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Abstract

Background: Advances in sequencing technology have led to expanded use of
multi-gene panel tests (MGPTs) for clinical diagnostics. Well-designed MGPTs
must balance increased detection of clinically significant findings while mitigating
the increase in variants of uncertain significance (VUS). To maximize clinical
utililty, design of such panels should include comprehensive gene vetting using a
standardized clinical validity (CV) scoring system.

Methods: To assess the impact of CV-based gene vetting on MGPT results, data
from MGPTs for cardiovascular indications were retrospectively analyzed. Using
our CV scoring system, genes were categorized as having definitive, strong, moder-
ate, or limited evidence. The rates of reported pathogenic or likely pathogenic vari-
ants and VUS were then determined for each CV category.

Results: Of 106 total genes, 42% had definitive, 17% had strong, 29% had moderate,
and 12% had limited CV. The detection rate of variants classified as pathogenic or
likely pathogenic was higher for genes with greater CV, while the VUS rate showed
an inverse relationship with CV score. No pathogenic or likely pathogenic findings
were observed in genes with a limited CV.

Conclusion: These results demonstrate the importance of a standardized, evidence-
based vetting process to establish CV for genes on MGPTs. Using our proposed

system may help to increase the detection rate while mitigating higher VUS rates.
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1 | INTRODUCTION

The human genome contains approximately 19,000 genes,
of which approximately 4,000 are reported in the Online
Mendelian Inheritance in Man (OMIM) database to be as-
sociated with Mendelian phenotypes (Boycott et al., 2017;
Chong et al., 2015; Ezkurdia et al., 2014; Smith et al., 2017).
As knowledge of genetic and phenotypic diversity expands
along with advances in sequencing technology, the use of
multi-gene panel tests (MGPTs) in clinical diagnostics has in-
creased significantly. As novel genomic variants continue to
be identified in genes previously not known to be associated
with disease, the clinical interpretation of this variation con-
stitutes a great challenge to genomic medicine. With contin-
ual increase in the number of genes reported to be associated
with disease, the assessment of the strength of gene—disease
relationships, also referred to as clinical validity (CV), will
be crucial in the interpretation of genomic variants reported
through clinical molecular diagnostics (Ghouse et al., 2017).

MGPTs with many genes may have a higher likelihood of
detecting clinically significant findings, but may also increase
the number of variants of uncertain significance (VUS) iden-
tified (Ouellette et al., 2017; Pugh et al., 2014). According
to the American College of Medical Genetics (ACMG) vari-
ant classification guidelines, pathogenic and likely patho-
genic variants are clinically actionable while VUS are not
(Richards et al., 2015). Therefore, MGPTs offered by clini-
cal diagnostic laboratories must balance increased detection
rates of clinically actionable findings while mitigating the
increase in VUS rate as much as possible. In order to do so,
an extensive vetting process is required to evaluate evidence
and prioritize inclusion of genes likely to provide diagnos-
tic results. Several groups have developed standardized CV
scoring systems to systematically analyze published evidence
supporting gene—disease relationships (Gonzalez-Mantilla,
Moreno-De-Luca, Ledbetter, & Martin, 2016; Rehm et al.,
2015; Smith et al., 2017; Strande et al., 2017). These tools
can help clinical laboratories identify the most clinically rel-
evant genes to include on MGPTs.

Multiple lines of evidence should be considered for each
gene, including the reported number of unrelated probands,
the number of pathogenic variants identified (based on the
laboratory's variant classification scheme), gene function,
studies of model organisms, and other supporting evidence
as applicable (Figure S1; Smith et al., 2017). Following re-
view of all available evidence for a given gene—disease rela-
tionship, the relevant scoring criteria are weighed such that
the score reflects the level of evidence of the strength of the
gene—disease relationship.

Depending on the CV score, the gene—disease relation-
ship is classified as either no evidence, limited, moderate,
strong, or definitive evidence (Figure S1). Genes with a score
of moderate or higher are considered “characterized”, while

genes with lower scores are considered “candidate” genes.
These scoring criteria can be used to interpret results from
clinical diagnostic exome sequencing tests as well as for se-
lecting genes for MGPTs. Inclusion of genes with lower CV
scores on MGPTs may lead to uninformative clinical results
for patients and may complicate results disclosures for clini-
cians (Eccles, Copson, Maishman, Abraham, & Eccles, 2015;
Richter et al., 2013; Turbitt, Halliday, Amor, & Metcalfe,
2015). The purpose of this study is to determine the impact
of including genes with limited CV for an association with
hereditary cardiovascular-related disease on the detection
rate and VUS burden of MGPTs.

2 | METHODS
2.1 | Editorial policies and ethical
considerations

Solutions Institutional Review Board determined this study to
be exempt from the Office for Human Research Protections
Regulations for the Protection of Human Subjects (45 CFR
46) under category 4.

2.2 | Data analysis

To assess the impact of using an evidence-based and stand-
ardized CV scoring system for panel design, and its impact
on detection rate, we retrospectively reviewed data from
3,524 samples submitted to Ambry Genetics between March
2010 and December 2016 for genetic testing on one of the
13 different hereditary cardiovascular disease MGPT. The 13
MGPTs comprise a total of 106 genes associated with various
types of arrhythmia, cardiomyopathy, hypercholesterolemia,
and aortic aneurysm and dissection (see Supplementary
methods). The scoring system developed by Smith et al.
(2017) was used to rigorously assess the CV of the genes on
these panels as of December 2016. The genes were catego-
rized as having either limited, moderate, strong, or defini-
tive CV scores. The detection rates of pathogenic or likely
pathogenic variants (collectively referred to as VLP/P in the
analysis below) were then compared among these four cate-
gories based on the clinical laboratory's classification scheme
(Figure S1). In addition, there were a few genes with mul-
tiple CV scores depending on the associated phenotype; in
this study we assumed the higher CV score for each gene as
individual patient phenotype was not available in our dataset.

3 | RESULTS
Among the 106 genes included on at least one of 13 he-
reditary cardiovascular disease MGPTs, 88% are consid-
ered to be characterized, with 42% classified as definitive,
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TABLE 1 Distribution of VUS and VLP/P rates per clinical validity category
Definitive Strong Moderate Limited Overall
Total genes, n (% of total) 44 (42) 17 (17) 31(29) 13 (12) 106 (100)
Total VUS, n (% of all reported 1,405 (73) 348 (92) 510 (97) 191 (100) 2,454 (81)
variants)
Average VUS per gene, n 32 19 17 14 23
Total VLP/P n, (% of all 528 (27) 31 (8) 15 (3) 0(0) 575 (19)
reported variants)
Average VLP/P, n 12 1.8 0.5 0 5
Genes with at least 1 VLP/P, 30 (68) 12 (67) 9 (29) 0 (0) 51 (48)
n (%)
Genes with no VLP/P, n (%) 14 (32) 6 (33) 22 (71) 13 (100) 55(52)

17% as strong, and 29% as moderate. The remaining 12%
were found to have limited CV (Table 1). Of the 3,524
total patients tested, 17% (n = 597) were positive with at
least one VLP/P, 38% (n = 1,351) had only VUS, and 45%
(n = 1,576) were negative. Overall, VLP/P variants repre-
sented 19% of the alterations reported among the 106 genes
associated with cardiovascular disease, with VUS compris-
ing the remaining 81% of reported calls (Figure S3). The
proportion of VLP/P varied, however, when comparing
genes across CV categories, with the rate of VLP/P increas-
ing with the strength of the CV score (Figure 1). At least
one VLP/P was found among 68% of those genes classified
as definitive, 67% of genes classified as strong, and 29%
of genes classified as moderate, while no VLP/P findings
were identified among genes with limited evidence of CV.
Furthermore, the rate of VLP/P among total reportable vari-
ants per CV category was 27% (range per gene: 0%—82%)
for genes classified as definitive, 8% (range per gene: 0%—
83%) for strong, 3% (range per gene: 0%—33%) for moder-
ate and 0% for limited (Figure 1; Table 1; Tables S1-S3).
Alternatively, the rate of VUS per CV category was 77%
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for definitive genes, 83% for strong genes, 95% for mod-
erate genes, and 100% for limited genes (Figure 1; Table
1). The VUS identified in limited genes accounted for 7.8%
(n =191) of the total VUS reported.

At least one VLP/P was identified in 51 out of 106 genes,
while 55 had no pathogenic findings in our cohort (Table 1;
Table S1-S3). Among genes with at least one VLP/P, 60%
(n=30) were classified as definitive, 24% (n = 12) were
strong, and 16% (n = 9) were moderate. The highest number
of VLP/Ps (n = 94) were reported in both MYBPC3 (MIM:
600,958; definitive for hypertrophic and dilated cardiomyop-
athiesf HCM/DCM]) and FBNI (MIM: 134,797, definitive
for Marfan syndrome), accounting for 60% and 51% of the
total reported findings for these genes, respectively (Table
S1-S3). No genes with a limited CV score were found to have
a VLP/P finding.

Three genes—CALM1 (MIM: 114,180), KCNJ5 (MIM:
600,734), and LDB3 (MIM: 605,906)—had neither patho-
genic variants nor VUS reported. CALMI and KCNJ5
have strong and limited CV scores for long QT syndrome,
respectively, and LDB3 scored moderate for DCM and left
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ventricular non-compaction (LVNC). The remaining 103
genes had at least one VUS identified. The highest num-
ber of VUS (n = 285) was reported in titin (TTN (MIM:
188,840); definitive for DCM), which accounted for 89%
of the total reported calls for this gene (Table S1-S3).
While titin (TTN) is classified as definitive for DCM, it is
widely known to have a high VUS rate due to its large size,
resulting in greater accumulation of missense alterations
(Chauveau, Rowell, & Ferreiro, 2014). The mechanism of
disease for TTN is loss of function. Therefore, truncat-
ing and frameshift variants are typically deleterious while
missense variants are more difficult to classify with-
out multiple additional lines of evidence. Interestingly,
when comparing the results of the most comprehensive
cardiovascular disease panel in this dataset ordered with
or without the addition of TTN (CardioNext + TTN, ei-
ther 85/84 genes), the percent yield did not differ: 9%
of all findings were VLP/P and 91% were VUS in both
groups, suggesting that while 77N may increase the VUS
rate, there is a concomitant increase in diagnostic yield
as well. Correspondingly, the total number of VLP/P and
VUS reported among the 101 cases tested without TTN
were lower (14 and 77, respectively), compared to those
reported among the 106 cases tested with 7TN (27 and
171, respectively).

4 | DISCUSSION

Detection rate and VUS burden appear to be influenced by
several factors, including the specific phenotype, the number
of genetic contributors to the phenotype, and panel size. In
general, larger panels may return more positive pathogenic
findings, however, they can also increase VUS burden (Pugh
et al., 2014). In an assessment of DCM patients undergoing
genetic testing by Pugh et al. (2014), detection rate was ob-
served to increase with panel size; only 10% of patients un-
dergoing a five-gene MGPT had positive results, while 37%
had positive findings when undergoing a 46-gene MGPT.
With this increase in detection rate, there was a respective in-
crease of VUS burden from 4.6% to 51% (Pugh et al., 2014).
However, the findings from our data suggest that the bulk
of the increase in positive pathogenic findings would likely
come from genes with a definitive, strong, or moderate CV
while those genes with limited CV would likely only add un-
certain findings.

Furthermore, a recent study by Ouellette et al. (2017)
showed an increase in pathogenic findings when utilizing
a phenotype-targeted panel, as opposed to a large pan-car-
dio panel, in a cohort of pediatric cardiomyopathy patients
(Ouellette et al., 2017). When testing in this cohort was
restricted to a phenotype-targeted panel of 5-24 relevant,
well-established genes, positive pathogenic findings were

detected in 32% of individuals, while VUS results were re-
turned in 30% of patients (Ouellette et al., 2017). This result
is compared in this same study to a large pan-cardio panel
consisting of 46-72 genes, where only 15% of tested indi-
viduals had a positive result, but 87% were found to have a
VUS (Ouellette et al., 2017). In fact, 29 of the genes on the
pan-cardio panel in the Ouellette et al. (2017) study had no
pathogenic findings returned in any patient, either because
they lacked relevance to the patient's phenotype, or because
of a very limited CV association with any cardiac phenotype
(per our own assessment of CV for these genes). Therefore,
excluding genes of limited CV may help limit the VUS
burden without limiting the detection rate of the panel, as
100% of findings in limited genes in our data set were VUS
results. Further research comparing the detection rates and
VUS burden between multiple phenotype-targeted panels in
large cohorts could help clarify whether restricting panels
to clinically validated and phenotypically relevant genes
would increase detection rates without substantially increas-
ing VUS burden. Of note, while there were no pathogenic
findings detected in any of the limited genes assessed, there
were also 32% of definitive genes, 33% of strong genes, and
71% of moderate genes with no pathogenic or likely patho-
genic results. These results may be explained by a number
of factors. Even in well-established gene—disease relation-
ships, mechanism of disease can be dependent on variant
type or location within the gene. It is difficult or impossible
to interpret pathogenicity without functional analysis of al-
terations, which are often not available for novel variants.
Variant interpretation may be further impaired by insuffi-
cient clinical data, precluding accurate correlation between
the patient's clinical presentation and genetic results. In
addition, the establishment of a gene—disease relationship
as characterized, rather than limited, does not quantify the
proportion of a given gene's contribution to disease. Some
of these characterized genes may have no positive findings
because they are exceedingly rare, although evidentially
well-supported contributors to disease. The wealth of sci-
entific evidence for these genes justifies their existence on
an MGPT, on the rare chance that a result may be identified
in a patient.

These results are most important to consider in the con-
text of the impact to both the patient, who ultimately stands
to benefit the most from evidence-driven panel design, and
the clinician, who is responsible for disclosing the results in
an understandable manner. A survey of genetic counselors’
confidence regarding VUS results showed that while most
counselors are confident in their own ability to explain and
understand a VUS result, they are less confident in discuss-
ing possible clinical management options for these results,
and in the patient's ability to understand the results (Scherr,
Lindor, Malo, Couch, & Vadaparampil, 2015). Indeed,
many patients, or parents of patients, show poor recall of
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terminology surrounding VUS results, and incorrectly in-
terpret the results as “positive” regardless of the skill of the
clinician providing the results (Kiedrowski, Owens, Yashar,
& Schuette, 2015). While this research was framed specifi-
cally around BRCA 1/2 testing and chromosomal microarray
analysis, it is important to consider that potentially increas-
ing VUS burden without increasing pathogenic findings
could result in similar concerns within the context of a car-
diovascular genetics clinic.

There are a few limitations to this study. The inclusion
of larger-sized genes in the available MGPTs increases the
likelihood of higher VUS rates, even in genes with defin-
itive CV (such as TTN). Some genes included on MGPTs
have an unclear mechanism of disease and a limited num-
ber of functional studies, which make it challenging to
interpret and determine pathogenicity during variant as-
sessment. This could potentially lead to a higher number
of VUS and lower detection rates overall, even for genes
with more convincing evidence and higher CV scores.
Additionally, ordering patterns were not equal across all
panel types; some sub-panels were ordered more frequently
than others, resulting in variable numbers of patients being
tested for each gene (Tables S1). Furthermore, since results
were assessed based on the phenotype for which each gene
received the highest CV score, and because we did not have
access to detailed phenotype data for every patient in this
cohort, interpretation of results could not be broken down
into multiple phenotypes and their associated gene's CV
score. Finally, CV scores are dependent on variant classi-
fication, and vice versa. This circular logic biases the sig-
nificance of a gene with a lower CV leading to a lower
likelihood of finding a VLP/P.

The ultimate objective of genetic testing is to find answers
for patients to help guide their medical management, and to
provide preventative care for family members who are not
yet symptomatic. VUS may be difficult for patients to un-
derstand, and cannot be used to guide medical management
decisions. Designing panels to limit these types of findings
will maximize the ability to return a positive result, resulting
in a more informed and less anxious patient, without placing
additional burden on the clinician to interpret VUS findings
in genes that have limited evidence of CV. When designing
MGPTs, an evidence-based evaluation of CV emphasizes in-
clusion of genes with strong gene—disease relationships while
de-emphasizing inclusion of genes with limited gene-disease
relationships.
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