bioRxiv preprint doi: https://doi.org/10.1101/133538; this version posted May 3, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

TITLE PAGE
Classification: Biological Sciences, Medical Sciences
Title: Precision Medicine Screening Using Whole Genome Sequencing and Advanced Imaging

To ldentify Disease Risk in Adults

Authors: Bradley A Perkinsl, C. Thomas Caskeyl'z, Pamila Brarl, Eric Decl, David Karow1’3,

Andrew Kahn1’4, Claire Houl, Naisha Shahl, Debbie Boeldt1’5, Erin Coughlinl, Gabby Handsl, Victor

1 7

Lavrenkol, James Yu-, Andrea Prockol, Julia Appisl, Anders Dale6, Lining Guo7, Thomas J. Jonsson',
Bryan M. Wittmann7, Istvan Barthal, Smriti Ramakrishnanl, Axel Bernall, James Brewer1v8, Suzanne

Brewertonl, William H Biggsl, Yaron Turpazl, Amalio Telentil, J Craig Venterl:9

Affiliations:
IHuman Longevity, Inc., 4570 Executive Dr., San Diego, CA 92121;

2Molecular and Human Genetics, Baylor College of Medicine, One Baylor Plaza, Houston, TX, 77030,

USA;
3Department of Radiology, UCSD School of Medicine, 200 W. Arbor Dr, San Diego, CA, 92093, USA;

4Division Cardiovascular Medicine, UC San Diego School Medicine, 9434 Medical Center Dr, San

Diego, CA, 92037, USA;

5Psychology and Neuroscience, University of Colorado, Meunzinger D244, 345 UCB, Boulder, CO,

80309, USA;
6Depts of Neurosciences and Radiology, UC San Diego School Medicine, San Diego, CA, 92093, USA,;
7Metabolon, 617 Davis Dr, Ste 400, Morrisville, NC, 27713, USA;

8Department of Neuroscience , UC San Diego School Medicine, 9500 Gilman Dr, San Diego, CA, 92093,

USA,


https://doi.org/10.1101/133538

bioRxiv preprint doi: https://doi.org/10.1101/133538; this version posted May 3, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

9. Craig Venter Research Institute, 4120 Capricorn Lane, San Diego, CA, 92037, USA

Corresponding author:
Dr. Bradley A Perkins
Human Longevity, Inc.
4570 Executive Drive
San Diego, CA 92121

bperkins@humanlongevity.com

Keywords: personalized, longevity, prevention


https://doi.org/10.1101/133538

bioRxiv preprint doi: https://doi.org/10.1101/133538; this version posted May 3, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

ABSTRACT
BACKGROUND
Progress in science and technology have created the capabilities and alternatives to symptom-driven
medical care. Reducing premature mortality associated with age-related chronic diseases, such as cancer
and cardiovascular disease, is an urgent priority we address using advanced screening detection.
METHODS
We enrolled active adults for early detection of risk for age-related chronic disease associated with
premature mortality. Whole genome sequencing together with: global metabolomics, 3D/4D imaging
using non-contrast whole body magnetic resonance imaging and echocardiography, and 2-week cardiac
monitoring were employed to detect age-related chronic diseases and risk for diseases.
RESULTS
We detected previously unrecognized age-related chronic diseases requiring prompt (<30 days) medical
attention in 17 (8%, 1:12) of 209 study participants, including 4 participants with early stage neoplasms
(2%, 1:50). Likely mechanistic genomic findings correlating with clinical data were identified in 52
participants (25%. 1:4). More than three-quarters of participants (n=164, 78%, 3:4) had evidence of age-
related chronic diseases or associated risk factors.
CONCLUSIONS
Precision medicine screening using genomics with other advanced clinical data among active adults
identified unsuspected disease risks for age-related chronic diseases associated with premature mortality.
This technology-driven phenotype screening approach has the potential to extend healthy life among
active adults through improved early detection and prevention of age-related chronic diseases. Our
success provides a scalable strategy to move medical practice and discovery toward risk detection and

disease modification thus achieving healthier extension of life.
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SIGNIFICANCE STATEMENT

Advances in science and technology have enabled scientists to analyze the human genome cost-
effectively and to combine genome sequencing with noninvasive imaging technologies for alternatives to
symptom-driven medical care. Using whole genome sequencing and noninvasive 3D/4D imaging
technologies we screened 209 adults to detect age-related chronic diseases, such as cancer and
cardiovascular disease. We found unrecognized age-related chronic diseases requiring prompt (<30 days)
medical attention in 1:12 study participants, likely genomic findings correlating with clinical data in 1:4
participants, and evidence of age-related chronic diseases or associated risk factors in more than 3 of 4
participants. These results demonstrate that genome sequencing with clinical imaging data can be used for

screening and early detection of diseases associated with premature mortality.
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INTRODUCTION
The near-doubling of average human life expectancy over the last 150 years is a tribute to scientific
advancements in medicine and public health (1). In large part this success is the result of progress in

control and prevention of infectious diseases particularly among young children. Eight-five percent of

children born now in the US can expect to live to 65 years of age; and 42% will likely celebrate an 85th
birthday (1). As a result of this success the USA is facing a daunting and costly new medical challenge in

the prevention (intervention) of age-related chronic diseases (1, 2).

Most age-related chronic diseases have heritability(3, 4), often are slowly progressive with symptom-free
onset (5), and are associated with common risk factors (2, 6). In 2015, the estimated US cumulative
mortality risk among males 50 to 74 years of age was 39%; for women, the risk was lower but still
substantial at 24% (7). The causes of these deaths are similar across genders with neoplasms and
cardiovascular disease accounting for about one-third each. Diabetes and related conditions, respiratory,

cirrhosis and other liver diseases, and neurologic disorders account for the remaining one-third.

Few published examples demonstrate how genomics (8, 9) might be proactively incorporated into new
models for medical practice, and what infrastructure will be needed to support data generation and use
(10-15). We employed noninvasive advanced phenotyping approaches to detect risk of disease prior to
damaging medical events. We used pedigree information, clinical grade whole genome sequencing (9);
global metabolomics (12, 16); 3D/4D imaging focusing on non-contrast whole-body magnetic resonance
imaging (17-19); cardiac imaging; 2-week cardiac rhythm monitoring; and standard laboratory studies.
Our objective for active adults was similar to successful newborn screening using advanced mass
spectroscopy technologies for early simultaneous detection of multiple life-threatening conditions (20,
21). Age-related chronic diseases associated with premature mortality are much more common among

active adults than diseases targeted in newborn screening which make them good candidates for
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screening, but requiring a broader set of specialized tools and technologies for identification of disease
risk than a single modality such as DNA sequencing. Phenotype data enhances risk detection and

clarifies ambiguous sequence information in N of 1 evaluations.

RESULTS

We enrolled 209 study participants, median age 55 yrs, range 20-98 yrs, 34.5% female, between
September 10, 2015 and May 16, 2016. Twenty-one (10%) of the 209 participants were from 7 families.
Selected characteristics comparing study participants to age and gender-adjusted NHANES cohort, a US
population-based sample, is shown in Table 1. Routine clinical laboratory testing was obtained on 90
study participants (43%); Quantose IR (including fasting blood glucose) was obtained on 208 participants
and included fasting blood glucose. Magnetic resonance imaging-based quantitative body compartment-
specific fat and muscle estimation was conducted on 126 participants (60%). Some portion of the
intended 2-week cardiac rhythm monitoring was completed on 140 (67%) participants; the median

duration of monitoring was 5.9 days (range 0.8-14 days) (Figure 1).

We identified seventeen study participants (8%) with evidence of age- related chronic diseases considered
significant and highly actionable requiring prompt medical attention following confirmation of screening
findings: four early stage neoplasias (thymoma, renal cell carcinoma, and two high grade prostate

neoplasms), one enlarged aortic root, two newly recognized atrial fibrillation cases, two medically

significant arrhythmias, one ard degree heart block, one primary biliary cholangitis, and one xanthinuria
(Table 2). Some individuals had no detectable genetic risk emphasizing the value of phenotyping

technology.

Table 3 lists the pathogenic associations of genomic variants. 52 (25%, 1:4) participants had likely

mechanistic genotype-phenotype associations (Figure 2). Of the 52 variants there were 34 unique genes,
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38 unique variants, zygosity was 50 heterozygous and 2 homozygous, with 3 new variant-disease

associations observed in 2 different families.

We identified 164 (78%, >3:4) participants with evidence of age-related chronic disease or risk factors.
One-hundred-and-eighteen study participants (56%) had evidence of diabetes or risk for diabetes: 15
(7%) had type 2 diabetes; 80 (38%) had pre-diabetes (38%), and 23 (11%) had insulin resistance (based
on Quantose IR). Only 19 (16%) reported a history of type 2 diabetes or pre-diabetes (Table 2). One-
hundred-and-twenty-four participants (59%) had evidence of atherosclerotic disease or risk. Thirty-three
(16%) had evidence of metabolic syndrome. Twenty-eight participants (13%) met a screening definition
for non-alcoholic fatty liver disease (NAFLD), and one had suspected non-alcoholic steatohepatitis
(NASH). Many participants had multiple over-lapping conditions including: 29 with pre-diabetes and
atherosclerotic disease or risk; 19 with pre-diabetes, atherosclerotic disease or risk, and metabolic

syndrome and; 13 with insulin resistance and atherosclerotic disease or risk (Figure 1).

We identified 10 unique alleles in 14 subjects with metabolic signatures consistent with penetrance.
Metabolic pathways impacted by the allelic differences included fatty acid beta oxidation, fatty acid
synthesis, urea cycle, and signatures associated with oxidative stress. Strong metabolic signatures were
observed for two polymorphisms matching the genes’ function. Two heterozygous ACADS variants,
€.1510G>A and ¢.1030C>T, coding for the short-chain acyl-Coenzyme A dehydrogenase (SCAD) were
detected in one case. In another case, the heterozygous ACADM variant ¢.1456C>T coding for medium-
chain acyl-Coenzyme A dehydrogenase (MCAD) was detected and interestingly both enzymes participate
in fatty acid beta-oxidation by reducing different fatty acid chain length (22). SCAD specifically acts on
the short chain fatty acid butyryl-CoA and MCAD reduces acyl-CoA chains containing 6-12 carbons. In

the absence of SCAD activity, byproducts of butyryl-CoA including butyrycarnitine and ethylmalonate

accumulate (23). Greatly elevated levels of butyrylcarnitine and ethylmalonate (Z-scores above 97.5th
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percentile) were observed in the plasma suggestive of combined metabolic penetrance of these variants.
Moreover, greatly elevated medium chain acyl-carnitines, hexanoylcarnitine, octanoylcarnitine and
decanoylcarnitine (Z-scores above 97.5 the percentile) were detected suggestive of reduced MCAD
activity. Large genome-wide association studies combined with metabolic profiling have previously
identified associations between ACADS and MCAD and their respective metabolic substrates lending
support to the metabolic penetrance observed on an individual basis in this study (24-26). We previously
reported on additional metabolomic/genetic variants which are heterozygotes for known recessively
inherited disorders(12, 16). These studies established that "carrier" disease state does not reflect carrier
for individual metabolic variation. The number of adult cases of metabolic penetrance will continue to

expanded using this approach.

Metabolomics analysis also detected xanthinuria in an individual with early onset (20’s) recurrent renal
stones (6 episodes) as well as the drug effect of xanthine oxidase inhibitors in 3 other individuals.
Although hypoxanthine and especially xanthine levels were elevated in both cases, normal urate and
elevated orotate and orotidine levels, due to perturbed pyrimidine synthesis (27), were only observed in

individuals taking xanthine oxidase inhibitors (allopurinols) for their gout conditions.

DISCUSSION

We used a precision medicine screening approach integrating whole genome sequencing and phenotype
assessments for disease risk detection among active adults focusing on age-related chronic diseases
associated with premature mortality. We found a substantial burden of largely unrecognized disease risk
among study participants using three different analytic perspectives including those: 1) with significant
and highly actionable conditions requiring prompt medical attention for previously unrecognized
potentially life-threatening age-related chronic diseases (8%); 2) with likely mechanistic genomic

findings correlated with other clinical associations (25%) and; 3) with evidence of age-related chronic
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disease or risk factors (78%). In design of our study we hypothesized that by proactively combining
clinical grade deep whole genome sequencing(9), and advanced clinical testing including global
metabolomics, as well as 3D/4D imaging, emphasizing use of radiation-free low-to-no risk technologies
like non-contrast MRI and echocardiography, 2-week cardiac monitoring, as well as routine laboratory
testing, we could identify more precise disease risks allowing for earlier intervention and better health
outcomes. False positives and other negative aspects of screening were mitigated by the high prevalence
and life-threatening nature of targeted conditions, use of low-to-no-risk technologies, and convergent
approaches for interpretation of results. Our data supports clinical utility of the approach presently and
sets a challenge for the future improvements, including decreasing costs, through use of supporting

technologies and infrastructure.

There is warranted concern about testing performance whenever screening is undertaken in medical
practice. False positives may expose people to unnecessary risks, anxiety, costs, and inconvenience (28).
The traditional medical approach to minimizing false positives is to rely on occurrence of symptoms to
increase pre-test probabilities, though this is poorly understood by most physicians (29). Whole genome
sequence data is a particular concern with the high number of VUS variants due to lack of N of 1
phenotype correlations. Traditional medical evaluations are clearly an inadequate approach for early
recognition of age-related chronic diseases, many of which are preventable, and the fact that the later
manifestations of these diseases now represent most of the current total US Medicare expenditure (2, 30).
For nationally-sanctioned proactive single-disease adult screening programs, there are robust long-term
evaluations examining testing performance in the context of clinical harms and benefits, and costs — at the
population level, even though it is now increasingly well recognized that individual risk varies widely for
these conditions (31). Both of these time-honored approaches have advanced health but are insufficient to
cope with introduction of genomics and other new science and technologies (e.g., imaging and
metabolomics) to medicine, particularly when combined with the dramatic demographic and

epidemiologic changes underway in the US and globally. A major promise of genomics and precision
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medicine is to more tightly link curative (to identify pathology) and preventive (to identify risk) medical
disciplines by creating new health and health care platforms to personalize disease risk and longitudinal
care. Our data suggest a route to creating such an approach, initially focusing on prevention of premature
deaths among active adults associated with age-related chronic diseases, then expanding to other causes

of disability (e.g., disability-adjust life year, or DALY) and additional life stages.

Genomics as currently applied has been disappointing in its ability to unravel the “missing heritability” of
most age-related chronic diseases, and other common diseases (32, 33). This shortcoming is slowly
improving as a result of public and private efforts to expand sequencing but still leaves a plethora of VUS
to assess. All are dependent on heterogenous contributions to the public databases, not N of 1 studies.
First, we expect and are increasingly finding and seeing supporting evidence for the increasing
recognition of rare variants with large effect sizes (3, 9, 34). Combining this with advancements in
monogenic and polygenic methodologies to assess causation including Mendelian randomization methods
(35), extension of genome-wide association study to create hazard models (36), and continued exploration
of pleiotropy (37), will increase clinical utility. Second, increasingly detailed mapping of molecular
pathways and mechanisms associated with diseases and risk factors will provide a much needed improved
capability to link genotype and phenotype data (12, 16, 38). In our study, we were able to demonstrate
the use of global metabolomics in mapping to genomic defects. This integration will strengthen with
additional automation of analysis. Thirdly, we are working to quantitatively integrate genomics with

other clinical data, particularly advanced imaging data, to create point-of-care clinical decision support

(37, 39, 40). The version of HLI SearchTM we are using can gquery more than 40,000 genomes
(individuals and families) and explore genotype-phenotype associations with millisecond response times.
We are expanding this capability using the full range of genome- and phenotype-derived data signals to
rapidly identify, classify, and prioritize individual opportunities for tertiary (disease treatment), secondary

(risk factor control), and primary prevention using human- and machine-driven feature extraction. Such
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will enable the practicing physician to incorporate precisions medicine toward disease prevention. The
potential value of evolving medical practice from disease diagnosis to risk detection is supported by our
study. A larger cohort and longer follow-up will strengthen these initial 209 case findings. The relatively
high burden of risk identified may be partially due to self-selection of clients with health concerns. This
is supported by comparison of our study participants to NHANES data (Table 2), and has been suggested
by earlier authors in similar studies (11). We recommended follow-up imaging studies for slightly more
than one-third of our study participants. Some of this is the nature of screening, which drives need for
more definitive imaging studies better suited to specific abnormalities. Other instances of referral were
intended to identify change over a specified time period which might be suggestive of cancer such as
finding a cystic pancreatic lesion (41) or instability of a vascular lesion such an intracranial aneurysm
(42). In some instances, data is lacking to confidently predict the natural course of these findings, and as
a result may cause unnecessary anxiety and unneeded surgery (41, 42). However, the life-threatening
consequences and relatively high prevalence of diseases associated with these lesions suggests that early
recognition is likely to be beneficial for most individuals. Some of the technology used in this study has
the potential to measure progression or resolution of the risk thus enhancing disease intervention.
Expansion of some or all of our approach reported here to broader populations will require attention to
cost, utility, physician and consumer acceptance. We continue to explore additional innovative

noninvasive phenotyping technologies in the search for N of 1 precision medicine.

MATERIALS AND METHODS

We enrolled active adults >18 years old (without acute illness, activity-limiting unexplained illness or
symptoms, or known active cancer) able to come for 6-8 hours of on-site data collection, were able to
undergo magnetic resonance imaging without sedation, in the case of women were not pregnant or
attempting to become pregnant, and were interested in undergoing a novel precision medicine screening
approach for disease risk detection including genomics and other testing, as part of an institutional review

board-approved clinical research protocol. Study results were returned to study participants who were
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encouraged to involve their primary care physicians.

Participants underwent a verbal review of the institutional review board-approved consent (Western
Institutional Review Board) and were given time to ask and receive answers to questions during a one-
half to one-hour sessions conducted by health professionals. Study participants underwent standardized
activities related to data collection and return of results in pre-visit, visit, and post-visit phases during a 1-

year study period.

Selected data were collected regarding past medical and family history, risk factors, and medical
symptoms prior to or during study participant visit (43). Participants were instructed to stop taking
supplements for 72 hours, and to fast after dinner the night before their morning appointment. On the day
of visit, blood was obtained for whole genome sequencing (Human Longevity, Inc.)(9), global

metabolomics (12) and QUANTOSE™ IR (44) (Metabolon), and routine clinical laboratory tests
(LabCorp Inc.TM).

Two-week cardiac rhythm monitoring (Zio XT PatchTM, iIRhythm Technologies, Inc.TM) kits were
provided with instructions for use, or monitoring was initiated during visit. Height, weight, and sitting

blood pressure (45) were obtained.

Genomic variants were annotated using integrated public and proprietary annotation sources in the HLI

KnowledgebaseTM including ClinVar(46), and HGMDTM (Qiagen). Monogenic rare variants were

classified as pathogenic (P), likely pathogenic (LP), or variant of uncertain significance (VUS). The HLI

™
Knowledgebase integrates allele frequencies for variants derived from HLI’s database of >12,000

sequences and provides a platform for query of these variants with annotation data.

To identify potentially medically significant rare monogenic variants we used an internal version (release

12
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0.27) of HLI SearchwI in a two-step process: the first step focused on allele frequency <1% in the HLI
cohort with annotation using ClinVar and HGMD as well as predicted loss of function variants; the
second step focused on participant-specific phenotype-driven queries using an allele frequency of <1%

based on family and individual medical history as well as abnormal clinical testing results.

Global metabolic profiling was performed using ultrahigh performance liquid-phase chromatography
separation coupled with tandem mass spectrometry to assess the metabolic penetrance of the variants in

these subject (44). Z-scores were calculated for all metabolites in each subject against a reference cohort
consisting of 42 fasted subjects of normal health, and metabolites with Z-scores below the 251 or above

the 97.5th percentiles of the reference cohort were considered to be potentially indicative of metabolic
abnormalities that warranted further investigation. Integration of metabolomic and gene sequence data

was achieved by a proprietary pathway analysis program developed by Metabolon and HLI.

Study participants underwent whole body magnetic resonance imaging (GE Discovery MR750w 3.0TTM)
in research mode (courtesy GETM) using protocols and post-processing for volumetric brain imaging

™ . T . . . .
(Neuroguant , CorTechs Laboratories ), cancer detection (using restriction spectrum imaging),

neurovascular and cardiovascular visualization, liver-specific fat and iron estimation, and quantitative
- o ™ .
body compartment-specific fat and muscle estimation (AMRA )(19); other post-processing was done by

MMISTM (co-author, Anders Dale). GE Lunar iDXA with Pro Package was used for skeletal and
metabolic health assessment. Magnetic resonance imaging and iDXA images were interpreted by co-
author, DK. GE Vivid E95 was used for echocardiography and a GE Mac 2000 was used to obtain a 12-
lead resting electrocardiogram. 2-week cardiac monitoring, electrocardiogram, and echocardiography

were interpreted by co-author, AK.
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Participants with likely mechanistic genomic findings correlating with clinical data were identified by
expert review to identify convergent genomic and clinical (or phenotype) data relationships including at
least two clinical (or phenotype) data elements supporting a genomic observation, including three

generation family history and metabolite level correlation based on pathway mapping.

Baseline characteristics including reported past medical history for major categories of age-related
chronic diseases by study participants were compared to responses from NHANES, a US population-
based cohort (Table 1), adjusted for age and sex distributions. Study participants with evidence of age-
related chronic diseases considered significant and highly actionable were defined as hew genomic
and/or other clinical findings which based on current medical practice indicated the need for medical
attention to avoid potentially life-threatening consequences immediately or within 30 days from their
visit. Participants with evidence of age-related chronic disease or disease risk factors were identified as
including: 1) type 2 diabetes (47), pre-diabetes (47) and insulin resistance (Quantose IR)(43); 2) likely
atherosclerotic disease or risk; 3) metabolic syndrome (48); 4) non-alcoholic fatty liver disease and non-
alcoholic steatohepatitis, based on clinical guidelines or other recent literature. Measured fasting blood
glucose, hemoglobin A1C, personal medical history for diabetes, or Quantose IR was used to identify
participants as having diabetes, pre-diabetes or insulin resistance. The presence of any of the following
were considered to be evidence of likely atherosclerotic disease or risk: “yes” in response to any of the
following questions: 1) Ever told you had coronary artery disease, 2) Ever told you had a heart attack, 3)
Ever told you had congestive heart failure, 4) Taking prescription for hypertension, and 5) Taking
prescription for cholesterol, or if sitting blood pressure > normal, LDL cholesterol > normal, or
Lipoprotein-associated phospholipase A, (Lp-PLA;) > normal. The presence of any three of the

following 5 criteria were considered to be evidence of metabolic syndrome: 1) visceral adipose tissue

measured by MRI (post-processing by AMRATM) > 2SD above normal (19), or android/gynoid fat

measured by iDXA > normal; 2) triglycerides >150 mg/dL; 3) HDL cholesterol <40 mg/dL in men and

14
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<50 mg/dL in women or the participant is currently taking prescribed medicine for high cholesterol; 4)
blood pressure >130/85 mmHg or the participant is currently taking prescription for hypertension; 5)
Measured fasting glucose or hemoglobin Alc indicates pre-diabetes(48) or “borderline” in response to the
question - Doctor told you have diabetes. The presence of non-alcoholic fatty liver disease or non-
alcoholic steatohepatitis were considered likely if: for non-alcoholic fatty liver disease MRI-based
estimate liver fat was <4% and did not have alcohol dependence, and for these individuals we used a
formula including other demographic and laboratory data to identify likely non-alcoholic steatohepatitis

(49).
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Figure Legends

Figure 1. Study Design and Findings from Precision Medicine Screening

Figure 2. Phenotype-Genotype Data Integration. Six cases were selected to illustrate the integration
of our individual technology data to achieve a precision diagnosis. Case details are found in the
legend. This integration requires multiple technology skills and expert medical interpretation.
Purple Family History: 1st degree relative with two individuals with breast cancer (early onset in 40s),
another first degree relative with Hodgkins lymphoma; Personal Medical History: prostate cancer
diagnosed 1997, chronic lymphocytic leukemia diagnosed 2013, basal cell carcinoma and squamous cell
carcinoma. Radiology: fMRI revealed focal areas of T1 hypointensity with restricted diffusion in T12, L1,
L5 and S2 vertebral bodies likely hemangiomas as findings are stable; Whole Genome Sequencing: TP53
€.844C>T (p.Arg282Trp), a likely pathogenic variant (PMID 19468865, 11370630, 8718514, 21761402,
22672556). Gray Family History: father with elevated cholesterol and elevated coronary calcium
scoring, mother with dyslipidemia and hypertension. All grandparents had history of cardiovascular
diseases; Routine Clinical Analytes: cholesterol: 247 mg/dL, triglycerides: 229 mg/dL, LDL: 157 mg/dL,
VLDL: 46 mg/dL, and Lp-PLA2: 237 ng/mL; Whole Genome Sequencing: APOB ¢.9452C>T
(p.Ser3151Phe), a paternally inherited rare variant. Red Family History: father deceased at age 83 from
myocardial infarction and had a history of congestive heart failure and bundle branch block. Mother with
a history of a transient ischemic attack in her 60s. Brothers and grandparents had history of high
cholesterol, cardiovascular diseases or stroke. Personal Medical History: proband with dyslipidemia and
noncritical coronary artery disease from calcium scoring. Cardiovascular: iRhythm showed 8 episodes of
supraventricular tachycardia; Whole Genome Sequencing: a rare DSP ¢.8531G>T (p.Gly2844Val) variant

(PMID
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20829228) was identified in 3 siblings who also had an abnormal Personal Medical History and abnormal
cardiovascular findings. Orange Family History: paternal grandfather with renal cell cancer, paternal
grandfather’s sibling and paternal uncle with esophageal cancer. Personal Medical History: 31 yrs, BMI
33.2, a bottle of wine per day, Radiology: MRI had shown liver fat at 5%. Routine Clinical Analytes:
albumin 5.0 g/dL, AST 481 U/L, GGT 111 IG/L. Metabolome: greatly reduced cysteine, cysteine sulfinic
acid, 5-oxoproline and cysteinylglycine suggested that glutathione metabolism was impacted. Whole
Genome Sequencing: ALDH2 ¢.1510G>A (p.Glu504Lys), a pathogenic variant that had been carriers with
higher acetaldehyde levels after alcohol consumption and have an increased risk of esophageal cancer

(PMID 20010786).
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Table 1. Study Participant Characteristics and Comparison to NHANES

bioRxiv preprint doi: https://doi.org/10.1101/133538; this version posted May 3, 2017. The copyright holder for this preprint (which was not

Standardized 95%
Study Incidence  Confidence
Characteristics Participant ~ NHANES Adult Ratio* Interval P-Value
Age 4.43E-40*
Median 55 26
Range 20-98 0-80
Sex 4.84E-04*
Male 65.6% 49.2%
Female 34.4% 50.8%
Measured BMI
Median (25%-75%) 26 (23-29) 24.7 (20-30)
Measured Systolic Blood Pressure
Median (25%-75%) 123.5(115-133)| 116 (106-128)
Measured LDL
Median (25%-75%) 114.5(96-135) | 103 (81-127)
Diseases
Neoplasms
Ever told you had cancer or malignancy 15.1% 9.5% 15 1.02-2.16 3.39E-02*
Cardiovascular
Ever told you had coronary heart disease 4.1% 4.0% 0.9 0.38-1.74 7.98E-01
Chronic respiratory diseases
Ever told you had COPD? 1.0% 3.3% 0.2 0.02-0.88 9.52E-02
Diabetes, urogenital, blood, and endocrine diseases
Doctor told you have diabetes 4.6% 7.5% 0.3 0.13-0.54 9.63E-04*
Cirrhosis and other chronic liver diseases
Ever told you had any liver condition 6.1% 4.1% 1.1 0.55-1.89 7.75E-01
Neurological disorders
Blood relatives have Alzheimer's disease 13.2% 13.3% 1.0 0.63-1.44 1.00E+00
Risk Factors
Alcohol use
Had at least 12 alcohol drinks/1 yr? 90.0% 70.0% 1.2 0.99-1.37 2.76E-02*
Tobacco smoking
Smoked at least 100 cigarettes in life 38.4% 42.2% 0.8 0.58-0 97 8.90E-02
High LDL cholesterol
Now taking prescribed medicine 78.9% 85.4% 11 0.74-1.48 6.02E-01
High blood pressure
Ever told you had high blood pressure 23.0% 33.7% 0.5 0.38-0.69 6.81E-06*
Taking prescription for hypertension 73.8% 83.6% 0.8 0.54-1.14 2.44E-01

*P <0.05

! Giovanni Tripepi, 2010. "Stratification for Confounding — Part 2:Direct and Indirect Standardization". Nephron Clin Pract 2010;116:c322—325
NHANES, National Health and Nutrition Examination Survey, https://mww.cdc.gov/nchs/nhanes/
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Figure 1

209 Study participants were enrolled

\

Participants assessed for

.Personal Medical History

.Family Medical History

.Body mass index

.Blood pressure

.Whole genome sequencing (209)

.Gobal metabolic profiling (208 )

.Quantose IR including fasting glucose (208)
H. Routine clinical laboratory testing including
hemoglobin A1C(90)

I.2-week cardiac monitoring (140)

J.3D/4D imaging (203)

OTMTMoO O m>

G.Evidence of age-related chronic diseases or
disease risk
1. Type 2 diabetes, prediabetes, insulin
resistance
a. measured fasting blood glucose
b. hemoglobin A1c
c.personal medical history diabetes
d. Quantose IR
2. Likely atherosclerotic disease or risk
a.Ever told had coronary artery disease
b.Ever told had heart attack
c.Ever told you had congestive heart failure
d. Taking prescription for hypertension
e. Taking prescription for cholesterol
f. Sitting blood pressure >norm al
g.LDL cholesterol >normal
h. Lipoprotein-associated phospholipase A2
>normal
3. Metabolic syndrome
a.Visceral adipose tissue®2SD above
normal or Android/gynoid fat measured by
iDXA >normal
b. triglycerides 150 mg/dL
c. HLD cholesterol >40 mg/dL in men or >50
mg/dL in women or taking medicine for
cholesterol
d.Blood pressure 130/85 mmHg or taking
medicine for hypertension
e.Measured fasting glucose or hemoglobin
A1C indicates pre-diabetes or Ever been
told borderline diabetes
4. Non-alchoholic fatty liver disease or
non-alcoholic steatohoepatitis
a. MRI-based estimate liver fat<4% and did
not have alcohol dependency
b. NAFLD fibrosis score

Participants with significant and
highly actionable findings

-17 had significant and highly
actionable findings requiring
medical attention within the next
30 days

-139 had significantand actionable
findings requiring medical
attention and/or followup imaging
within 1 year

-11 had benign findings

-42 had no findings

164 Participants had evidence of
age-related chronic disease or
disease risk factors
-118 had evidence of diabetes
or diabetes risk

15 type 2 diabetes

80 pre-diabetes

23 insulin resistance
-123 had evidence of
atherosclerotic disease or
disease risk
-33 metabolic syndrome
-28 non-alcoholic fatty liver
disease
-1 suspected NASH

Multiple overlapping conditions
-29 pre-diabetes and
atherosclerotic disease or risk
-19 pre-diabetes,
atherosclerotic disease or risk
and metabolic syndrome

-13 insulin resistance and
atherosclerotic disease orrisk

52 Participants had likely
mechanistic genomic findings
> correlated with other clinical

associations

-14 subjects had 10 unique alleles
with metabolic signatures
consistent with penetrance
-3new disease-gene associations
-2 homozygous autosomal
recessive pathogenic variants
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Table 2. Significant and highly actionable findings

Age at
GBD Sex Timeof Findingand Followup
Cardiovascular Past Medical History: No history cardiovascular disease
diseases M 67 Finding: Initial Bundle branch block/IVCD; Atrial fibrillation burden 1%
Followup: Pending
Finding: Right common iliac artery aneurysm measuring 2.6 cm. No
Cardiovascular involvement of adbominal aorta, internal or external iliac
diseases M 47 arteries. Recommend CT angiogram for further evaluation and confirmation.
Followup: Pending
Medical History: Increased blood pressure, increased cholesterol Finding:
Cardiovascular M 68 Paroxysmal atrial fibrillation; Atrial fibrillation burden 3%
diseases Followup: Individual now taking anticoagulant
Cardiovascular Medical History: Increased blood pressure
diseases M 73 Finding: First degree AV block; Atrial fibrillation burden 7%
Followup: Individual now taking anticoagulant
Cardiovascular Medical History: Increased cholesterol, increased blood pressure Finding:
diseases F 64 Atrial fibrillation burden 2%
Followup: Pending
Finding: Limited non-contrast neck MRA. String of beads appearance to the
bilateral cervical internal carotid arteries may represent Fibromuscular
Cardiovascular F 66 Dysplasia. Motion artifact is considered less likely. Recommend IV contrast

diseases

enhanced CT or MR angiogram of the carotid arteries for further evaluation.
Followup: CT with contrast for scans of carotid and renal arteries; nothing to

report

23



https://doi.org/10.1101/133538

bioRxiv preprint doi: https://doi.org/10.1101/133538; this version posted May 3, 2017. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Cardiovascular

diseases F 47

Medical History: High cholesterol

Finding: A 5 mm aneurysm originating from the left cavernous ICA just
proximal to the opthalmic artery. Recommend Neurosurgery evaluation.
Consider CT or conventional angiogram.

Followup: Pending

Cardiovascular F 61

diseases

Finding: Head: Non-contrast brain MRA. 50% loss of signal of the left internal
carotid artery at the juntion of the cavernous and petrous portions may
represent artifact versus partial narrowing. Recommend CT angiogram of the
brain for further evaluation.

Chest: 4 x 2 cm lesion in the medial right lower lobe. Suggestion of connection
to the pulmonary vessels. Recommend CT chest to rule out pulmonary AVM.
Other considerations include mass, sarcoid, sequestration or atelectasis.

Followup: Pending

Neoplasm M 63

Medical History: Melanoma

Finding: A 3 cm lobulated contour of the left kidney may represent a benign
dromedary hump. However there is limited evaluation. Recommend renal
ultrasound to rule out a mass.

Followup: Surgically resected and found to be high grade early stage renal cell

carcinoma.

Neoplasm M 56

Finding: 5 cm anterior mediastinal mass with differential including lymphoma,
thymoma or germ cell tumor. The mass is most likely a thymoma, likely stage
1 or 2. There is no obvious vascular invasion and no lymph nodes.
Recommend contrast enhanced CT and thoracic surgery consultation.

Followup: Thymoma
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Neoplasm M

33

Finding: 1.5 x 1.9 cm cystic lesion in the left parotid gland with differential
including sialocele, pleomorphic adenoma, lymphatic malformation, or first
branchial cleft cyst. Favor a pleomorphic adenoma. Recommend contrast
enhanced MRI or CT for further evaluation along with ENT surgery
consultation.

Followup: Pleomorphic adenoma, biopsy pending

Neoplasm M

65

Finding: Two lesions as noted, the most concerning of which is a PIRADS 4
lesion in the left posterior peripheral zone. Recommend urology consultation
to consider targeted biopsy. The anterior transitional zone lesion is a PIRADS
3 lesion which may represent a BPH nodule although neoplasia is within the
differential.

Followup: Prostate cancer confirmed.

Neoplasm M

69

Finding: Prostate volume of [52] cc. (normal range is 15-30 cc). Right lateral
peripheral/transitional zone lesion as noted above is stable going back two
exams from 1/4/14 and 1/9/13. The lesion is categorized as PIRADS 3. Favor
BPH nodule given stability, but neoplasia is within the differential.
Recommend close imaging follow up.

Followup: Prostate cancer confirmed and surgically resected.

Neoplasmrisk M

57

Finding: Abdomen: 4.8 cm complex left renal cyst with septations. Although
this may represent a complex benign cyst, cystic renal call carcinoma is not
excluded. Recommend renal mass protocol CT or MRI for further evaluation.

Followup: CT imaging of renal cyst indicated Bosniak stage 2
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Medical History: History of non-melanoma skin cancer
Finding: A 2.5 cm complex lesion in the lower pole of the left kidney with

differential considerations including hemorrhagic cyst. A solid mass is not

Neoplasmrisk M 70 entirely excluded. Recommend ultrasound or contrast enhanced CT for further

evaluation.

Followup: Repeat CT for kidney mass repeated. No signficant findings

reported.

Finding: Alkaline Phosphatase, S 229 (Abnormal Flag: H) ALT (SGPT) 77

(Abnormal Flag: H)

AST (SGOT) 73 (Abnormal Flag: H)

C-Reactive Protein, Quant 7 (Abnormal Flag: H) CA 19-9 101

(Abnormal Flag: H)

Cancer Antigen (CA) 125 58.5 (Abnormal Flag: H ) Cholesterol, Total 253

(Abnormal Flag: H) Cystatin C 1.05 (Abnormal Flag: H)

Ferritin, Serum 209 (Abnormal Flag: H ) Fibrinogen Antigen 366 (Abnormal
Other Flag: H) GGT 515 (Abnormal Flag: H)

F 69 Iron, Serum 161 (Abnormal Flag: H)

LDL Cholesterol Calc 152 (Abnormal Flag: H ) Lp-PLA2 386

(Abnormal Flag: H)

Platelets 130 (Abnormal Flag: L)

Followup: Finding of Primary Biliary Cholangitis based on liver biopsy

Medical History: History of kidney stones (6)

Finding: Xanthinuria on Metabolome analysis [xanthine kidney stones]
Other M 66 Followup: Pending
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The Global Burden of Disease benchmarks for health loss from death or disability was used to categorize our

findings based on the leading causes of and/or risks for non-communicable death.
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Table 3. Pathogenic Genotype-Phenotype Findings

GBD Gene Disease Associated with|MOIl  [c.HGVS Zygosity [Personal Medical History / Family Medical
Pathogenic
Hereditary cancer- Family History: maternal family has clustering
Neoplasm RAD50 predisposing syndrome |AD €.326_329delCAGA et of cancer with at least 2 cases of colon cancer
Neoplasm NBN Hereditary cancer- AD c.657_661delACAAA |het Family History: father has a sibling with brain
predisposing syndrome cancer
Family History: brother with carcinoid tumor,
mother with glioblastoma multiforme, maternal
Neoplasm NBN Hereditary cancer- AD c.127C>T het aunt with breast cancer, father with amelanotic
predisposing syndrome melanoma, paternal uncle with an unspecificed
type of cancer, paternal uncle with
nasopharngeal carcinoma
Family History: father with renal cell cancer,
brother died of esophageal cancer. Primary bile
/Aldehyde dehydrogenase acids were elevated indicative of liver

deficiency, susceptibility

dysfunction. Methionine sulfoxide and cysteine-
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Neoplasm

ALDH28

/Aldehyde dehydrogenase
deficiency, susceptibility

to esophageal cancer

AD

c.1510G>A

het

Family History: paternal grandfather died of
renal cell cancer, paternal uncle died of
esophageal cancer, paternal grandfather's
silblings died of esophageal cancer. Liver fat:
26%, ALT is high. Extremely reduced 5-
oxoproline, and cysteine suggested that
glutathione metabolism was impacted.

Greatly elevated cysteine-glutathione disulfide

\was indicative of oxidative stress.

Neoplasm

ALDH28

/Aldehyde dehydrogenase
deficiency, susceptibility

to esophageal cancer

AD

c.1510G>A

het

Family History: paternal grandfather died of
renal cell cancer, paternal uncle died of
esophageal cancer, paternal grandfather's
silblings died of esophageal cancer. Greatly
reduced cysteine, cysteine sulfinic acid, 5-
oxoproline and cysteinylglycine suggested that

glutathione metabolism was impacted. Liver

fat: 5%, ALT is slightly elevated.
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Hereditary cancer-

predisposing syndrome,

Personal History: Colon cancer; Family

History: Maternal grandmother with lung

Neoplasm ATM /Ataxia telangiectasia AD,AR [c.6100C>T het cancer, father with mantle cell lymphoma and
renal cell carcinoma, paternal grandmother
deceased from leukemia.

Personal History: Prostate volume 52 cc.

Neoplasm AR Prostate cancer, XLD  [c.485G>A het Followup imaging had predicted Gleason 4.

susceptibility to Biopsy proven pathology bilateral Gleason 3+4.
Personal History: history of a mitral valve tear.
ECG: Sinus bradycardia with 1st degree AV
block. Rightward axis, incomplete right bundle
IArrhythmogenic right branch block, borderline ECG. Echo: mild
Cardiovascular [PKP2 \ventricular dysplasia9 |AD c.314delC het concentric left ventricular hypertrophy, mild

enlargement of the left atrium. iRhythm:
Arrhythmia: Supraventricular tachycardia, 6
episodes. Family History: father and paternal

grandfather had myocardial infarction.
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Cardiovascular

APOB

Familial

hypercholesterolemia

AD

c.10580G>A

het

Routine clinical analytes: high cholesterol,
LDL. Echo: mild concentric left ventricular
hypertrophy. Family History: first degree
relative with atherosclerosis, maternal 1st and

2nd degree relatives have cardiac problems.

Cirrhosis

HFE

Hemochromatosis;
susceptibility to cirrhosis,

diabetes and liver cancer

AR

c.845G>A

homo

Family History: sister with hereditary
hemochromatosis; Personal History: possible
hereditary hemochromatosis and diabetes (on
metformin). iRhythm: 1 episode of ventricular
tachycardia and supraventricular tachycardia;
ECHO: mild concentric left ventricular
hypertrophy, mild enlargement of left ventricle
cavity, and a focal high signal echodensity on
the aortic valve which does not have
independent mobility. ECG: Right bundle
branch block, left anterior fascicular block,

Metabolon: impaired glucose tolerance. MRI:

Liver iron level is normal (47 Hz).
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Pancreatitis;
Susceptibility to

fibrocalculous pancreatic

Metabolic markers indicate impaired insulin

Diabetes SPINK1 diabetes, Tropical AR,AD [c.101A>G het sensitivity.

calcific pancreatitis

Pancreatitis;

Susceptibility to

fibrocalculous pancreatic Metabolic markers showed impaired insulin
Diabetes SPINK1 diabetes, Tropical AR,AD [€.101A>G het sensitivity

calcific pancreatitis

Pancreatitis; Metabolic markers showed significant insulin

Susceptibility to resistance, MRI: two 6mm cystic lesions in

fibrocalculous pancreatic pancreas, Routine clinical analytes: CA 19-9 is
Diabetes SPINK1 diabetes, Tropical AR,AD [c.101A>G het significantly high, Cancer Antigen 125 is high

calcific pancreatitis

Metabolic markers involved inflammatory are

high Family History: brother with diabetes
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Pancreatitis;
Susceptibility to

fibrocalculous pancreatic

Routine clinical analytes: glucose is high

Metabolic markers indicated impaired glucose

Diabetes SPINK1 diabetes, Tropical AR,AD [c.101A>G het tolerance and impaired insulin sensitivity
calcific pancreatitis

Metabolic FMO3 Trimethylaminuria AR c.458C>T homo Personal History: fishy odor, increased branch

chain amino acid metabolite markers

Medium-chain acyl-

Metabolic ACADM coenzyme A AR c.1084A>G het Medium chain acylcarnitines were greatly
dehydrogenase elevated and BHBA levels low.
deficiency

Metabolic ACADS Deficiency of butyryl- AR €.319C>T,c.511C>T* |het Butyrylcarnitine and ethylmalonate were both
CoA dehydrogenase extremely elevated.

Metabolic ACSF3 Combined malonic and |AR c.1672C>T het Malonylcarnitine and 2-

methylmalonic aciduria

methylmalonylcarnitine were greatly elevated
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/Aldehyde dehydrogenase

deficiency, susceptibility

Reduced cysteinylglycine and 5-oxoproline

were suggestive of impaired glutathione

Metabolic ALDH2 to esophageal cancer AD c.1510G>A het metabolism. Cysteine-glutathione disulfide was
greatly elevated indicative of oxidative stress.
/Aldehyde dehydrogenase
deficiency, susceptibility Extremely reduced 5-oxoproline and cysteine
Metabolic ALDH2 to esophageal cancer AD c.1510G>A het but greatly elevated cystine suggested that
glutathione metabolism was impacted. Liver
fat: 5%
Metabolic CTH Cystathioninuria AR c.200C>T het Cystathionine was greatly elevated.
Metabolic PAH Phenylketonuria AR c.814G>T het Phenylalanine was high extreme and tyrosine
was low.
Likely Pathogenic
Family History: Father with leukemia, maternal
Neoplasm EPCAM Lynch syndrome AD c.491+1G>A het grandmother with brain tumor, maternal great

aunt with liver cancer and maternal great aunt

with brain cancer.
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Neoplasm

TP53

Osteosarcoma, Li

Fraumeni-like syndrome

AD

c.844C>T

het

Personal History: CLL diagnosed 2013, prostate
cancer diagnosed 1997, basal cell carcinoma
and squamous cell carcinoma. Family History:
1st degree relative with 2 breast primaries (early|
onset in 40s), another first degree relative with
Hodgkins lyphoma (client believes this was
acquired however). Question of Non-hodgkins

lyphoma in another 1st degree relative.

Neoplasm

RECQL

Hereditary cancer-

predisposing syndrome

AD

€.643C>T

het

Family History: mother with possibly ovarian
cancer, maternal uncle with lung cancer,
maternal aunt with unknown cancer, maternal
uncle with possibly colorectal cancer, maternal
aunt with breast cancer, maternal grandfather
with unknown cancer, father with prostate and

bladder cancer.

Cardinviacenlar

LONIEID

L ann OT cvindrama

AD

~r 27QRALinC

hat

Personal History: Non-specific T wave

abnormality, borderline prolonged QT interval,

ahnarmal ECC Camilv Hictans: hrathar waiith
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Metabolic ASS1 Citrullinemia AR c.1030C>T het Arginine, citrulline and N-acetylcitrulline were
elevated and urea was very low.

Metabolic GCDH Glutaricaciduria AR c.1093G>A het Glutarylcarnitine is extremely high

Pyruvate kinase Extremely elevated glucose, elevated citrate and

Metabolic PKLR deficiency AR c.1456C>T het elevated heme possibly indicating red blood cell
breakdown.

Metabolic SLC7A9 Cystinuria AR c.544G>A het Plasma cysteine extremely low. Requires urine
for confirmation.
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Other

TNFRSF13B

Common variable

immunodeficiency 2

AR,AD

c.310T>C

het

MRI: mildly enlarge periportal lymph node
likely reactive (upper abdomen), spleen mildly
enlarged. Routine clinical analytes: Alkaline
Phosphatase, S 229 (Abnormal Flag: H ), ALT
(SGPT) 77 (Abnormal Flag: H ), AST (SGOT)
73 (Abnormal Flag: H ), C-Reactive Protein,
Quant 7 (Abnormal Flag: H ), CA 19-9 101
(Abnormal Flag: H), Cancer Antigen (CA) 125
58.5 (Abnormal Flag: H ), Cholesterol, Total
253 (Abnormal Flag: H ), Cystatin C 1.05
(Abnormal Flag: H ), Ferritin, Serum 209
(Abnormal Flag: H), Fibrinogen Antigen 366
(Abnormal Flag: H), GGT 515 (Abnormal
Flag: H), Iron, Serum 161 (Abnormal Flag: H
), LDL Cholesterol Calc 152 (Abnormal Flag:
H), Lp-PLA2 386 (Abnormal Flag: H),
Platelets 130 (Abnormal Flag: L ). Finding of
Primary Biliary Cholangitis based on liver

biopsy.
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Risk Factor

Personal History: Several mental fog recently.
Family History:Father with Alzheimer's disease
Neurologic APOE Alzheimer's disease AD c.388T>C homo diagnosed age 84, died of stroke age 86.
Paternal grandmother and grandfather with late
onset Alzheimer's disease, both died in 80's.
VUS, VUS-suspicious
Familial cancer of breast, Personal History: Unilateral breast cancer and
Neoplasm PALB2 Hereditary cancer- AD c.508A>G het unilateral ovarian cancer (Diagnosed at 32), two
predisposing syndrome daughters have been through genetic test on
BRCAs (negative).
Personal History: Several colon polyps
Neoplasm PMS1 Lynch syndrome AD c.1888C>T het removed. Family History: possible cancers,
gastric and lung, in paternal grandparent.
Hereditary cancer- Family History: Father with prostate cancer,
Neoplasm CHEK?2 predisposing syndrome |AD c.190G>A het half brother with throat cancer, maternal
grandmother had cancer twice (unknown).
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Neoplasm

RAD50

Hereditary cancer-

predisposing syndrome

AD

c.2177G>A

het

Personal History: Breast adenocarcinoma (left),
treated with lumpectomy and XRT, NED with
clear nodes. Family History: Sister with
leukemia at 6y. Father with metastatic lung
cancer (tobacco use). Paternal aunt with breast
cancer at 35y had a granddaughter with cancer
at 50y, unknown type. Another paternal aunt
with cancer at 63y, unknown type (tobacco
use). Maternal female cousin (once removed)

with skin cancer, not otherwise specified.

IArrhythmogenic right

Personal History: dyslipidemia. iRhythm: 8
episodes of supraventricular tachycardia.
Family History: Father, had a pacemaker,
deceased at age 83 from myocardial infarction
and had a history of congestive heart failure and

bundle branch block. Mother with a history of a
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Cardiovascular

DSP¥

IArrhythmogenic right

\ventricular dysplasia

AD

c.8531G>T

het

iRhythm: 1 episode of supraventricular
tachycardia Echo: upper limit of left ventricular
wall thickness. Family History: Father, had a
pacemaker, deceased at age 83 from myocardial
infarction and had a history of congestive heart
failure and bundle branch block. Mother with a
history of a transient ischemic attack in her 60s.
Paternal grandfather with likely heart attack.
Paternal grandfather with likely heart attack.
Maternal grandmother deceased at age 65 from
a stroke. Maternal grandfather with a history of
peripheral vascular disease. Maternal aunt with

stroke in 50's.
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Cardiovascular

DSP¥

IArrhythmogenic right

\ventricular dysplasia

AD

c.8531G>T

het

Personal History: Hypertension diagnosed at
59y, Periodic heart flutter. ECHO: Mitral valve
mildly thickened. ECG: Left atrial enlargement,
borderline ECG. iRhythm: 2 episode of
supraventricular tachycardia, 1 episode of
ventricular tachycardia. Family History: Father,
had a pacemaker, deceased at age 83 from
myocardial infarction and had a history of
congestive heart failure and bundle branch
block. Mother with a history of a transient
ischemic attack in her 60’s.

Paternal grandfather with likely heart attack.
Paternal grandfather with likely heart attack.
Maternal grandmother deceased at age 65 from
a stroke. Maternal grandfather with a history of
peripheral vascular disease.

Maternal aunt with stroke in 50's.
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Cardiovascular

APOBS§

Familial

hypercholesterolemia

AD

€.9452C>T

het

Personal History: elevated cholesterol (on
Crestor) and elevated coronary calcium scoring.
Routine clinical analytes: Cholesterol:
237mg/dL, LDL cholesterol Calc: 154 mg/dL
(range: 0-99 mg/dL)

Apolipoprotein (A-1): 186 mg/dL (range: 110-
180 mg/dL) Apolipoprotein B: 88 mg/dL
(range: 0-79 mg/dL). Family History: Mother
with atrial fibrillation, hypertension and high

cholesterol.

Cardiovascular

APOR&

Familial

c 9452C>T

het

Family History: Mother with hypertension and
dyslipidemia. Father with arteriovenous
malformation and high cholesterol. Paternal
grandfather with cardiac valve replacement.
Paternal grandmother with atrial fibrillation and

history of stroke, hypertension, and high

cholesteral Maternal arandmaother with
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Cardiovascular

APOBS§

Familial

hypercholesterolemia

AD

€.9452C>T

het

Family History: Mother with hypertension and
dyslipidemia. Father with cerebralvenous
malformation and high cholesterol. Paternal
grandfather with cardiac valve replacement.
Paternal grandmother with atrial fibrillation and
history of stroke, hypertension, and high
cholesterol. Maternal grandmother with
vascular disease. Maternal grandfather with
valvular abnormality. Routine clinical analytes:
Cholesterol, total: 254mg/dL (range 100-199)
LDL Cholesterol Calc: 155mg/dL (range 0-99)
Triglycerides: 189 mg/dL (range

0-149) Apolipoprotein B: 147 mg/dL (range
52 -135) Apolipo. B/A-1 Ratio: 0.9 ratio units

(range 0 -0.7)

Cardiovascular

MYBPC3

Dilated Cardiomyopathy,

Hypertrophic

AD

C.1468G>A

het

ECHO: Mild concentric left ventricular
hypertrophy and mild enlargement of left

atrium. Family History: Father with

hypertension and heart disease. Two brothers
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Cardiovascular

MYL2

Hypertrophic

cardiomyopathy

AD

c.401A>C

het

Personal History: History of aortic valve
insufficiency and cardiac enlargement;
congenital bicuspid aortic valve; arrhythmia.
ECG: abnormal ECG. ECHO: Mild concentric
left ventricular hypertrophy. Mild enlargement
of left ventricle cavity. Bicuspid aortic valve.
Mild to moderate aortic valve regurgitation.
Thickened mitral valve with trace regurgitation.
Dilated IVC with respiratory collapse greater
than 50%, consistent with mildly elevated right
atrial pressure (8 mmHg). An atrial septal
aneurysm is present. iRhythm: 2 episodes of

supraventricular tachycardia.

Cardiovascular

RYR2

Ventricular tachycardia,

polymorphic

AD

c.1396C>G

het

Personal History: Cardiac palpitations history.
ECHO: borderline left ventricular hypertrophy.

ECG: Sinus bradycardia iRhythm: negative.

Family History: Father, brother, multiple
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Cardiovascular

MYH7

Cardiomyopathy

AD

c.29G>C

het

Personal History: Right bundle branch block,
Echo-left ventricular hypertrophy, enlargement
of left ventricle cavity, high signal echodensity
on the aortic valve, suggesting focal valvular
calcification. ECG: bifascicular block, right
bundle branch block, left anterior fascicular
block, abnormal ECG. iRhythm: 1 episode of
ventricular tachycardia and supraventricular
tachycardia. Family History: two maternal
uncles and maternal grandmother with
myocardial infarction, maternal grandfather
with stroke, father with coronary artery bypass
and myocardial infarction, paternal uncle with
stroke, paternal grandfather with myocardial

infarction.
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Personal History: Slightly elevated cholesterol.
ECHO: left ventricular hypertrophy. ECG:
Combined possible left atrial enlargement, borderline
Cardiovascular |LPL hyperlipidemia, AR,AD [c.286G>C het ECG. Family History: father with hypertension,
familial,Lipoprotein high cholesterol and heart attack at age 70,
lipase deficiency maternal cousin with heart attack in 50's and
maternal grandfather with cardiovascular
disease.
Hypertrophic Personal History: Hypertension. ECHO:
cardiomyopathy; Dilated borderline left ventricular hypertrophy, mild
Cardiovascular |MYBPC3 cardiomyopathy AD c.1000G>A het regurgitation in mitral valve. Family History:
mother with hypertension and arrhythmia and
father with valvular heart condition.
Personal History: type 2 diabetes mellitus,
metabolic markers indicated impaired insulin
Diabetes PRSS18§ Hereditary Pancreatitis |AD c.107C>G het sensitivity. Routine clinical analytes: Lipase
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Diabetes

PRSS1§

Hereditary Pancreatitis

AD

c.107C>G

het

Personal History: metabolic markers indicated
impaired glucose tolerance and insulin
sensitivity. Family History: mother with type 2
diabetes mellitus, maternal grandmother with a
history of diabetes and maternal aunt with

pancreatic cancer.

* NGS assay could not determine whether ¢.319C>T and ¢.511C>T occur in cis or in trans

8 Family members with novel variant identified; ¥ Family members with novel variant identified.
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Figure 2
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