tertiary analysis to annotate identified
variants was performed by an in-house developed tool (Car-
peNovo). For a thorough review of the types of annotations
incorporated, see Worthey 2013.23

In brief, CarpeNovo annotates each variant with the fol-
lowing: gene symbols and NCBI gene and transcript identi-
fiers; genomic coordinates (hg18 or hg19 depending onwhen
the sample was run); reference and patient’s nucleotides;
allele frequencies derived from dbSNP,24 1000 Genomes
Project,25 Exome Variant Server,26 an in-house database of

Table 1 Case selection requirements for WGS

1. Obtain a case summary from physicians with expertise in the patient’s condition to help the laboratory correlate
the patient’s phenotype and family history with the genotype derived from sequencing.

2. Confirm that the patient has had the current standard diagnostic testing used to evaluate that patient's phenotype to
ensure that a cost-effective approach has been taken to diagnosis.

3. Choose patients with an apparently undiagnosed monogenic genetic disorder ideally with a rare or distinctive phenotype.

4. Focus on cases where a molecular diagnosis could help physicians/families with medical decision making/management
such as treatment and family planning, a key to securing insurance preauthorization.

5. Select cases with appropriate samples available to carry out initial genomic sequencing as well as follow-on
testing including confirmatory functional assays in the patient and segregation analysis of variants in the parents and
other family members.

6. Choose cases where the cost of genomic sequencing appears to be less costly than testing many individual genes for the
phenotype in question.

Abbreviation: WGS, whole genome sequencing.
Note: The criteria that the review committee used to select cases for whole genome sequencing are summarized.
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publicly available genomes called Valcrie, and the CarpeNovo
in-house patients sample database; genomic and genic loca-
tion information (intron, exon, UTR, intergenic, etc.); variant
effect information (start site, stop site, splice site, nonsynon-
ymous, deletion, etc.); amino acid and cDNA position and
change; predicted effect on protein based on Polyphen,27

MutationAssessor,28 and SIFT29; protein length; nucleotide
conservation score30; depth of coverage at the variant posi-
tion; percentage of the reads supporting the variant call;
presence of and disease terms for the specific variant in
HGMD31 and/or OMIM32; presence of and disease terms for
the gene in HGMD or OMIM; and whether the region con-
taining the nucleotide maps to a unique location in the
genome. Importantly, the software further annotates the
variants based on their level of known or likely deleterious
impact and identifies variants in genes associated previously
with genetic diseases. All external databases and incorporat-
ed tools are tagged with version and date stamps.

Post-Tertiary Analysis and Interpretation
Following annotation, the CarpeNovo platform allows the
user to filter and prioritize variants based on these annota-
tions. In this pilot program, analysis of each case was per-
formed by applying our custom prioritization schema, which
takes into account the likely impact of the variant, the allelic
frequency of the variant in reference datasets, and functional
associations for the variant harboring gene (►Supplement 6,
available in the online version).

Since the patients in this pilot were presumed to have rare
diseases, an allele frequency threshold of 1% or less was used
to exclude common variants. Variant segregation among the
patients’ parents, cases reported in PubMed, and cases found
in locus-specific databases were used to further include or
exclude variants from consideration. For variants reported in
the literature, the original publication and any supplemental
publications were carefully reviewed to determine the quali-

ty and nature of the supporting evidence. Variant classifica-
tion for reporting purposes followed standard guidelines.33

Evaluation of Coverage
Coverage of the genome was evaluated by GapMine, an
analysis tool that evaluates sequence coverage at the genome,
chromosome, gene, transcript, and individual exon level. For
this analysis, we used a threshold of less than eightfold
coverage (8�) to delineate low coverage. This threshold was
not used as a strict cutoff for evaluation, but rather variants at
positions less than 8� were considered potentially false
positive calls and the apparent zygosity was deemed suspect.
The chance that a variant allele will be missed is less than 1%
when a nucleotide has greater than sevenfold coverage in a
diallelic system based on a binomial probability. This depth of
coverage is expected to yield an error rate comparable to the
error rate that occurs in standard dideoxynucleotide sequenc-
ing for a single nucleotide variant.

Results

Committee Case Selection and Genetic Counseling
Of 57 cases submitted for review, 22 had WGS performed
(►Fig. 1). ►Table 2 briefly describes the case findings when
testing occurred based on the case summaries supplied to the
laboratory, WGS results, and impact of the diagnosis on the
patient’s care. Among the 22 patients, 10 had a DNA micro-
array performed prior to WGS employing either the Affyme-
trix Genome-Wide Human SNPArray 6.0 or a high-resolution
oligonucleotide array CGH. Preliminary information concern-
ing the 22 cases was previously reported.34

The current paper provides additional detail and diagno-
ses based on reanalysis. Genetic counseling at the outset of
the program took 6 to 10 hours over the course of several
face-to-face visits and follow-up phone conversations. With
experience, we found that this could be accomplished with 2

25 cases recommended for WGS

57 cases referred for review

2 cases achieved a molecular diagnosis prior to WGS

18 returned to referring physician for addi�onal informa�on/tes�ng then reconsidera�on

11 not recommended for tes�ng as the case did not fit the case selec�on requirements for WGS

22 cases underwent WGS, including two pa�ents from one family

9 reserved for future considera�on because other cases were judged to fit case selec�on 
requirements for WGS more closely

defini�ve diagnoses and 1 probable diagnosis8

1 case did not have WGS due to social situa�on

Fig. 1 Decision tree for 57 cases. The case review teamevaluated 57 cases submitted for whole genome sequencing. The disposition of the cases is shown.
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hours of face-to-face time and follow-up phone time. Post-
test results disclosure and counseling took longer than tradi-
tional results discussion when incidental findings were part
of the discussion.

Confirmation of Variants Identified by WGS
Among 158 variants under consideration for reporting, 153
were confirmed with Sanger sequencing. Among the five
variants that were not confirmed, four had a read depth of
one or two reads. In case 4, WGS found a previously unde-
scribed variant in VLDLR that appeared heterozygous.
Dideoxynucleotide sequencing found that the patient was
homozygous for the variant (data not shown). In case 12,WGS
identified a single nucleotide substitution resulting in a
leucine to valine amino acid change in NLGN4X. Dideoxynu-
cleotide sequencing confirmed this variant but found a
second nucleotide substitution two bases away. The two
substitutions combined resulted in no amino acid change
(data not shown).

Diagnoses Identified by WGS
Of the 22 cases (►Table 2), we initially reached a diagnosis
rate of 14% (3/22). With subsequent reanalysis, our diagnosis
rate increased to 36% (8/22). In cases 5, 11, 12, and 17,
subsequent research publications identified novel genes
associated with the various phenotypes. In cases 11 and 17,
newly published variants were identified. In cases 5 and 12,
variants likely to be deleterious to the candidate gene, but not
previously reported, were found. Case 6 was enrolled in a
research project at the National Institutes of Health that led to
a diagnosis.35

Variants of Uncertain Significance Identified by WGS
Used in Research
An average of 3.6 variants of uncertain significance (VUS)
(range 0–10) were identified per case. Cases without a
diagnosis where VUS were found represent an opportunity
for research. For example, in case 4, an apparent homozygous
p.A18V VUS was identified in VLDLR. Pathogenic variants in
this gene are associated with cerebellar hypoplasia and
mental retardation.36 The patient’s phenotype overlapped

with this phenotype but with the addition of leukodystrophy.
The amino acid change is located in the leader sequence of
VLDLR, and proteinmodeling suggests that the change affects
the leader sequence’s function (data not shown). In case 14,
two homozygous missense variants, p.V32A and p.R716Q, in
the gene MYO18B are currently under investigation.

Use of Gene Lists to Limit Incidental Findings
The number of genes on the gene lists for each of the 22 cases
ranged from 6 to 1074. The list of genes generally contained
genes where no commercial testing was available and/or
where the list was so long that commercial testing was not
economical. In cases 13 and 21, variants in genes from the list
associated with the patients’ phenotypes were identified.
While these results were pathogenic, it remained uncertain
whether the variants explained the entire phenotype in the
two cases. Therefore, the remainder of each genome was
evaluated. No causal variants in other gene lists were
identified.

Incidental Findings
►Fig. 2 shows the incidental finding choices selected by the
21 patients and families (22 cases). Between zero and seven
pathogenic incidental findingswere identified in caseswhere
incidental findings were requested. The number of incidental
findings reported in a given case related, in part, to the
family’s requests concerning which type(s) of incidental
findings they wished to have returned. Among the 41 inci-
dental findings, 40 resulted in carrier status for a recessive
disorder. One was associated with a dominant disorder
(►Supplement 7, available in the online version). Of note,
among the 22 cases, no pathogenic incidental findings re-
sulted in additional testing following disclosure.

Impact of Diagnosis on Patient Management
A definitive diagnosis was established in eight cases. In 75%
(6/8) of these, the result had an impact on medical manage-
ment or surveillance, with attendant economic consequences
(►Table 2).

In case 11, for example, treatment with eculizumab was
considered prior to WGS. Such treatment is expensive

Fig. 2 Choice of incidental findings. This Venn diagram summarizes the choice of incidental findings that each of the families selected.
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(variable, but currently about $400,000 /year) and is asso-
ciated with increased risk for sepsis due to encapsulated
organisms.37 As the etiology involved DGKE, a gene that is
not in the complement cascade, expert discussion following
review of the WGS results established that eculizumab
would be ineffective. Avoiding this therapy for one year
in one of the affected siblings saved insurance carriers more
money than the whole program cost. In addition, identify-
ing a pathologic variant in DGKE supported the decision not
to pursue any form of plasma therapy for atypical hemolytic
uremic syndrome in this patient or her affected siblings in
future disease relapses, which previously had been tried in
an older affected sibling, but was thought likely to be
ineffective.

In case 17, the identification of a variant in a tyrosine
kinase (TK) gene, PDGFRB, immediately suggested a possible
treatment with a TK inhibitor such as imatinib. In all cases
where a diagnosis was established, the patients avoided
further diagnostic testing, families received prognostic infor-
mation concerning the disorder, and notably, parents were
reassured that their actions during pregnancy did not “cause”
their child’s condition, a common parental concern. Further,
genetic counseling and, as appropriate, testing were offered
to the extended family. In the cases where the identified
disorder was not amenable to therapeutic or management
changes, establishment of a definitive diagnosis gave parents
and providers confidence that the patient did not have a rare,
currently treatable condition.

Discussion

Introduction of WGS into Clinical Practice
Introduction of WGS into clinical practice requires evidence
that the test can be integrated into current clinical practice
and that results are useful to physicians, patients, and
families.

WGS established a diagnosis in 36% (8/22) of cases when
all other reasonable testing had been exhausted and in 75%
(6/8) of cases where a diagnosis was established, the result
had an impact on management with attendant economic
consequences (►Table 2). WGS proved useful as a diagnostic
tool even in patients who had had extensive diagnostic
laboratory testing over many years. Consistent with other
studies of clinical utility,10,11 WGS yielded results that were
useful to physicians, patients, and families. Thus, we believe
that use of genomic sequencing early in the diagnostic
process for patients with suspected genetic disorders may
reduce the cost of diagnosis by eliminating many individual
tests and may improve outcome by reducing the time to
diagnosis.

The improvement in the diagnosis rate from 14% (3/22)
initially to 36% (8/22) with reanalysis is noteworthy. As new
gene-phenotype connections appear in the literature, reanal-
ysis of negative caseswill increasingly yield a diagnosis. These
diagnoses can result in specific patient management
consideration.

OMIM catalogues 5,768 phenotypes for which the molec-
ular basis is known among the 15,328 autosomal, X-linked,

Y-linked, and mitochondrial mapped genes in the catalog.38

The fact that 62% of all known genes are not associated with a
recognized phenotype explains, in part, the failure of genomic
sequencing to yield a diagnosis in the majority of cases.

Our diagnosis rate is similar to other studies of WGS and
WES. WES led to a molecular diagnosis in 25 to 29% of cases
with a suspected genetic diagnosis.5–7 For patients with
neurodevelopmental phenotypes, a WES diagnostic rate of
48% was seen.8 WGS led to a molecular diagnosis in �40% of
cases with severe intellectual disability.9 In one study with
adults, WES established a diagnosis in 18% of cases.12 When
WESwas employed as thefirst test in the evaluation of infants
with suspected monogenic disease, a diagnosis was estab-
lished in 57% of cases.10 A study using WGS as the initial test
in a pediatric genetics clinic established a diagnosis in 34% of
cases.11

WGS has an advantage over WES because it can detect
variants that are outside protein coding regions and the
immediately surrounding intronic regions covered by WES.
Reports of pathogenic variants in deep intronic regions that
result in hereditary disease are starting to appear.39,40Review
of the reported variants from our pilot cases showed that two
of variants (case 11 and case 21 in ►Table 2) were in regions
that are not well covered by WES.

Turnaround time is essential to the successful deployment
of genomic sequencing in clinical practice. Toward the end of
the pilot study (the last eight cases), a median time of
131 days was required from blood draw to final report.
This is similar to the 15-week turnaround time reported for
WES by Lazaridis.41 A commonly noted challenge to turn-
around time in a high-throughput clinical setting is the time
required for expert interpretation of identified variants. On
average, WGS in our laboratory identified 3 to 4 million
variants. Following prioritization, we found that �600 var-
iants were prioritized for expert interpretation. By the end of
this pilot program, �3 hours of clinical analyst time and 3
hours of director time were needed to select and interpret
variants associated with the diagnosis under consideration
and incidental findings if requested. Significant review is
needed due to the presence of many incorrectly classified
variants in the literature.18,42 Over time, with ongoing cura-
tion, the number of variants that have to be manually
reviewed for each new case will drop, thus reducing the
overall time required for analysis. Use of computer-assisted
decision support should further reduce analysis time.

Our interpretation time differs significantly from other
reports of WGS. To understand the discrepancy, it is impor-
tant to consider the nature of the studies being compared. In
their report, Deweyet al18 appliedWGS to healthy individuals
and evaluated all candidate inherited disease risk variants,
certain coronary artery disease and diabetes genetic risk
variants, and pharmacogenomic variants. The median num-
ber of variants that required manual curation was 108 per
genome, and the median curation time was 54 minutes per
variant. In contrast, data analysis in our study was limited to
Mendelian disease, focused on rare variants in genes that
might explain the patient’s complex phenotype and when
requested, incidental findings of published pathogenic
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variants inMendelian disorders. These differences give rise to
the significant differences in reporting times in the two
studies.

Evidence is emerging that genomic sequencing can replace
dideoxynucleotide sequencing and eliminate the time and
expense related to confirmatory testing of WES and WGS
results.43–45 The difference between the WGS result and the
dideoxynucleotide sequencing results in case 4 and case 12
suggests that laboratories should proceed with caution.

Genomic sequencing raises a new challenge to the clinical
molecular genetics laboratory. In cases where one variant is
found and the disorder is recessive, then analysis of the rest of
the gene in question must be undertaken as genomic se-
quencing may fail to detect a second variant, particularly in
the case of insertions and deletions or variants larger than the
detectable range for current next-generation sequencing
methodologies. If a clinical laboratory offers dideoxynucleo-
tide sequencing for the gene of interest, searching for the
second variant is straightforward. However, there are many
genes with no clinical laboratory testing available. Laborato-
ries performing genomic sequencing should consider the
need to provide dideoxynucleotide sequencing and inser-
tion/deletion analysis of any gene on an “as needed” basis.

Genomic sequencing used as a diagnostic tool will uncover
incidental findings; this number will increase as our under-
standing of the genome improves. Some of these incidental
findings will provide an opportunity to alter medical man-
agement. In this study, WGS uncovered 41 variants classified
as incidental findings. None resulted in further investigation
for disease in the patient. This is likely the result of limiting
incidental findings to Mendelian disorders. In contrast, the
study byDewey et al evaluated all candidate inherited disease
risk variants, certain coronary artery disease and diabetes
genetic risk variants, and pharmacogenomic variants in
healthy individuals and determined that the estimated cost
of initial clinical follow-up is less than $1,000 per person.18

The prospect of discovering actionable incidental findings
in the large number of individuals who are now undergoing
genomic sequencing has started a lively debate concerning
who should be involved in the decision to disclose incidental
findings in patients who are adults and in patients who are
children.22,46–48

When given a choice, patients and familiesmade a range of
decisions concerning return of incidental findings as noted
in ►Fig. 2. In a cohort of adults undergoing WES, 6 of 38 did
not consent to incidental finding reporting of one or more
categories.49 Another study examined patient preferences
regarding incidental findings discovered during tumor pro-
filing; when offered a range of types of incidental findings
that might be returned, there was substantial variability with
regard to which types patients wished to receive.50 In an
effort to identify diagnoses and limit incidental findings, we
applied gene lists to all cases before extending analysis to all
genes. This strategy yielded only two diagnoses in 22 cases.
Uncertainty in these two cases prompted analysis of the
remaining genes. This experience raises the question of
whether the use of a gene list to limit incidental findings is
valuable. Additionally, such a process might cause a laborato-

ry tomiss a diagnosis when a patient has two or more genetic
diseases.5,11 The importance of providing the laboratory with
extensive clinical information about the patient cannot be
overemphasized. This arises from the nature of a genomic
test. A molecular test for a recognized phenotype such as
cardiomyopathy is very different from a genomic test for any
known disease. In genomic testing, the prior probability of
any given gene causing the patient's phenotype is low and
therefore the laboratory must obtain detailed information
about the patient's phenotype to carry out the analysis.
Recent studies show that there are many rare variants that
are population specific; not all of these are pathogenic.51,52

The VLDLR variant in case 4 is an example of the growing
opportunity afforded by genomic sequencing to expand the
number of genotype-phenotype associations. When a gene
has not been associated with a patient’s phenotype or when
the gene has been associatedwith a different phenotype from
that under consideration, this is called a “gene of uncertain
significance” (GUS).53 There is nowadatabase of undiagnosed
cases where a GUS is identified that allows laboratories to
exchange information about these cases.54 Additionally, it is
important for clinical laboratories to work with research
laboratories as the latter are in a position to pursue a GUS.

Genomic sequencing can also provide information about
the other variants in a gene where pathogenic variants are
found. Case 5 had two SKIV2L pathogenic variants in trans that
together explained the patient’s phenotype. There were seven
additional variants identified by WGS. When a variant is
observed in cis with a pathogenic variant in a recessive
disorder, a clinical laboratory can use this information as
evidence to help establish that the variant is benign. Among
the five cases with recessive diseases, 114 potentially benign
variants were identified. When a variant is observed in cis or
trans with a pathogenic variant in a dominant disorder, a
clinical laboratory can use this information as evidence to help
establish that the variant is benign.Among the three caseswith
dominant diseases, 202 potentially benign variants were iden-
tified (►Supplement 8, available in the online version). Con-
tribution of this type of information along with pathogenic
variants to publicly available databases, such as ClinVar,55 is
useful to all genomic sequencing laboratories.

This study has some limitations. Case selection had several
biases that may have dramatically affected the percentage of
diagnoses achieved including a focus on cases with suspected
rare inherited disease, cases with a distinctive phenotype,
cases where extensive conventional genetic testing had failed
to find a diagnosis, and cases where multiple additional
expensive genetic tests might yield a diagnosis. Additionally,
the number of cases evaluated in this study is small and
therefore the percentage of diagnoses identified in this series
may differ significantly when larger studies are undertaken.
Due to the small sample size, our study is unable to provide
information concerning the specificity of WGS for any given
genetic disorder.

Development of a Genomic Medicine Clinic
Due to the subsequent availability of WES from several other
clinical laboratories and the improvement in insurance
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coverage that occurred following the pilot program described
above, we found that there was no longer a need for a case
review team. The lessons learned from the case review
process were used to initiate two genomic medicine clinics
(GMCs).

Creating a GMC was a straightforward way to integrate
WES andWGS into the current practice of medicine. Separate
GMCs were started for children at CHW and for adults at
Froedtert Hospital. These were staffed by clinical geneticists
and genetic counselors and followed the guidelines devel-
oped by the team. While any physician could order WES or
WGS, most physicians referred patients to the GMC to ensure
that patients were properly counseled about genomic se-
quencing, that sequencing was undertaken when clinically
appropriate, that abnormal results and incidental findings
were properly explained, and that appropriate treatment and
medical management were pursued. When genomic se-
quencing failed to find an answer, these patients continued
to have regular follow-up in the GMC. For these visits,
genomic data are rereviewed based on the updated literature,
any new information about the patient, and application of
updated sequencing and analysis capabilities. In this way,
genomics is integrated into current genetics practicewherein
undiagnosed cases are routinely reevaluated at regular inter-
vals. As seen in this report, such reevaluation more than
doubled our rate of diagnosis.

The number of cases at our institution and across the
United States employing genomic sequencing is growing.
Insurance companies generally require preauthorization of
sequence-based testing. Therefore, in all cases where insur-
ance coverage was requested, an insurance authorization
letter was prepared (►Supplement 9, available in the online
version). The GMC’s genetic counselors work with insurance
authorization staff to prepare the letter. Over a 7-month
period (from October 2013 to April 2014), 29 genomic
sequencing cases were identified and submitted to payers
for prior authorization. Three of the caseswere denied. One of
the three denials was appealed and later authorized. Twenty-
seven cases were authorized and testing occurred.

As with all newmedical technologies, some insurers cover
or partially cover genomic testing while others consider it
experimental and therefore, not a covered benefit. Clinical
trials supporting clinical utility and cost-effectiveness are
required to further convince insurance companies to expand
coverage. Improved technology56 that reduces the price
(currently $6,500–$9,500 for WGS57,58) will also help. Efforts
to integrate genomic testing into routine reimbursement
practices are underway.59 Reimbursement for this test is
connected to the longstanding issues of adequate coverage
of genetic counseling.60 Proper genetic counseling is essential
for the effective deployment of genomic testing in clinical
practice. Genomic testing now has specific CPT codes, which
are needed in the insurance reimbursement process.

Physician Scope of Practice
Because WGS and WES are relatively new and complex tests,
some institutions may elect to limit test ordering to physi-
cians with expertise in genomics. Hospitals routinely define a

“scope of practice” for providers when expensive or high-risk
tests and treatments are involved in an effort to control cost
and reduce patient risk exposure. At CHW, geneticists have
been involved in all requests for WES and WGS to date.
However, as the price of sequencing drops and the number
of clinically important genes and variants increases, it will be
essential for all physicians to be able to appropriately order
genomic testing and use relevant genomic data effectively.
Physicians must also be prepared to counsel about and then
handle incidental findings. As more physicians start to order
genomic testing at CHW, the electronic medical record sys-
temmay require the physician orderingWES orWGS to attest
that the patient/family has had genetic counseling and that
insurance preauthorization was obtained. Broad efforts to
educate physicians about genomic medicine are needed.61

Challenges to Increased Use of WGS in the Clinic
Extracting relevant aspects of the patient’s phenotype from
the medical record to interpret genomic data are a significant
challenge. Just as a tertiary analysis tool such as CarpeNovo
has been developed to present the laboratory director with an
efficient interface to help decide which variants should be
reported, a similar interface will be needed to assemble and
present clinical information to the laboratory director from
the medical record using a standardized vocabulary of phe-
notypic abnormalities found in human disease such as the
Human Phenotype Ontology.62 Efforts in this direction are
underway.63,64

The capacity for storage and transfer of data must keep
pace as medicine increasingly utilizes genomic testing. The
data from a single genome (raw image data, BAM files, and
VCF files) requires approximately one terabyte of storage. As a
result, the MCW genomics laboratory uses more storage
capacity than the entire combined storage needs of the two
hospitals, CHW and Froedtert Hospital. Transfer of a single
patient’s genome to another institution via the Internet can
take days; therefore, the data are often copied to a hard drive
and sent via overnight courier when this is required. It can be
argued that as sequencing accuracy improves and the cost of
sequencing decreases, it will be safer and cheaper to rese-
quence a patient rather than storing and reanalyzing old data.

At present, only the final analytic report is provided by the
laboratory to the physician and stored in the medical record.
The laboratory retains the genomic data. Increased band-
width for data transfer and HIPPA compliant “cloud” storage
will be required if patients and physicians expect to place the
genomic data in the medical record. This would be similar to
MRI images that are stored separately from the electronic
medical record but are linked to it. Such a system would
facilitate reevaluation of the genomewhen initial testing fails
to find the answer or when a new clinical question arises. The
physician would order such testing allowing different labo-
ratories to access the clinical record and associated genomic
data to facilitate reevaluation.

In order for the promise of genomic medicine to be fully
realized, a new specialist will be needed, the “genomicist.”
These will be physicians with training in the use of genomic
data in clinical practice. At present, these individuals are
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geneticists and pathologists. Genomic sequencing can be
divided into two steps. First, the laboratory generates a list
of variants for a patient’s genome. Next, the relevant variants
are connected to the patient’s condition using tertiary analy-
sis software. The latter step would be accomplished by the
genomicist. With time, each medical specialty may develop
their own genomicists to evaluate patients for genetic dis-
orders connected to their specialty. No pathologist or geneti-
cist is likely to have asmuch knowledge of medical specialties
such as cardiology compared with board-certified specialists
in the respective area. This has revenue implications for each
specialty inmedicine. Current CPT coding already permits the
laboratory to bill the technical component and the physician
to bill the professional (interpretive) component.

Conclusion

Application of WGS in a rare disease setting dramatically
increased our ability tomake diagnoses even in difficult cases
where other methods had failed. We found, over time, that
the rate of diagnosis increased without the need to produce
additional sequence data. This has a significant advantage
over approaches that limit testing and analysis to the current
scientific knowledge available at the time of testing. In
summary, we believe thatWGS is an appropriate and valuable
molecular diagnostic methodology for use in clinical practice
today.
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