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INTRODUCTION
The reported diagnostic yield for clinical exome sequencing of 
patients with presumed Mendelian disorders is around 25%.1–5 
It remains unclear what proportion of undiagnosed patients 
harbor a causative mutation in the already sequenced exome 
that is not prioritized in the initial analysis.

There are several reasons that causative mutations in the 
exome might be unrecognized. First, the processes both to call 
variants from short sequence reads and to annotate the impact 
of variants on genes are imperfect.6,7 Factors at each step can 
result in a causative variant being unidentified. Second, exome 
interpretation is informed by the reported patient phenotype. 
If key elements of the phenotype are not available to the clini-
cal laboratory, because they either were not recorded or have 
not yet clinically emerged, this decreases the likelihood that a 
causative variant would be prioritized. Third, the representa-
tion of known gene–disease and variant–disease associations 
in readily searchable structured databases is incomplete, and 
the gap between the primary literature and structured data-
bases is growing.8 Identifying relevant information in the free-
text primary literature relies on imperfect ad hoc heuristic 
searches such as with search engines, rather than the prefer-
able systematic queries of databases. Fourth, knowledge of vari-
ant and gene function is incomplete. Over 1,600 characterized 
Mendelian phenotypes are not yet tied to a causative gene, some 

Mendelian phenotypes exhibit genetic heterogeneity and have 
multiple causative genes, and many Mendelian conditions are 
yet to be recognized.9,10

Furthermore, a significant amount of expert time—from 20 
to 40 h—is often required to evaluate a clinical exome.11 This 
introduces potential variability and bias, and makes it difficult 
to precisely replicate exome analysis. The required manual time 
also may decrease the frequency of reanalysis. Some clinical 
laboratories reanalyze exomes upon a provider’s request, limit 
reanalysis requests to one per year, or require a fee to reanalyze.12

To evaluate how improvements in genome analysis meth-
ods and expanded knowledge of variant and gene function 
might increase the diagnostic yield of exome sequencing, we 
recruited 40 individuals with previously nondiagnostic clinical 
exome sequencing. We reanalyzed exome data with the benefit 
of up-to-date analysis software and the current literature, and 
we applied standard American College of Medical Genetics and 
Genomics guidelines for variant classification.13

MATERIALS AND METHODS
Participant recruitment
Beginning in the fall of 2014, patients of the Medical Genetics 
Service at Stanford Children’s Health at Stanford who had non-
diagnostic clinical exome reports were offered the opportunity 
to enroll in an exome data reanalysis study. For participants, 
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Purpose: Clinical exome sequencing is nondiagnostic for about 75% 
of patients evaluated for a possible Mendelian disorder. We examined 
the ability of systematic reevaluation of exome data to establish addi-
tional diagnoses.

Methods: The exome and phenotypic data of 40 individuals with 
previously nondiagnostic clinical exomes were reanalyzed with cur-
rent software and literature.

Results: A definitive diagnosis was identified for 4 of 40 participants 
(10%). In these cases the causative variant is de novo and in a rele-
vant autosomal-dominant disease gene. The literature to tie the caus-
ative genes to the participants’ phenotypes was weak, nonexistent, or 
not readily located at the time of the initial clinical exome reports. At 

the time of diagnosis by reanalysis, the supporting literature was 1 to 
3 years old.
Conclusion: Approximately 250 gene–disease and 9,200 variant–
disease associations are reported annually. This increase in informa-
tion necessitates regular reevaluation of nondiagnostic exomes. To be 
practical, systematic reanalysis requires further automation and more 
up-to-date variant databases. To maximize the diagnostic yield of 
exome sequencing, providers should periodically request reanalysis 
of nondiagnostic exomes. Accordingly, policies regarding reanalysis 
should be weighed in combination with factors such as cost and turn-
around time when selecting a clinical exome laboratory.
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the original raw sequencing reads were obtained from the clini-
cal laboratories after consent. The first 40 cases for which data 
were obtained were included. For all cases, the laboratories had 
sequenced the exome of the proband and evaluated candidate 
variants in parents as deemed necessary.

Participant age is reported as of the date on which a sample 
was collected for the exome sequencing test. On average, the 
initial nondiagnostic clinical exome reports for the participants 
had been issued 20 months before reanalysis.

Research was conducted under a protocol approved by 
the Stanford Institutional Review Board for human sub-
jects research. Written informed consent was obtained for all 
participants.

Read mapping and variant calling
Sequencing reads were mapped to the GRCh37/hg19 assembly 
of the human genome using the MEM algorithm of the Burrows-
Wheeler Aligner, version 0.7.10-r789, with default parameters.14 
Duplicate reads were marked with Picard Tools, version 1.105.15 
Variants were called using the Genome Analysis Toolkit, ver-
sion 3.4-46-gbc02625, following the HaplotypeCaller workflow 
in the Genome Analysis Toolkit Best Practices, including inser-
tion/deletion realignment and base quality score recalibration.16

Structured encoding of participant phenotypes
Phenotips was used to encode each participant’s medical history 
in Human Phenotype Ontology nomenclature.17,18 The clinical 
data originally provided to the reference laboratory were used 
for the encoding. Encoded phenotypes were matched against 
the gene/phenotype annotations in the Human Phenotype 
Ontology to evaluate the relevance of each gene to the partici-
pant’s phenotype.

Identifying causative variants
ANNOVAR, version 527, was used to annotate variants with a 
predicted effect on protein-coding genes from the ENSEMBL 
gene set, version 75, and with an allele frequency in the Exome 
Aggregation Consortium and 1000 Genomes Project control 
human populations.19–22 Variants were filtered to retain only 
rare variants (maximum allele frequency <0.1% in any 1000 
Genomes Project or Exome Aggregation Consortium popula-
tion) that are predicted to be missense, truncating, in-frame 
insertion or deletion, stop codon loss, or splice site disrupting.

A literature review was performed for each candidate caus-
ative variant. Variants were classified in accordance with the 
guidelines of the American College of Medical Genetics and 
Genomics.13 A variant was considered causative if, in the clini-
cal judgment of the evaluating medical geneticist, it is classified 
as pathogenic or likely pathogenic for a disease that matches the 
participant’s phenotype.

Once a candidate variant was identified, the clinical labora-
tory was contacted to perform parental testing for the variant. 
Following parental testing, updated clinical reports were issued 
and participants received updated genetic counseling.

Quantifying growth in gene–disease and variant–disease 
annotations
Data from the OMIM database and the Human Genome 
Mutation Database (HGMD) Pro 2015.2 were used to quantify 
the growth in gene-disease and variant-disease associations.23,24

The OMIM gene–disease association count is the “Phenotype 
description, molecular basis known” statistic reported at http://
omim.org/statistics/entry. Historical values were obtained from 
https://web.archive.org/web/*/http://www.ncbi.nlm.nih.gov/
Omim/mimstats.html.

The number of HGMD variant–disease associations was cal-
culated using the publication year tied to each variant. Only 
DM variants (disease-causing; demonstrated to be pathogenic) 
are included. The HGMD gene–disease annotation counts use 
the first publication year of any variant tied to a gene. Unique 
gene symbols are considered distinct genes.

RESULTS
Attributes of the study population
Of the 40 participants, 15 are male and 25 are female. Most are 
pediatric (age <18 years); at the time of exome sequencing, 31 
participants were younger than 10 years of age. The primary 
indication for testing varied, but the majority of participants 
(n = 28) have a neurologic or neurodevelopmental condition. 
Participants underwent clinical exome sequencing at the Baylor 
Miraca Genetics Laboratory, the UCLA Clinical Genomics 
Center, or Ambry Genetics (Table 1).

Discovery of causative mutations in four participants
Reanalysis of exome data from 40 participants revealed a caus-
ative mutation in 4 (Table 2).

Case 1. Case 1 is an 18-year-old female with absent speech, 
intellectual disability, short stature, hypertrichosis, and 
dysmorphic facial features. Reanalysis identified a heterozygous 
rare missense variant in KMT2A (NM_005933) c.3464G>A, 
p.C1155Y. Analysis of the parents confirmed the variant to be de 
novo in the proband. Mutations in KMT2A cause Wiedemann-
Steiner Syndrome (WDSTS; OMIM 605130), an autosomal-

Table 1 Attributes of the study population
Sex Primary indication

Female 25 Neurologic 28

Male 15 Congenital anomalies 4

Metabolic 2

Age (years) Musculoskeletal 2

<2 9 Cancer 1

2–5 10 Gastrointestinal 1

5–10 12 Hearing loss 1

>10 9 Vascular 1

Forty study participants were recruited from among patients of the Medical Genetics 
Service at Stanford Children’s Health who received nondiagnostic clinical exome 
reports.
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dominant disorder characterized by hypertrichosis cubiti, short 
stature, and developmental delay.25

Initial nondiagnostic exome sequencing and analysis results 
for case 1 were reported in July 2012. The first published 
report of KMT2A mutations as the cause of WDSTS is from 
August 2012 (ref. 25). A June 2015 report identifies the KMT2A 
c.3464G>A variant as the presumed cause of WDSTS in an 
unrelated male.26 The variant is not listed in HGMD Pro 2015.2.

Case 2. Case 2 is a 10-year-old female with autism, speech delay, 
intellectual disability, bouts of aggression, self-injurious behavior, 
and sleep difficulties. Reanalysis identified a heterozygous rare 
missense variant in DEAF1 (NM_021008) c.737G>C, p.R246T. 
Analysis of the parents confirmed the variant to be de novo in 
the proband. Mutations in DEAF1 cause autosomal-dominant 
mental retardation 24 (OMIM 615828), which is characterized 
by autistic features, developmental delay, poor expressive speech, 
mood swings, high pain threshold, and sleep difficulties.27

Initial nondiagnostic exome sequencing and analysis results 
for case 2 were reported in November 2013. Case reports that 
connect mutations in DEAF1 to intellectual disability date to 
December 2010 and November 2012. The definitive report of 
mutations in DEAF1 as the cause of autosomal-dominant men-
tal retardation 24 is from May 2014 (refs. 27–29). To our knowl-
edge, the DEAF1 c.737G>C variant has not been reported in a 
second case and is not listed in HGMD Pro 2015.2.

Case 3. Case 3 is a 6-year-old female with developmental delay, 
failure to thrive, spasticity, and cerebral atrophy. Reanalysis 
identified a heterozygous rare missense variant in IFIH1 
(NM_022168) c.2159G>A, p.R720Q. Analysis of the parents 
confirmed the variant to be de novo in the proband. Mutations 
in IFIH1 cause Aicardi-Goutieres syndrome 7 (OMIM 615846), 
an autosomal dominant inflammatory disease characterized 
by severe neurologic problems, growth retardation, axial 
hypotonia, spasticity, and brain imaging changes.

Initial non-diagnostic exome sequencing and analysis results 
for case 3 were reported in September 2014. The first published 
report of IFIH1 mutation as the cause of Aicardi-Goutieres syn-
drome 7 is from May 2014 and includes the IFIH1 c.2159G>A 
variant.30 The variant was added to the HGMD database in May 
2014, soon after publication.

Case 4. Case 4 is a 4-year-old male with short stature, failure 
to thrive, microcephaly, hearing impairment, recurrent 
pneumonia, hypertrichosis, carious teeth, and dysmorphic facial 
features. Reanalysis identified a heterozygous rare missense 
variant in PIK3R1 (NM_181504) c.1135C>T, p.R379W. 
Analysis of the parents confirmed the variant to be de novo in 
the proband. Mutations in PIK3R1 cause SHORT syndrome 
(OMIM 269880), which is characterized by short stature, 
hyperextensible joints, ocular depression, Rieger anomaly, 
teething delay, insulin resistance, and hearing deficits.31

Initial nondiagnostic exome sequencing and analysis results 
for case 4 were reported in October 2012. The first published 
report of PIK3R1 mutations as the cause of SHORT syndrome 
is from July 2013 and includes the c.1135C>T variant.31 The 
variant was added to the HGMD database in July 2013, soon 
after publication.

Gene–disease and variant–disease associations are 
continually growing
We used the OMIM and HGMD databases to quantify the rate 
of growth in the number of gene–disease and variant–disease 
associations in the literature.

As of 21 October 2015, OMIM lists 6,212 Mendelian disor-
ders. The molecular basis (i.e., gene–disease association) is doc-
umented for 4,570 of these. Eleven years earlier, on 20 October 
2004, OMIM listed the molecular basis of only 1,636 disor-
ders. Since 2004, the number of OMIM disorders with a noted 
molecular basis (i.e., gene–disease associations) has increased 
steadily, at an average rate of 266 entries per year (Figure 1a).

Similarly, the number of gene–disease and variant–disease 
associations in HGMD has increased steadily. HGMD lists 
51,790 pathogenic variants in 1,601 genes from 2004 and ear-
lier. Today, HGMD lists 147,728 pathogenic variants in 4,110 
genes, an average growth rate of 9,210 variants and 241 genes 
per year (Figure 1b,c).

DISCUSSION
Exome sequencing is a valuable diagnostic tool for patients 
with Mendelian disorders. The yield of proband-only exome 
sequencing is estimated at 25%. Conceptually, cases for which 
exome sequencing is nondiagnostic fall into two distinct cate-
gories: those where the diagnosis lies outside the data produced 

Table 2 Diagnosis of 4 of 40 participants (10%) by exome data reanalysis

Case Causative mutation Diagnosis from exome data reanalysis
Date of clinical 
exome report

Publication date of article that 
ties causative gene to disease

1 KMT2A c.3464G>A p.C1155Y Wiedemann-Steiner Syndrome (OMIM 605130) July 2012 August 2012

2 DEAF1 c.737G>C p.R246T Autosomal-dominant mental retardation  
24 (OMIM 615828)

November 2013 May 2014; case reports in 
December 2010 and  

November 2012

3 IFIH1 c.2159G>A p.R720Q Aicardi-Goutieres syndrome 7 (OMIM 615846) September 2014 May 2014

4 PIK3R1 c.1135C>T p.R379W SHORT syndrome (OMIM 269880) October 2012 July 2013

Four participants with nondiagnostic clinical exome sequencing received a diagnosis from exome data reanalysis. All four participants were diagnosed with  
autosomal-dominant disorders due to missense variants. Analysis of parents confirmed that all mutations are de novo in the probands.
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(e.g., the causative mutation is in a coding region not covered 
by the exome, or it is noncoding, or the cause is not genetic); 
and those where the diagnosis lies in the available genetic data, 
but incomplete recognition of the phenotype or limitations of 
current tools or knowledge hinder discovery.

As tools and knowledge related to gene–disease associations 
improve, we will be able to diagnose more cases in the latter 
category. We comprehensively reanalyzed 40 unsolved exome 
cases for which a nondiagnostic exome report was issued, on 
average, 20 months before reanalysis. We identified a definitive 
diagnosis in 10% of cases (4/40).

The primary reason that we find new diagnoses is the grow-
ing knowledge of gene–disease and variant–disease associa-
tions in the literature. A nondiagnostic exome could be solved 
by any one new publication. We show that the pace of publica-
tion is quite rapid, with around 250 new gene–disease associa-
tions and 9,200 variant–disease associations curated each year.

The effect of continual growth in the literature is well exem-
plified by case 1, who was diagnosed with WDSTS caused by 
a de novo mutation in KMT2A. The clinical laboratory issued 

a nondiagnostic exome report for case 1 on 25 July 2012. 
The first paper to link KMT2A to WDSTS was published in 
the American Journal of Human Genetics 2 weeks later on 
10 August 2012. The information was added to HGMD that 
same day, and it was logged in OMIM shortly thereafter. Had 
the clinical exome been ordered a month later, it is probable 
that the test would have identified the proper diagnosis. Yet, 
nearly 3 years later, the patient remained undiagnosed. This 
illustrates the great need to regularly reevaluate nondiagnos-
tic exomes in light of updated knowledge to maximize diag-
nostic yield.

Frequent reevaluation of exomes is challenging in practice 
because of the required labor. Clinical laboratories can devote 
20 to 40 h of expert labor to issue an initial clinical exome report. 
Effort may accordingly be prioritized to processing new exomes 
rather than reanalyzing old ones, as the benefit and likelihood 
of identifying a new diagnosis must be balanced against the cost 
of reanalysis. Many clinical laboratories do reanalyze exomes 
upon a provider’s request, but there is often a limit to the num-
ber of requests or an associated fee.12 Increased automation 

Figure 1  Growth in gene–disease and variant–disease associations. (a) The number of phenotypes with a known molecular basis—that is, a gene–
disease association—in OMIM. (b) The number of pathogenic variants—that is, a variant–disease association—in the Human Gene Mutation Database (HGMD). 
(c) The number of genes with a pathogenic variant in HGMD. The growth rate is an average over the full time span.
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could lessen the expense and shift the cost-benefit calculation 
toward more frequent reanalysis.

Efforts should focus on automating as much of the analysis 
process as is feasible. In particular, standard approaches are 
needed to encode patient phenotypes and to measure objec-
tively the relevance of a gene or disease to a patient’s phenotype.32 
Such systems will depend on databases of well-substantiated 
gene–disease and variant–disease associations represented in 
structured ontologies. Thus it is also important to develop sys-
tems to keep databases up to date with well-curated informa-
tion from the current literature.

The 40 cases evaluated in this report had proband-only 
exome sequencing with follow-up assessment of candidate vari-
ants in the parents. It is recognized that the yield of trio exome 
sequencing may be higher.3,5 In the four cases diagnosed after 
reanalysis in this report, the causative variant was de novo in the 
proband and was not listed on the clinical exome report. This 
is because many laboratories report variants only in genes that 
are relevant to the patient’s phenotype, and the disease associa-
tions of the four genes of interest were to varying degrees not 
well characterized or documented at the time that the clinical 
reports were issued. Providers should consider ordering trio 
exomes to facilitate the identification of de novo coding vari-
ants, of which a typical exome has one or two.33 The use of trio 
exome studies should also simplify the task of data reanalysis 
since segregation can be used to prioritize variants.

Both the initial analysis of exome data and its subsequent 
reanalysis may benefit from collaboration between the clinical 
laboratory and the ordering provider. Laboratories rely on pro-
viders for phenotypic data and for updates to this information 
to be considered at reanalysis. Providers rely on laboratories 
to report relevant variants and to update variant interpreta-
tion based on new information. Practical considerations sug-
gest that benefits may follow from ordering providers initiating 
reanalysis. In requesting reanalysis, the provider may send an 
update on the patient phenotype to the laboratory. The request 
may also serve to confirm that the provider (i) is expecting 
the results of reanalysis and (ii) is in contact with the patient. 
Nonetheless, there are expected to be occasions when a diag-
nosis is found on reanalysis by a clinical laboratory without a 
request from an ordering provider. It may therefore be helpful 
for undiagnosed patients who have undergone exome sequenc-
ing to ensure providers have up-to-date contact information.

Our experience illustrates that a “negative” nondiagnostic 
result from exome sequencing does not mean that the disease 
etiology lies outside of the data already produced. For patients 
with a high suspicion of a Mendelian disorder, providers should 
periodically request a reevaluation of exome data by clinical 
laboratories, including in the absence of new phenotypic find-
ings. The findings of this study suggest that reanalysis at a 2- to 
3-year interval could result in a 10% diagnostic yield. Larger 
studies may be helpful to define a standard practice for the 
timing of reanalysis, taking into account the cost of reanaly-
sis and the evolving rate of discovery of gene–disease relation-
ships. Furthermore, providers should weigh policies regarding 

reanalysis, along with cost of testing and turnaround time, in 
selecting a laboratory for exome sequencing.
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