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Abstract
Background: Our primary aim was to evaluate the systematic reanalysis of singleton 
exome sequencing (ES) data for unsolved cases referred for any indication. A second-
ary objective was to undertake a literature review of studies examining the reanalysis 
of genomic data from unsolved cases.
Methods: We examined data from 58 unsolved cases referred between June 2016 
and March 2017. First reanalysis at 4–13 months after the initial report considered 
genes newly associated with disease since the original analysis; second reanalysis at 
9–18 months considered all disease-associated genes. At 25–34 months we reviewed 
all cases and the strategies which solved them.
Results: Reanalysis of existing ES data alone at two timepoints did not yield new 
diagnoses. Over the same timeframe, 10 new diagnoses were obtained (17%) from 
additional strategies, such as microarray detection of copy number variation, repeat 
sequencing to improve coverage, and trio sequencing. Twenty-seven peer-reviewed 
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1  |   INTRODUCTION

A recent scoping review of the literature on the clinical impact 
of genomic sequencing in pediatric patients reported a me-
dian diagnostic yield of 33.2% (Smith et al., 2019). A “nega-
tive” exome in the remaining two-thirds of cases may be due 
to a number of factors. There are technical challenges such 
as imperfect sequencing, variant annotation, and filtering; 
together with difficulties in variant interpretation owing to 
incomplete knowledge of gene-/variant-disease associations, 
gene function; and the evolution of patient phenotype with 
time. One advantage of ES and genome sequencing (GS) is 
the capacity for reanalysis of existing data in unsolved cases. 
We applied different reanalysis strategies at two timepoints 
to evaluate the effectiveness of reanalyzing singleton ES data 
and compared against other strategies to reach a diagnosis in 
unsolved cases.

To complement our reanalysis, we undertook a litera-
ture review of studies investigating the incremental diag-
nostic rate achieved via the reanalysis of ES/GS data. There 
has been no comprehensive literature review of reanalysis 
studies to date, making this a timely exercise in light of 
the recent statement by the American College of Medical 
Genetics and Genomics (ACMG) highlighting the need 
for reanalysis in undiagnosed cases (Deignan et al., 2019). 
Understanding the new diagnostic rate afforded by differ-
ent reanalysis strategies will help to guide laboratories and 
clinicians considering reanalysis for their patients, as well 
as inform policy regarding funding schema for systematic 
reanalysis.

2  |   MATERIALS AND METHODS

2.1  |  Ethical compliance

Written consent was provided for each reanalysis case to 
be included in this research and additional research-based 
analysis was undertaken through the Undiagnosed Diseases 
Program Victoria as approved by The Royal Children's 
Hospital Ethics Committee (HREC36291A).

2.2  |  Patient selection

We reanalyzed data from unsolved cases referred for ES 
to Victorian Clinical Genetics Services (VCGS) Clinical 
Genomics Laboratory over a 10-month period between June 
2016 and March 2017. Unsolved cases were defined as those 
with no diagnosis established on ES after analysis of known 
human Mendelian disorder genes, termed the “Mendeliome,” 
which comprised 3734 genes in July 2017. Selection criteria 
included a request for clinical genomic testing irrespective of 
indication and the provision of informed consent for genomic 
testing and reanalysis. The following data were collected: de-
mographics, age, alive or deceased, and referral indication.

2.3  |  Study design

Our first reanalysis (“Tier 1,” Figure 1) involved review-
ing only variants in genes newly associated with the disease 
since the time of original analysis. These genes are added as 
updates to the Mendeliome every 6  months (“Mendeliome 
Update”), and are generated from the review of current lit-
erature. Reanalysis using this list of updated Mendeliome 
genes was conducted in July 2017, between 4 and 13 months 
after the original ES report was generated. There were 570 
genes added to the Mendeliome in July 2017, incorporating 
updates from July 2016, January 2017, and July 2017. Our 
second reanalysis (“Tier 2”) involved reviewing variants in 
all disease-associated genes for each case. Interrogation of 
the existing exome data for the whole Mendeliome (4304 
genes) occurred in November 2017, nine to 18 months after 
the initial ES report. Finally, we reviewed the status of all 
cases in April 2019 (25–34  months after the initial report) 
and collated all strategies that led to a diagnosis.

2.4  |  Exome sequencing, variant 
annotation, and interpretation

Singleton ES was performed at VCGS Pathology, an ac-
credited (National Association of Testing Authorities, 

articles were identified on the literature review, with a median new diagnosis rate via 
reanalysis of 15% and median reanalysis timeframe of 22 months.
Conclusion: Our findings suggest that an interval of greater than 18 months from the 
original report may be optimal for reanalysis. We also recommend a multi-faceted 
strategy for cases remaining unsolved after singleton ES.

K E Y W O R D S

exome sequencing, genome sequencing, rare disease, reanalysis
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Australia) laboratory, using the Nextera Rapid Capture 
Exome kit (Illumina, San Diego, CA) on HiSeq 4000 se-
quencers (Illumina, San Diego, CA), with a target mean 

coverage of 100x and a minimum of 91% of bases se-
quenced to at least 15x. ES variant calls were reannotated 
in July 2017 (Tier 1 reanalysis) and November 2017 (Tier 

F I G U R E  1   Study design

F I G U R E  2   Summary of patient selection
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2 reanalysis) using the latest respective version of our 
custom in-house bioinformatics pipeline, Cpipe,(Sadedin 
et al., 2015) in order to generate annotated variant calls 
within the target region (coding exons ±2 base pairs), via 
alignment to the reference genome (GRCh37). Variants 
were annotated against all gene transcripts, with the cura-
tion of variants against the HGNC recommended transcript 
(according to HGVS nomenclature). Variant filtering was 
performed as previously described (Stark et al., 2016), with 
the data for each patient assessed and prioritized for clas-
sification by two clinical geneticists—the referring geneti-
cist and a study geneticist (N.T.). Variant classification was 
performed using our in-house variant classification scheme 
based on the American College of Medical Genetics and 
Genomics guidelines for variant interpretation (Richards 
et al., 2015). Class 3 variants (Variants of Uncertain 
Significance, VUS) were further sub-classified as being of 
potential clinical relevance (class 3A), unknown clinical 
relevance (class 3B) or low clinical relevance (class 3C) 
based on the relevance of the variant to the patient pheno-
type and likelihood of being up- or down-graded with addi-
tional evidence (e.g., segregation). Cases were selected for 
reanalysis if the original report was uninformative—being 
either a “negative” report (i.e., no clinically reportable var-
iants were identified) or a report with class 3B or 3C vari-
ants. The process for patient selection and data analysis is 
summarized in Figure 2.

2.5  |  Literature search

PubMed, Embase, and Medline were searched in December 
2019 for articles reporting reanalysis of ES/GS data in 
unsolved cases. Full search strategies are available as 
Supplementary Information. Complete reference details 
for all articles were imported into Endnote (Clarivate 
Analytics, Boston, MA) and duplicate records removed. 
Articles published after 1 January 2017 were selected for 
assessment of eligibility. Two independent reviewers (NT 
and TT) compared all titles and abstracts against eligibility 
criteria with any discrepancies resolved by consensus. One 
author (NT) reviewed each full-text article and extracted 
relevant data. Articles that met the following criteria were 
included in the review: (1) peer-reviewed original research 
article; (2) reanalysis was performed of ES or GS data for 
individuals who received no diagnosis at the time of re-
porting the original ES or GS result. Studies that reana-
lyzed patient data derived from targeted gene panels only 
were excluded. Studies of patients enrolled in a research 
protocol performing ES or GS for a clinical indication 
were included. Studies were limited to those published in 
English. No restrictions were placed on study design or the 
number of individuals reported. As a result, this literature 

review encompassed studies utilizing a number of different 
study methodologies across diverse patient populations. 
Therefore, results across studies were summarized and nar-
ratively described rather than statistically combined in a 
meta-analysis.

3  |   RESULTS

3.1  |  Characteristics of the study population

One hundred and eleven patients in this cohort were re-
ferred for clinical ES during the 10-month study period; 51 
females and 60 males. At the time of the original analysis, 
pathogenic and likely pathogenic variants were identified 
for 36 cases, conferring a diagnostic rate of 32% (36/111). 
The remaining 75 cases received uninformative ES results. 
The median age at the time of the initial report date was 
similar for the diagnosed versus uninformative groups (3 
vs. 3.5 years). The number of deceased individuals at the 
time of referral for ES was more than twice as high for the 
uninformative group than for the diagnosed group (Table 
1). Whilst the referral indication varied, the most common 
phenotype tested was a syndromic neurodevelopmental 
disorder (56% of all referrals).

3.2  |  Tier 1 reanalysis

Of the 75 original ES cases that were uninformative, 53 
(42 negative cases and 11 class 3B/3C cases) underwent 
reanalysis applying only the Mendeliome Update genes in 
July 2017 (Figure 2). Class 3A cases were not examined 
at this stage as the majority were undergoing or had seg-
regation testing performed, leading to the reclassification 
of these variants (Figure 2). Eighteen additional variants 
in 12 negative cases were curated, with no pathogenic or 
likely pathogenic variants ultimately identified. No addi-
tional variants of interest were proposed for curation in the 
11 cases initially reported with 3B/3C variants. One case 
was solved at this stage via SNP array testing that identi-
fied an ATAD3 gene cluster deletion (patient S3 in Desai 
et al., 2017).

3.3  |  Tier 2 reanalysis

Fifty-seven unsolved cases were fully reanalyzed after the 
Mendeliome was updated in November 2017. These cases 
comprised: 41 of the original 42 negative cases (owing to the 
solved ATAD3 case); the 11 cases with class 3B/3C variants; 
three cases that were originally reported with class 3A vari-
ants that were later downgraded to class 3B variants following 
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segregation studies; and two cases where the referring clinician 
requested reanalysis despite class 3A variants being reported on 
the original ES. Forty-nine variants in 20 cases were curated, 
the majority of which were found to be not diagnostic. One pa-
tient was identified as a heterozygous carrier of a pathogenic 
variant in GJB2, which is associated with autosomal recessive 
deafness (OMIM#220290). This condition was not associated 
with the patient's phenotype and was, therefore, an incidental 
carrier status finding. We identified two class 3A missense vari-
ants and one splice variant of interest in SYNE1 in a patient with 
congenital arthrogryposis. Segregation studies are being con-
sidered for these variants, as the phenotype is compatible with 
biallelic SYNE1 pathogenic variants (Attali et al., 2009). In a 
majority of cases (54%), no variants of interest were identified 
following this reanalysis.

3.4  |  Cases solved by additional strategies

By April 2019, 15 of the original 75 uninformative ES cases 
had been solved, conferring an additional diagnostic rate of 
20%. The strategies leading to a resolution of these 15 cases 
were: (i) completion of segregation studies; (ii) completion 
of functional studies; (iii) enrolment in a gene discovery 
research program for trio ES/GS; and (iv) interrogation for 
genomic lesions either not tractable by ES or not well identi-
fied due to technical limitations of sequencing and variant 
filtration.

Four diagnoses were established following segregation 
studies. Initial analysis of these cases had identified class 
3A variants of potential clinical significance which were 
all upgraded to class 4 likely pathogenic variants follow-
ing segregation testing. The segregation studies helped to 
establish: if a variant was de novo in a proband (NAA10, 
OMIM*300013); if a variant was inherited from an af-
fected parent (CHD7, OMIM *608892); and if compound 
heterozygous variants were biparentally inherited (ADSL, 
OMIM*608222; SLC6A5, OMIM*604159). One case un-
derwent functional studies (sedimentation profiling of mi-
tochondrial protein complexes), together with segregation 
testing, to upgrade a homozygous variant in SLC25A46 
(OMIM*610826) from class 3A to class 4 (Abrams et al., 
2018).

In five cases, variants in novel candidate genes were iden-
tified via the Undiagnosed Diseases Program Victoria (UDP-
Vic), a gene discovery research project in collaboration with 
the Broad Institute Center for Mendelian Genomics. Families 
recruited to this program underwent research-based trio ES 
(of the proband and both biological parents). Twenty-one of 
the 58 unsolved cases (36%) were enrolled in UDP-Vic with 
seven diagnoses achieved (33%). Five of these potential diag-
noses are in novel candidate genes that are strongly consid-
ered to be causative in light of preliminary functional studies T
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and identification of two or more unrelated individuals with 
concordant phenotypes via the Matchmaker Exchange 
(Sobreira et al., 2017) initiative. Two diagnoses were made 
in established genes following family-based ES via UDP-Vic 
(cases 4 and 5 in Table 2).

Another three cases reached diagnoses in established 
genes via means other than the reannotation of existing sin-
gleton ES data. Two diagnoses were made via high resolution 
SNP-based chromosomal microarray (cases 1 and 2 in Table 
2). The remaining case was solved through trio GS (case 3 in 
Table 2) as part of a research study of brain malformations 
and leukodystrophies. Importantly, of the 37 unsolved cases 
that were not enrolled in the gene discovery research project, 
upon review in April 2019 three cases are no longer consid-
ered to be likely due to an underlying monogenic condition 
owing to the resolution of clinical features/symptoms with 
the passage of time.

3.5  |  Literature review

The number of articles identified by searches of PubMed, 
Embase, and Medline was 689, 754, and 1177, respectively. 
Complete reference details for all 2620 articles were im-
ported into Endnote (Clarivate Analytics, Boston, MA) and 
duplicate records removed, leaving 1586 articles. Of these, 
616 articles published after 1 January 2017 were assessed 
for eligibility. The full-text of 27 articles were reviewed 
and the findings are summarized in Table 3. The strategy 
of reannotation which, for example, incorporates updated 
population frequency data and in silico pathogenicity scores, 
has been employed by a majority of studies identified by 
our literature review (72%) (Al-Nabhani et al., 2018; Baker 
et al., 2019; Epilepsy Genetics, 2019; Bowling et al., 2017; 
Costain et al., 2018; Ewans et al., 2018; Hiatt et al., 2018; 
Jalkh et al., 2019; Li et al., 2019; Liu et al., 2019; Machini 
et al., 2019; Nambot et al., 2018; Ngo et al., 2020; Salmon 
et al., 2019; Schmitz-Abe et al., 2019; Shashi et al., 2019; 
Trinh et al., 2019; Wenger et al., 2017; Wright et al., 2018; 
Xiao et al., 2018). The median new diagnosis rate via this 
approach across studies is 13% (0.46-50; weighted aver-
age of 9%). Other reanalysis approaches have included: 
expansion from singleton to family ES studies (Eldomery 
et al., 2017; Epilepsy Genetics, 2018); revisiting of ES data 
only if a pathogenic variant is identified on subsequent GS 
(Alfares et al., 2018); repeat ES due to loss of original ES 
data (Shamseldin et al., 2017); GS following or in paral-
lel with ES reanalysis (Shashi et al., 2019); and realign-
ment to a new human genome reference build (Need et al., 
2017). The median new diagnosis rate for reanalysis studies 
adopting any of the above approaches is 15% (0.08–83.33; 
weighted average of 7%), with a median reanalysis time-
frame of 22 months (0–5 years).

4  |   DISCUSSION

Reanalysis of existing genomic data in unsolved cases in-
creases diagnostic yield in the setting of well-defined disease 
cohorts (e.g., epilepsy) as well as unselected cohorts with 
heterogeneous conditions (Table 3). The first publication to 
address reanalysis systematically (Wenger et al., 2017) did 
so by reanalyzing negative exome cases for 40 mostly pedi-
atric patients via the reannotation of ES data using updated 
bioinformatics pipelines. Re-evaluation of existing ES data 
conducted without reannotation using updated software and/
or reference databases has achieved an incremental diagno-
sis rate of 14% via reanalysis at six to 18 months after the 
original analysis (Stark et al., 2019). This approach was also 
applied by Bruel et al. (2019), with the authors performing 
reanalysis immediately after obtaining the original ES result. 
The particular focus of the Bruel study was to extend variant 
interpretation to genes not currently associated with disease 
in OMIM for the purpose of research. As such, the need to 
wait for the benefit of newly published data (e.g., new gene 
discovery, functional studies) and updated resources (e.g., 
gnomAD) was not essential, making immediate re-evalua-
tion of existing ES data feasible in this setting.

Whilst Nambot et al. (2018) reported annual reanalysis 
over three years, we applied different reanalysis strategies at 
two timepoints to elucidate the impact of each approach. We 
elected to reanalyze only genes updated to the Mendeliome in 
the first instance (Tier 1 reanalysis) in an effort to target newly 
published genes given that more than three-quarters of re-
analysis studies demonstrate that new diagnoses are achieved 
via this mechanism (Alfares et al., 2018; Al-Nabhani et al., 
2018; Baker et al., 2019; Epilepsy Genetics, 2019; Bowling 
et al., 2017; Costain et al., 2018; Eldomery et al., 2017; Ewans 
et al., 2018; Hiatt et al., 2018; Jalkh et al., 2019; Li et al., 
2019; Liu et al., 2019; Machini et al., 2019; Nambot et al., 
2018; Need et al., 2017; Salmon et al., 2019; Schmitz-Abe 
et al., 2019; Shashi et al., 2019; Stark et al., 2019; Trinh et al., 
2019; Wenger et al., 2017; Wright et al., 2018; Xiao et al., 
2018). We did not see a benefit from this approach alone, 
most likely due to the short period of time between initial 
analysis and our first reanalysis time point (4–13  months). 
Our second approach looked at all Mendeliome genes (Tier 
2 reanalysis) to evaluate if new diagnoses would be delivered 
by new gene publications, newly reported genotype-pheno-
type associations (“expanded phenotype” literature), or in 
light of new/evolving patient features. It was also hypothe-
sized that this comprehensive reanalysis may reveal diagno-
ses that were “missed” at original analysis. No new diagnoses 
were made via this strategy at 9–18 months after the initial 
analysis. Once again, this may be due to reanalysis being per-
formed too soon after initial analysis given that the median 
timeframe for reanalysis across all published studies has been 
22 months (where reported; Table 3).
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New diagnoses in this study were identified using ap-
proaches other than the reanalysis of singleton ES data. The 
successful strategies delineate several important lessons: (i) 
the need for other testing methodologies to detect genomic 
lesions not tractable by ES; (ii) consideration for repeated/up-
dated ES for improved coverage; (iii) expansion to family se-
quencing studies to highlight de novo variants in an affected 
proband; and (iv) utilizing translational research to pursue 
novel gene discovery.

In our study, there were two instances of copy number 
variation (CNV) that were not tractable by ES. One case was 
published after the initial ES as part of a discovery publi-
cation describing complex gene cluster deletions involving 
the ATAD3 gene locus (Desai et al., 2017). ATAD3 cluster 
deletions were not a recognized entity at the time of report-
ing the original microarray and this CNV was not tractable 
by ES. The second case had a mosaic intragenic deletion of 
NIPBL that was detected on a high-density SNP-based array 
(Illumina HumanOmni5 Exome-4 v1.2) that afforded bet-
ter probe coverage of the gene compared to the array plat-
form utilized for the original microarray (Illumina Human 
CytoSNP-12 v2.1). Both genomic lesions lay outside of the 
ES data generated. Examples of other variants that fall into 
this category include intronic variants, deep intronic splice 
variants, nucleotide repeat expansions, and structural vari-
ants such as chromosomal rearrangements. Improvements in 
genomic data analysis to detect CNVs (Pfundt et al., 2017) 
and repeat expansions (Tankard et al., 2018) may mitigate the 
need for some forms of adjunctive testing in the future.

There were two cases for which pathogenic missense 
variants were identified following repeat sequencing with 
improved coverage of the genes of interest (SCN8A, CHD7). 
In both cases, the variant was detected on original ES in only 
five reads. Both cases underwent repeat research-based ES or 
GS as part of family sequencing studies in different research 
projects. The improved coverage helped to bring these vari-
ants to clinical attention. The CHD7 variant was also of poor 
sequencing quality and was filtered out of the variant callset 
by the standard analysis pipeline used in the original analysis. 
The SCN8A variant was present in the original exome data 
and of reasonable sequencing quality and thus should have 
been detectable as a variant of clinical interest.

One patient was diagnosed owing to a de novo in-frame 
deletion in WDR45, which is associated with the condition 
neurodegeneration with brain iron accumulation 5 (NBIA5). 
This variant was detected on the original ES with a low vari-
ant fraction of 0.21. If the variant fraction is particularly low, 
as in this case, then it is possible to dismiss these calls as 
being indicative of somatic mosaicism or artifactual. The 
WDR45 in-frame deletion was on this occasion brought to 
clinical attention when highlighted as de novo in the proband 
via family-based ES studies. The variant fraction on repeat 
ES was 0.41.

One-third of the diagnoses in this study have been derived 
from novel gene discovery, illustrating the significance of 
pursuing translational research when attempting to solve the 
unsolved. In particular, international data sharing through plat-
forms such as GeneMatcher (Sobreira et al., 2015) has been 
a successful strategy employed by several reanalysis studies 
to date, with collaborations between research groups resulting 
in numerous diagnoses and novel gene publications (Epilepsy 
Genetics, 2019; Bowling et al., 2017; Bruel et al., 2019; 
Eldomery et al., 2017; Hiatt et al., 2018; Nambot et al., 2018).

One of the limitations of reanalyzing ES cases is the time 
commitment required. In this study, reanalysis was particu-
larly labor-intensive for the referring clinician who was asked 
to participate in the prioritization of variants for classifica-
tion as they are best positioned to identify variants of rele-
vance to the phenotype. This familiarity with their patients 
may introduce clinician bias against the selection of promis-
ing variants, with variants dismissed as being not of clinical 
relevance when the patient may have an atypical presentation 
of a condition that the clinician had yet to consider. Another 
limitation of this study is that we did not examine the full 
impact of family-based ES studies on the new diagnosis rate 
as not all cases proceeded to family-based ES. However, we 
previously evaluated the diagnostic efficacy of trio versus 
singleton ES and found that the incremental diagnostic yield 
of trio ES is low in our local context (Tan et al., 2019).

There are several reasons why a case may remain neg-
ative after ES. The variant-disease association may not yet 
be established in which case serial reanalysis of existing ES 
data may disclose a diagnosis in the fullness of time. This ap-
proach needs to be balanced against the time and cost associ-
ated with reanalysis, a labor-intensive exercise for laboratory 
scientists and clinicians. The workload required for iterative 
reanalysis of unsolved ES cases was recently modeled by 
Baker and colleagues, with an estimated variant analysis bur-
den of five novel annotations per singleton ES case per month 
(Baker et al., 2019). Whilst their study provides a benchmark 
to assist clinical laboratories in determining the frequency 
with which to perform reanalysis, further studies are required 
to assess optimal strategies for cost-effectiveness and scal-
ability of routine reanalysis. A case will also remain unsolved 
if the gene-disease association has not yet been well estab-
lished. Recent statistics suggest that the rate of gene discov-
ery may be slowing (Boycott et al., 2017), and thus the time 
taken for new gene publications to translate to new diagnoses 
may mean longer reanalysis timeframes are required before a 
diagnosis is reached. Another reason may be that the disease 
is not Mendelian in origin, but rather due to a mitochondrial 
DNA defect, oligogenic or more complex genetic disorder, 
or the result of an epigenetic or somatic variant. Finally, as 
seen in this study, a case will remain negative after ES if the 
underlying cause is not genetic, as with exposures to terato-
genic, environmental or infectious agents.



      |  17 of 19TAN et al.

Given that our study did not achieve any additional di-
agnoses via singleton ES reanalysis, we are unable to draw 
conclusions from this data regarding the optimal timing of 
reanalysis. However, the review of literature suggests consid-
ering the reanalysis of singleton ES data for unsolved cases 
after 18 months from the time of the original report. As all 
additional diagnoses in this study were derived from strate-
gies other than reanalysis of singleton ES data, this illustrates 
the need to implement a multi-faceted strategy for cases re-
maining unsolved after singleton ES, any of which may be 
employed ahead of reanalysis.
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