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Abstract

Purpose: We estimated penetrance of actionable genetic variants and assessed near-term 

outcomes following return of results (RoR).

Methods: Participants (n=2535) with hypercholesterolemia and/or colon polyps underwent 

targeted sequencing of 68 genes and 14 single nucleotide variants. Penetrance was estimated based 

on presence of relevant traits in the electronic health record (EHR). Outcomes occurring within 

1-year of RoR were ascertained by EHR review. Analyses were stratified by Tier 1 and non-Tier 1 

disorders.

Results: Actionable findings were present in 122 individuals and results were disclosed to 98. 

The average penetrance for Tier 1 disorder variants (67%; n=58 individuals) was higher than 

in non-Tier 1 variants (46.5%; n=58 individuals). After excluding 45 individuals (decedents, 

non-responders, known genetic diagnoses, mosaicism), ≥1 outcomes were noted in 83% of 77 

participants following RoR; 77.9% had a process outcome (referral to a specialist, new testing, 

surveillance initiated); 67.9% had an intermediate outcome (new test finding or diagnosis); 19.2% 
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had a clinical outcome (therapy modified, risk reduction surgery). Risk reduction surgery occurred 

more often in participants with Tier 1 than those with non-Tier 1 variants.

Conclusions: Relevant phenotypic traits were observed in 57% whereas a clinical outcome 

occurred in 19.2% of participants with actionable genomic variants in the year following RoR.

INTRODUCTION

Several genome sequencing projects are being conducted in diverse healthcare and 

population settings including the eMERGE network, the Implementing Genomics in 

Practice (IGNITE) network, Clinical Sequencing Evidence-Generating Research (CSER) 

and Geisinger Health System’s MyCode project. Additional large population scale projects 

such as the All of Us Research Program which aims to sequence 1 million US participants, 

the UK Biobank project comprising 500,000 individuals, and the Genomics England project 

sequencing 100,000 genomes, plan to return results from genome sequencing. Several 

health systems in the United States and other countries1 have begun to integrate genomic 

sequencing data into patient care and disease prevention. However, knowledge gaps in 

two key areas need to be addressed to enable the appropriate implementation of genomic 

medicine.

First, estimates of penetrance of pathogenic/likely pathogenic (P/LP) variants identified by 

genome sequencing are needed.2. Initial reports suggest that P/LP variants in several genes 

may have low penetrance3,4 and the American College of Medical Genetics (ACMG) has 

highlighted the need for more accurate estimates of penetrance obtained through genotype–

phenotype correlation studies.2 Previous attempts to refine penetrance estimates have 

been limited in their size and scope5 and large population-based sequencing studies may 

contribute substantially to our understanding of the pathogenicity of rare genetic variants.6

Second, the effects of returning actionable genomic variants on health-related outcomes are 

largely unknown.7–11 Genomic sequencing has potential applications in medical diagnosis, 

risk assessment, treatment, and prevention of both rare and common diseases.12 Currently 

there is limited evidence supporting clinical utility of genome sequencing to guide health 

service delivery and disease prevention in the general population.13 Few studies8,11 have 

examined the effect of genome sequencing on participant outcomes, including the influence 

of return of results (RoR) on testing and changes in therapy or intervention. Such 

information is necessary to develop an evidence base that will inform clinical practice 

recommendations, guidelines for reimbursement, and insurance coverage decisions.

The Return of Actionable Variants Empiric (RAVE) Study, conducted as part of phase III of 

the NHGRI funded eMERGE network, aimed to begin to address these gaps in knowledge. 

The eMERGEseq panel comprised 68 medically relevant genes including the ACMG 5613 

plus 12 genes selected by eMERGE investigators.14 The panel also included 14 single 

nucleotide variants for which homozygosity for risk alleles was considered actionable. Our 

objectives were: 1) to estimate penetrance of actionable variants by reviewing electronic 

health record (EHR) data for presence of relevant phenotypic traits; 2) assess near-term 

(1-year) outcomes after returning clinically actionable findings. Such data is needed to 

assess the broader medical impact of genome sequencing, including referral for additional 
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medical evaluation, clinical management of genetic risk, and initiation of risk mitigation 

strategies.

METHODS

Study design

The design of the RAVE study, an eMERGE network genomic medicine implementation 

study, has been previously described.15 The study prospectively recruited individuals for 

targeted genomic sequencing. The genes included those associated with Tier 1 conditions 

(defined by CDC’s Office of Public Health Genomics as “those having significant potential 

for positive impact on public health based on available evidence-based guidelines and 

recommendations”), as well as genes with established clinical associations but lesser 

evidence on clinical utility (e.g., non-Tier 1 genomic conditions).15,16 This report follows 

the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) 

reporting guideline.17

Setting

Participants were recruited from biobanks established at Mayo Clinic, Rochester 

MN, primarily the Mayo Clinic Biobank and IRB-approved Mayo Clinic Vascular 

Diseases Biorepository. The Mayo Clinic Biobank was established in 2009 and contains 

biological specimens, patient-provided health information and EHR clinical data (see 

biobank website https://www.mayo.edu/research/centers-programs/mayo-clinic-biobank/for-

researchers). RAVE study candidates were asked to complete a study consent form, health 

questionnaires and provide a blood sample (if an existing sample was not available) to 

participate in this study. This study and the informed consent process were approved by the 

Mayo Institutional Review Board. Information about the Mayo Clinic Biobank’s collection 

and enrollment methods are described here.18 Data is deposited in dbGAp (accession code 

phs001616.v2.p2)

Participants

Participants (n=2,535) were ascertained based on the presence of an elevated low-density 

lipoprotein (LDL) cholesterol (≥155 mg/dL) and/or at least one polyp on colonoscopy to 

undergo targeted sequencing of 68 genes and 14 SNVs using the eMERGEseq panel.14 

DNA samples were sent to Baylor College of Medicine Human Genome Sequencing Center 

(BCM-HGSC), a Central Laboratory Improvement Amendment (CLIA)-certified facility, for 

targeted sequencing. Additional details of sequencing methods and variant annotation have 

been previously described.14,15,19 The ACMG five-tier classification system was used to 

classify variants as pathogenic, likely pathogenic, uncertain significance, likely benign and, 

benign.19 The BCM-HGSC laboratory identified actionable variants, confirmed these by 

Sanger sequencing and issued clinical reports which were reviewed by investigators at the 

Mayo Clinic prior to disclosure to participants and placement of results in the EHR. Variants 

of uncertain significance were not returned.

Return of Results (RoR).—Participants with an actionable variant (a P/LP variant in any 

of the 68 genes, or actionable genotypes at any of the 14 SNVs) were contacted by postal 
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mail informing them that a medically important result had been detected and advised that 

they attend an assigned study genetic counselor (GC) to review the finding.20 Participants 

who were unable to attend an in-person GC appointment had the option to receive results 

by telephone. Participants could opt-out from receiving their result consistent with ACMG 

guidelines.21 A detailed family history was obtained by the GC and a family pedigree chart 

(family tree) was constructed. Familial implications of the findings were discussed in all 

cases and information regarding family screening was provided to all participants. Following 

consultation with a GC, participants were referred to a specialist or to their primary care 

provider. In cases where a genetic diagnosis had been previously established and associated 

with appropriate follow up, no referral took place.

Data sources

The study sample consisted of 122 participants who had actionable genomic results (Figure 

1). Data including demographics, and prior diagnoses were abstracted from the Mayo Clinic 

EHR.22 Family history of the condition relevant to the actionable genomic result was 

ascertained from the detailed family pedigree drawn by the GC. A positive family history 

was defined as the presence of the relevant trait or condition in a first or second degree 

relative (Table 1 of the Supplement).

Outcomes were reviewed and categorized by Tier 1 and non-Tier 1 variants. For each 

participant with an actionable variant (list of actionable variants is in Table 2 of the 

Supplement), EHR data were abstracted separately by two of the three authors (CL, LA, 

FF). Any discrepancies in the abstraction were flagged and reviewed by a third author (OE) 

for resolution. Pre-RoR and post-RoR investigations were recorded as well as specialist 

evaluation.

Estimation of Penetrance.—Of 122 participants with actionable variants, we excluded 

8 from the penetrance analyses (Figure 1). A variant was considered penetrant if a relevant 

trait or diagnosis was noted on EHR review (these traits/diagnoses are listed in Table 3 of 

the Supplement). To estimate penetrance, a detailed review of the EHR including results of 

new tests ordered after RoR, was performed by at least two of three authors (CL, LA, FF); 

any discrepancies were flagged and reviewed by a third author (OE). We considered P/LP 

variants in BRCA1/BRCA2 to be penetrant if the participant had undergone prophylactic 

bilateral mastectomy. Penetrance was compared between Tier 1 and non-Tier 1 variants.

Measurement of Outcomes.—Outcomes were ascertained by manual EHR review by 

at least two of three authors (CL, LA, FF); any discrepancies were flagged and reviewed 

by a third author (OE). Only outcomes clearly attributable to RoR based on EHR review 

were counted. For outcomes analyses we excluded participants who did not respond for 

result disclosure (n=20) and those who had previously known of the results or had somatic 

mosaicism (n=21). The latter group comprised 13 participants with returned Tier 1 variants 

of whom 12 already knew their results and 1 participant with a large 13q deletion likely 

secondary to mosaicism; and 8 participants with returned non-Tier 1 returned variants 

of whom 6 already knew their results and 2 with suspected mosaicism (Figure 1). We 

did review outcomes in participants with a previously recognized variant prior to study 
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RoR (n=18) and present these separately in Table 4 of the Supplement. We classified 

outcomes based on a framework previously suggested by Williams23 and Peterson et al.24 

as: a) process outcomes (referral to a specialist, new tests, initiation of surveillance); b) 

intermediate outcomes (new diagnoses, positive findings on tests); and c) clinical outcomes 

(modification of drug therapy, risk reducing surgery or procedure). The intermediate 

outcome ‘new diagnoses’ includes any new diagnoses related to the returned results. This 

includes diagnoses such as ‘carrier of high-risk variant for HBOC’ in addition diagnoses that 

reflect the presence a known related phenotype such as breast cancer. Process, intermediate 

and clinical outcomes were compared between Tier 1 and non-Tier 1 conditions.

Bias

The diversity in the study cohort was limited; the majority of participants who had results 

returned were white (96.7%), with a high proportion having college (59%) or graduate 

(19%) education. The efficiency of a tertiary care center and the available resources may 

not be representative of other healthcare settings.25 The average age of participants with 

returned variants was 62.5 years, possibly conferring a survivor bias. Ascertainment of the 

study cohort based on hypercholesterolemia and colon polyps may affect generalizability of 

this study to the population.

Study size

The maximal sample size was determined by the funding agency. Each eMERGE site could 

enroll up to 3000 participants. This report is based on the 2535 individuals enrolled at 

Rochester MN.

Quantitative variables/groupings

Outcomes were analyzed stratifying by Tier 1 vs Tier 2 conditions. Tier 1 conditions include 

Familial Hypercholesterolemia (LDLR, APOB, PCSK9), Hereditary Breast and Ovarian 

Cancer syndrome (HBOC) (BRCA1 and BRCA2), and Lynch syndrome (MLH1, MSH2 
MSH6, PMS2).26

Statistical methods

Initial evaluations of the data included general inspection of the raw data, examination of 

outliers and group distributions, and evaluation of missing data. The ages of participants 

with Tier 1 and non-Tier 1 conditions were compared by t-test. The frequencies (%) of 

categorical factors were compared between Tier 1 and non-Tier 1 conditions using 2-Tail 

Fisher’s exact test.

RESULTS

Out of 2535 participants, 122 (4.8%) had actionable results and 2% had actionable variant 

in genes related to Tier 1 disorders. 20 Table 2 of the Supplement lists each variant returned 

along with its pathogenicity classification and whether a relevant phenotype was present. Of 

122 participants with actionable results, 20 did not respond to invitations for RoR, two opted 

out of receiving their results, and two died prior to RoR. Of the remaining participants, 18 

had an existing diagnosis of the exact variant discovered as part of this study, as confirmed 
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by EHR review (Figure 1); 77 participants had results returned and outcomes were assessed 

at 1-year post RoR. Actionable variants were categorized as related to either Tier 1 or 

non-Tier 1 conditions. Participant characteristics, overall and stratified by the presence of 

a Tier 1 disorder are summarized in Table 1. The median age of participants at the time 

of RoR was 63 years (IQR=8 years, range 34–73) and 59.8% were female. Results were 

disclosed by a GC in-person in 86 (70.4%) cases and by telephone in 12 cases (9.8%). 

Family history relevant to the actionable genomic result was present in 24 (31%) of 77 

participants enrolled in the outcomes analysis; those with a variant related to a Tier 1 

condition were more likely to have a positive family history than those with a variant related 

to a non-Tier 1 condition (44.4% vs. 19.5%, P=0.026)

Penetrance

An estimate of penetrance for each actionable variant is presented in Table 2. On average, 

the penetrance was higher in Tier 1 variants than non-Tier 1 variants; 67.2% (n=58 

individuals) versus 46.5% (n=58 individuals) (P=0.03). Table 3 of the Supplement lists 

elements on EHR review that were used to determine whether a variant was penetrant. 

The penetrance of FH related variants was 92%; for HBOC related variants, the penetrance 

was 91% in females and 20% in males; and for Lynch syndrome variants, the penetrance 

was 20%. Penetrance varied in the three main subsets of non-Tier 1 variants: 7.7% in 

cardiomyopathy variants vs. 53.8% in arrhythmia variants and 75% in hemochromatosis 

variants. Cumulatively, 1 of 13 participants with cardiomyopathy variants and 7 of the 

13 participants with long QT/Brugada syndrome variants (SCN5A, KCNQ1, KCNH2) 

manifested relevant traits. Relevant traits were present in 12 (4 male and 8 female) of the 

16 participants (7 male and 9 female) homozygous for the c.845G>A variant in HFE that is 

associated with hemochromatosis. History of venous thromboembolism was present in one 

of four participants homozygous for the Factor V Leiden variant.27

Outcomes

The occurence of outcomes was stratified by Tier 1 (FH, HBOC and Lynch syndrome) vs 

non-Tier 1 variants, as summarized in Table 3. Of 77 participants with newly identified P/LP 

variants or actionable SNVs as part of our study, 83% had one or more outcomes following 

RoR; 77.9% had a process outcome – referral to a specialist (64.9%), new testing (66.2 

%), surveillance initiation (38.9%); 67.9% had an intermediate outcome – new test finding 

(19.48%) or diagnosis (62.3%); 19.2% had a clinical outcome – risk reduction surgery 

(7.8%) or modification of therapy (11.7%). Risk reduction surgery occurred more often in 

participants with Tier 1 than those with non-Tier 1 actionable variants. Clinical outcomes in 

18 participants with previously known genetic diagnosis are summarized in Table 4 of the 

Supplement.

Tier 1 Conditions—Outcomes observed in participants who received Tier 1 results are 

summarized in Table 4. Of 36 participants with newly identified P/LP Tier 1 variants, 72% 

of participants had one or more outcomes following RoR; 72% had a process outcome – 

referral to a specialist (63.9%), new testing (66.7%), surveillance initiation (50%); 64% had 

an intermediate outcome – new test finding (16.7%) or diagnosis (58%); 25% had a clinical 

outcome – risk reduction surgery (16.7%) or modification of therapy (8.3%). Additional 
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details are available in the Supplemental material (Table 4; Tables 5-7 and Figures 1-3 of the 

Supplement).

Non-Tier 1 Conditions—Of 41 participants with newly identified non-Tier 1 P/LP 

variants or actionable SNVs, 92.7% had one or more outcomes following RoR; 82.9% 

had a process outcome – referral to a specialist (65.8%), new testing (65.8%), surveillance 

initiation (29.2%); 71.4% had an intermediate outcome – new test finding (21.9%) or 

diagnosis (65.8%); 14.3% had a clinical outcome – risk reduction surgery (0%) or therapy 

modified (14.63%). Additional details are available in the Supplemental material (Table 4; 

Tables 8-10 and Figures 4-5 of the Supplement).

Comparison of Outcomes in Participants with Tier 1 vs. Non-Tier 1 Variants
—Overall, outcomes occurred more frequently in those with non-Tier 1 variants (92.7%) 

vs. participants with Tier 1 variants (72.2%) (Table 3). This was because participants with 

non-Tier 1 variants tended to have higher occurrence of process and intermediate outcomes.

DISCUSSION

Essential elements of translational research to evaluate use of genome sequencing in primary 

care and population screening have been proposed,28 and there is an urgent need to develop 

this agenda, given the relatively sparse data for clinical validity and utility.11 In particular, 

data about penetrance of actionable variants and outcomes after their return is needed prior 

to adoption of genome sequencing in the clinical setting. In the present study, placing 

genome sequencing results in the EHR enabled subsequent assessment of penetrance and 

outcomes. The penetrance of actionable variants, on average was 67% for Tier 1 variants 

and 46.5% for non-Tier 1 variants. While the majority (77.9%) of the 77 participants who 

received a previously unknown actionable result, experienced a ‘process’ outcome, 67.9% 

had intermediate outcomes and 19.2% had clinical outcomes, motivating longer term follow 

up of larger cohorts to assess changes in health outcomes.

Penetrance

Estimates of penetrance of P/LP variants have not been fully defined4,29–31 and are 

needed to guide patients, family members, and clinicians on appropriate health management 

decisions. Linkage of genomic data to phenotypes in the EHR in the present study enabled 

us to ascertain traits/conditions relevant to an actionable variant which we used as surrogate 

for penetrance. The penetrance of FH related P/LP variants was 92%, likely an inflated 

estimate resulting from selection of participants based on elevated cholesterol levels. Prior 

studies have reported penetrance of 70–90% in FH variants.32 For HBOC related variants, 

the penetrance was 91% in females and 20% in males, similar to what has been previously 

reported (87% in females and 20% in males).33 The penetrance of Lynch syndrome 

variants was 20%, lower than prior reports of 50–60%.34,35 The lower penetrance of Lynch 

syndrome variants is potentially related to the predominance of PMS2 variants (n=9) which 

are associated with a substantially lower risk of cancer compared to the other variants 

associated with colorectal cancer.36 The penetrance of non-Tier 1 variants was 46.5%, 

Lee et al. Page 7

Genet Med. Author manuscript; available in PMC 2023 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with variability in the three main subsets: 7.7% in cardiomyopathy variants vs. 53.8% in 

arrhythmia variants and 75% in hemochromatosis variants.

Several caveats need to be considered in interpreting estimates of penetrance and these 

should be considered preliminary, with need for additional studies. First, as mentioned 

above, penetrance estimates for FH variants could be inflated given the ascertainment 

of participants based on presence of elevated LDL-cholesterol. Second, new evidence of 

‘penetrance’ could manifest with additional testing in the future and with longer follow-up; 

however, the likelihood in this cohort is low, given the mean age of the participants at 

the time of testing (~63 years). Third, absence of clinical features that are associated with 

a P/LP variant may be due to truly reduced penetrance, absence of relevant phenotyping 

information (e.g., ECG or echocardiograms), or an insufficient follow-up period.37 Fourth, 

survival bias may affect the estimates.

In 2013, the ACMG issued a statement recommending consideration of the return of 

actionable variants from 56 genes (ACMG 56)13 sequenced in a clinical setting to 

participants/patients. However, several of the P/LP variants in the genes on this list appear 

to have uncertain or low penetrance in asymptomatic individuals, prompting the ACMG to 

issue a recent statement discouraging the return of secondary findings detected as part of 

population screening.2 Further, the statement highlights the need for reliable estimates of 

penetrance obtained through robust genotype-phenotype correlation studies and research to 

establish the efficacy of interventions in asymptomatic patients with P/LP variants.2 Of note 

we did not find penetrance estimates to be different in P vs. LP variants (55.2% vs 60%, P 

=0.69; analyses not shown)

Outcomes

For appropriate adoption of genomic medicine it is important to measure outcomes 

consequent to return of sequencing results.24 Clinical utility encompasses several domains.38 

As a step towards assessing clinical utility after RoR in a targeted genomic medicine 

study, we ascertained near term (1-year) outcomes (process, intermediate and clinical) 

using a previously recommended framework.24 Most outcomes were process outcomes, but 

intermediate and clinical outcomes occurred in significant proportions, 67.9% and 19.2%, 

respectively. When examining specific subsets of outcomes, risk reduction surgery occurred 

more often in participants with Tier 1 than in those with non-Tier 1 actionable variants 

(Table 3) but no significant differences were noted for the remaining subsets of outcomes.

The prevalence of actionable variants in the RAVE study was 4.8%, higher than 

previously reported39 and the prevalence of Tier 1 variants was 2%, twice of what 

expected in a population-based sample, likely due to enrichment for participants with 

hypercholesterolemia. Less than half of individuals with Tier 1 variants had family history 

of the related disorder, indicating that population genomic screening would identify a 

substantial proportion of individuals at risk for coronary heart disease, HBOC and colorectal 

cancer, and who would not have had an indication for genomic testing. These findings are 

consistent with those of a UK Biobank study, in which ~60% of individuals with Tier 1 

variants did not have a relevant family history.40 Several participants in our study underwent 

potentially life-altering interventions. For example, after learning about having a pathogenic 
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BRCA2 variant and a subsequent abnormal mammogram, a female participant opted for 

bilateral mastectomy and bilateral salpingo-oophorectomy.

It has been argued that genomic testing should focus on diseases with strong genotype–

phenotype correlation, high penetrance, the effects of the disease are serious, there are 

options for prevention and/or treatment, and the net costs incurred are acceptable for the 

health gains achieved.41 Compared to those with Tier-1 variants, participants with non-Tier 

1 variants tended to experience process outcomes more often than, manifested the relevant 

trait/s in the EHR less often and had a lower prevalence of family history of the relevant 

disease. These results motivate additional scrutiny of the costs and long-term outcomes 

following return of non-Tier 1 secondary findings to assess the balance between risk 

reduction versus increased health-care overutilization.11,42

Strengths of this study include selection of the participants based on the presence of 

hypercholesterolemia and/or colon polyps to emulate real world practice patterns where 

individuals are likely to undergo sequencing based on a specific indication, essentially 

to screen for Tier-1 disorders in an at risk population. Participants were recruited from 

a defined geographic area of Southeast Minnesota, enabling nearly complete capture of 

outcomes 1-year after RoR since the majority of individuals residing in this area receive care 

at the Mayo Clinic Rochester Minnesota or the Mayo Health System and have associated 

follow up and referrals completed within this system.

Several limitations of the present study should be noted. Our data is observational since 

randomized controlled trials to assess outcomes based on returning versus not returning 

results are challenging to conduct given the actionable nature of genetic findings. The 

number of participants with actionable results was relatively modest and a meta-analysis 

of multiple genomic sequencing studies will be necessary to create an evidence base to 

inform appropriate implementation of genomic sequencing in clinical and public health 

contexts.12,43 Our report is limited to near-term outcomes and further work is needed to 

assess costs and health care utilization, sharing of genetic results with family members, 

psychosocial changes and long-term changes in health outcomes.

Conclusion

We report results regarding penetrance and 1-year clinical outcomes of actionable variants 

identified by targeted sequencing as part of a genomic medicine implementation study. 

Penetrance, estimated based on presence of relevant traits in the EHR, was 57% on average; 

process outcomes were noted in the majority (77.9%), whereas intermediate and clinical 

outcomes occurred in 67.9% and 19.2% of participants, respectively. Both penetrance 

and outcomes differed based on Tier 1 vs. non-Tier status. Penetrance was higher in 

participants with Tier 1 actionable variants (67% vs. 46.5%). Overall, outcomes occurred 

more frequently in those with non-Tier 1 variants (92.7% vs. 72.2%) whereas risk reduction 

surgery occurred more often in participants with Tier 1 actionable variants (16.7% vs. 

0%). Our study provides estimates of penetrance of actionable genomic variants identified 

by targeted sequencing and adds to the growing body of literature reporting outcomes 

following return of such variants to patients and clinicians. Additional studies of larger 

cohorts followed over a longer period are necessary to assess changes in health outcomes.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Participant Selection for Penetrance and Outcomes Analyses.
*Two participants had 2 actionable variants each; total number of actionable variants 

identified = 123
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Table 1.

Characteristics of Study Participants with an Actionable Variant

Characteristic n=122
Tier 1
n=59

non-Tier 1
n=63 P

Age, years 63 (8) 63 (8) 63 (9) 0.09

Female 73 (59.8) 35 (59.3) 38 (60.3) 0.82

Whites 118 (96.7) 57 (96.6) 61 (96.8) 1

Education

 High school 23 (18.8) 11 (18.6) 12 (19) 1

 College (1 – 4 yrs.) 64 (52.4) 36 (61) 28 (44.4) 0.10

 Graduate school education 23 (18.8) 8 (13.5) 15 (23.8) 0.16

Return of results

 Disclosed by GC in person 86 (70.4) 43 (72.9) 43 (68) 0.69

 Disclosed by GC over telephone 12 (9.8) 5 (9) 7 (11) 0.76

 Non-responders 20 (16.3) 10 (17) 10 (15.8) 1

Previously known genetic diagnosis 18 (14.7) 12 (20.3) 6 (9.5) 0.12

Age is presented as median (IQR), the remaining features are presented as n (percentage). Tier 1 conditions include Familial Hypercholesterolemia 
(LDLR, APOB, PCSK9), Hereditary Breast and Ovarian Cancer syndrome (HBOC) (BRCA1 and BRCA2) and Lynch syndrome (MLH1, MSH2, 
MSH6, PMS2, EPCAM).

Genet Med. Author manuscript; available in PMC 2023 January 13.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lee et al. Page 15

Table 2.

Estimated Penetrance in 114
a
 Participants with Actionable Variants (n=116)

Gene Disorder Participants (n)
Relevant 

Traits 
Present (n)

Penetrance

Tier 1 variants

LDLR 

Familial hypercholesterolemia

19 17 0.89

APOB 6 6 1

PCSK9 1 1 1

26 24 0.92

BRCA1 

Hereditary Breast and Ovarian Cancer Syndrome (HBOC) †

All 7 6 (2) 0.86 (0.28)

Males - - -

Females 7 6 (2) 0.86 (0.28)

BRCA2 

All 10 6 (2) 0.6 (0.2)

Males 5 1 (1) 0.2 (0.2)

Females 5 5 (1) 1 (0.2)

17 12 (4) 0.70 (0.23)

MSH6 

Lynch Syndrome

All 3 0 0

Males 2 0 0

Females 1 0 0

MSH2 

All 2 2 1

Males 1 1 1

Females 1 1 1

PMS2 

All 9 1 0.11

Males 3 0 0

Females 6 1 0.16

MLH1 Males 1 0 0

15 3 0.20

Overall penetrance of Tier 1 variants 58 39 0.67

Non-Tier 1 Variants

APC FAP 1 1 1

TNNI3 Dilated cardiomyopathy 2 1 0.5

MYPBC3 

Hypertrophic cardiomyopathy

3 0 0

MYH7 1 0 0

MYL3 1 0 0

DSC2 

ARVC

1 0 0

PKP2 3 0 0

DSP 2 0 0

KCNQ1 
Long QT syndrome

6 3 0.5

KCNE1 2 2 1
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Gene Disorder Participants (n)
Relevant 

Traits 
Present (n)

Penetrance

KCNH2 3 2 0.66

SCN5A Brugada/Long Q-T syndrome 2 0 0

COL3A1 EDS, vascular type 1 0 0

FBN1 Marfan syndrome 1 1 1

HFE Hereditary hemochromatosis

All 16 12 0.75

Male 7 4 0.57

Female 9 8 0.88

F5 Thrombophilia 4 1 0.25

PALB2 Breast and pancreatic cancer 2 1 0.5

CHEK2 Various types of cancer 2 2 1

RET Multiple endocrine neoplasia II 2 0 0

CACNA1S Hypokalemic periodic paralysis 1 1 1

ACADM MCAD deficiency 1 0 0

RYR1 Malignant hyperthermia 1 0 0

Overall penetrance of non-Tier 1 variants 58 27 0.46

Overall penetrance 116 66 0.57

†:
The lower bound of penetrance estimates for HBOC are shown in parentheses the lower estimate includes only those in whom a related cancer 

was observed and not those who underwent prophylactic mastectomy. MCAD = medium-chain acyl-CoA dehydrogenase deficiency, ARVC = 
arrhythmogenic right ventricular cardiomyopathy, EDS = Ehlers Danlos syndrome.

a:
Two participants had two P/LP variants. Additional details of relevant traits are provided in the supplementary material.
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Table 3.

1-Year Outcomes after Return of Results.

Overall
n=77

Tier 1
n=36

non-Tier 1
n=41 P

Age, years 63.5 (8.75) 62.5 (7.25) 64 (9) 0.08

Female 43 (55.8) 19 (52.8) 24 (58.5) 0.65

Family history 24 (31) 16 (44.4) 8 (19.5) 0.026

Any outcome 64 (83.1) 26 (72.2) 38 (92.7) 0.030

 

Process Outcomes 60 (77.9) 26 (72.2) 34 (82.9) 0.28

Referral to a specialist 50 (64.9) 23 (63.9) 27 (65.8) 1

Investigations based on RoR 51 (66.2) 24 (66.7) 27 (65.8) 0.52

Surveillance initiated 30 (38.9) 18 (50) 12 (29.2) 0.10

 

Intermediate Outcomes 53 (67.9) 23 (63.9) 30 (71.4) 0.62

New tests finding 15 (19.48) 6 (16.7) 9 (21.9) 0.77

New diagnosis 48 (62.3) 21 (58.3) 27 (65.8) 0.63

 

Clinical Outcomes 15 (19.2) 9 (25) 6 (14.3) 0.38

Risk reduction surgery 6 (7.8) 6 (16.7) 0 <0.01

Medication or therapy started/altered 9 (11.7) 3 (8.33) 6 (14.63) 0.35

Age is presented as median (IQR); the remaining features are presented as n (percentage)
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