UCSF

UC San Francisco Previously Published Works

Title
Machine Learning to Understand Genetic and Clinical Factors Associated With the Pulse
Waveform Dicrotic Notch.

Permalink
https://escholarship.org/uc/item/1p3647x4]

Journal
Circulation: Genomic and Precision Medicine, 16(1)

Authors

Cunningham, Jonathan
Di Achille, Paolo
Morrill, Valerie

Publication Date
2023-02-01

DOI
10.1161/CIRCGEN.121.003676

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1p3647x4
https://escholarship.org/uc/item/1p3647x4#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Circ Genom Precis Med. Author manuscript; available in PMC 2024 February 01.

-, HHS Public Access
«

Published in final edited form as:
Circ Genom Precis Med. 2023 February ; 16(1): e003676. doi:10.1161/CIRCGEN.121.003676.

Machine Learning to Understand Genetic and Clinical Factors
Associated with the Pulse Waveform Dicrotic Notch

Jonathan W. Cunningham, MD, MPHY2" Paolo Di Achille, PhD3", Valerie N. Morrill, MS2,
Lu-Chen Weng, PhD%4, Seung Hoan Choi, PhD2, Shaan Khurshid, MD, MPH2%5, Victor
Nauffal, MD12, James P Pirruccello, MD2:8, Scott D. Solomon, MD2, Puneet Batra, PhD3,
Jennifer E. Ho, MD27, Anthony A. Philippakis, MD, PhD3, Patrick T. Ellinor, MD, PhD%4:5,
Steven A. Lubitz, MD, MPH24.5

1Cardiovascular Division, Brigham & Women'’s Hospital, Boston;

2Cardiovascular Disease Initiative, The Broad Institute of MIT & Harvard, Cambridge;
SData Sciences Platform, The Broad Institute of MIT & Harvard, Cambridge;
4Cardiovascular Research Center, Massachusetts General Hospital;

SDemoulas Center for Cardiac Arrhythmias, Massachusetts General Hospital;
6Division of Cardiology, Massachusetts General Hospital;

“CardioVascular Institute and Division of Cardiology, Department of Medicine, Beth Israel
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Abstract

Background: Absence of a dicrotic notch on finger photoplethysmography (PPG) is an easily
ascertainable and inexpensive trait that has been associated with age and prevalent cardiovascular
disease (CVD). However, the trait exists along a continuum, and little is known about its genetic
underpinnings or prognostic value for incident CVD.

Methods: In 169,787 participants in the UK Biobank, we identified absent dicrotic notch on PPG
and created a novel continuous trait reflecting notch smoothness using machine learning. Next,
we determined the heritability, genetic basis, polygenic risk, and clinical relations for the binary
absent notch trait and the newly derived continuous notch smoothness trait.

Results: Heritability of the continuous notch smoothness trait was 7.5%, compared with 5.6%
for the binary absent notch trait. A genome-wide association study of notch smoothness identified
15 significant loci, implicating genes including N75C2 (P=1.2x10-26), /GFBP3 (P=4.8x10718),
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and PHACTRI (P=1.4x10713), compared with 6 loci for the binary absent notch trait. Notch
smoothness stratified risk of incident myocardial infarction or coronary artery disease, stroke,
heart failure, and aortic stenosis. A polygenic risk score for notch smoothness was associated with
incident CVD and all-cause death in UK Biobank participants without available PPG data.

Conclusion: We found that a machine learning derived continuous trait reflecting dicrotic notch
smoothness on PPG was heritable and associated with genes involved in vascular stiffness. Greater
notch smoothness was associated with greater risk of incident CVD. Raw digital phenotyping may
identify individuals at risk for disease via specific genetic pathways.

Introduction

Methods

Finger photoplethysmography (PPG), the measurement of pulse volume waveforms using
infrared light, is an inexpensive, non-invasive, and scalable test similar to pulse oximetry
that may provide insight into a patient’s cardiovascular physiology.12 Arterial stiffness
index (ASI), the most commonly used PPG metric, is associated with elevated blood
pressure and incident cardiovascular disease (CVD).3# Another PPG phenotype, absence
of the dicrotic notch, has been recognized as a marker of age and prevalent coronary artery
disease since the 1970s. Dawber and colleagues in the Framingham Heart Study classified
dicrotic notch morphology in 4 groups; class IV (absent notch) was associated with a 4-fold
greater prevalence of myocardial infarction compared with class | (distinct notch).1:> Absent
notch has been associated with risk factors for atherosclerotic heart disease, and has been
considered an extreme phenotype of arterial stiffness.6 However, the biological mechanisms
driving absent notch, and its prognostic value for CVD events, are unknown. Examining the
genetic basis of observed phenotypes like absent notch has been an effective strategy for
identifying biological mechanisms underlying CVD.37:8

We investigated absent notch on the PPG waveform in 169,787 participants in the UK
Biobank. First, to maximize power, we produced a machine learning-based predictor

of absent notch using PPG waveforms that yielded a continuous trait representing the
likelihood of notch absence (Figure 1). Waveforms with absent or small notches were
assigned higher values of this notch smoothness trait, whereas waveforms with large notches
were assigned lower values. Second, we performed a genome-wide association study of this
continuous trait to elucidate genetic mechanisms underlying notch smoothness. Third, we
characterized associations of notch smoothness with incident cardiovascular disease.

Analysis of UK Biobank data was performed under application 17488 and approved by the
Mass General Brigham institutional review board in accordance with institutional guidelines.
Informed consent was obtained from all participants by the UK Biobank. Individual-level
data are available by application from the UK Biobank. A full description of the methods are
available in the Supplemental Material.
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Baseline characteristics

Among the 169,787 participants who underwent PPG at the first visit, dicrotic notch was
absent in 25,286 (14%). Baseline characteristics of participants with and without a dicrotic
notch are shown in Supplemental Figure | and Supplemental Table I. Patients with absent
notch were older (61.5 vs 56.5 years), more commonly female (66% vs 52%), and had a
higher heart rate (70.1 vs 68.6 beats per minute), body mass index (BMI) (28.1 vs 27.4 kg/
m?2), and systolic blood pressure (SBP) (147.5 vs 139.3 mm Hg), but similar diastolic blood
pressure (DBP). Prevalent cardiovascular diseases were rare but more common in patients
with an absent notch, such as myocardial infarction or coronary artery disease (MI/CAD)
(6.4% vs 3.9%).

The distribution of the notch smoothness trait and a sample of waveforms representing the
spectrum notch smoothness are shown in Figure 1. Notch smoothness discriminated binary
absent notch with area under the receiver operator curve of 0.997. In an independent set

of PPG tracings from the imaging visit not used in model training, the average of the five
models that generated the notch smoothness trait discriminated the binary absent notch
label very accurately (area under receiver operator characteristic curve 0.997). The notch
smoothness trait was not calibrated to reflect numerical probability of absent notch, as this
probability was near zero in patients without binary absent notch and near 100% in patients
with absent notch, due to the high discrimination of the model (Supplemental Figure I1).

The continuous notch smoothness trait was associated with similar differences in baseline
characteristics as binary absent notch (Table 1). Most participants with binary absent notch
(99.8%) had notch smoothness in the highest quartile. Notch smoothness was associated
with other PPG traits: later position of the shoulder and peak of the waveform, greater
arterial stiffness index, and greater wave reflection index (ratio of notch height to peak
height). After adjustment for age, sex, heart rate, body mass index, systolic blood pressure,
and diastolic blood pressure, smoking, diabetes mellitus, and hypercholesterolemia, greater
notch smoothness was associated with greater prevalent cardiovascular conditions such as
hypertension (adj. OR 1.07 [95% CI 1.06-1.08] per standard deviation [SD]), MI/CAD
(adj. OR 1.10 [95% CI 1.07-1.13] per SD, stroke (adj. OR 1.18 [95% CI 1.13-1.23] per
SD), aortic stenosis (adj. OR 1.16 [95% CI 1.03-1.30] per SD) and atrial fibrillation (adj.
OR 1.17 [95% CI 1.13-1.21] per SD, but not cancer (adj. OR 0.97 [95% CI 0.95-0.98])
(Supplemental Table II).

Genome wide association study of notch smoothness reveals 15 significant loci

We examined the SNIP heritability of continuous notch smoothness compared with binary
absent notch. Notch smoothness had a greater heritability at 7.5% (95% CI 6.8%-8.3%)
versus 5.6% (95% CI 4.9%-6.4%) for the binary absent notch.

We then performed a GWAS of notch smoothness in 148,310 unrelated participants with
PPG data, which revealed 15 loci at genome-wide significance (p <5 x 1078) (Figure

2A, Table 2). Inflation (LD score regression intercept 1.013) was acceptable (Supplemental
Figure I11). The strongest associations were identified at chromosome 10 near N75C2and
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CNNM2 (p=1.2x10726), chromosome 7 near /GFBP3 (p=4.8x10718), chromosome 6 near
PHACTRI (p=1.4x10713), chromosome 14 near SMOCI (p=7.2x10712), and chromosome
11 near MYBPC3 (p=6.2x10719) (Supplemental Figure 4). A similar GWAS using the
binary absent notch phenotype identified only 6 genome-wide significant associations
(Figure 2B, Supplemental Table I1), all at loci also identified for the continuous

trait: chromosome 2 near 7EX41, chromosome 3 near A7P1B3, chromosome 7 near
IGFBP3, chromosome 10 near N75C2and CNNMZ, chromosome 11 near MYBPCS3,

and chromosome 14 near SMOCI. In a sensitivity analysis including only participants

of European ancestry (n=123,644) 13 out of 15 loci significantly associated with notch
smoothness remained associated (Supplemental Table V). In a sensitivity analysis in which
we performed a GWAS of notch smoothness after inverse rank normalization, 11 of the

15 genome-wide significant loci remained significant, and the remaining 4 had p-values
<5x10~7 (Supplemental Table V and Supplemental Figure V). Of the 15 genome-wide
significant loci in the primary GWAS, two were in close linkage disequilibrium (r2>0.8)
with top loci for coronary artery disease identified in a published meta-analysis of the
Million Veteran Program, UK Biobank, and CARDIOGRAMplusC4D cohorts:? rs11977526
on chromosome 9 near CDKNZ2B-AS1 (r? 0.88) and rs6224 on chromosome 15 near FURIN
(r20.94).

Finally, we performed a transcriptome wide association study to identify genes for which
predicted expression is associated with notch smoothness (Table 3). We found 11 significant
associations with genes in aortic tissue and 3 with genes in left ventricular tissue. The
strongest associations were with N75C2, PHACTR1, SMOC1, and ATP1B3in aortic tissue,
and /GFBP3, MFSD13A, and BORCS7 in left ventricle.

of Notch Smoothness with Incident Cardiovascular Disease

Greater notch smoothness was associated with incident CVD and all-cause death in patients
free of cardiovascular disease at the time of assessment (Figure 3, Figure 4 & Supplemental
Table VI). In a minimally adjusted model including age and sex, notch smoothness was
associated with greater risk of hypertension, heart failure, MI/CAD, stroke, aortic stenosis
and death, but not a negative control, incident cancer. All of these associations remained
statistically significant after further adjustment BMI, heart rate, SBP, DBP, diabetes,
hypercholesterolemia, and ever smoking. Adjusted Kaplan-Meier curves demonstrated that
continuous notch smoothness stratified by quartiles added only modest risk discrimination to
these covariates (Supplemental Figure VI). Risk discrimination of MI/CAD, heart failure,
aortic stenosis, and stroke was stronger using notch smoothness compared to binary

absent notch in univariable but not multivariable analyses (Supplemental Tables VII and
VI11). Possible non-linear relationships were assessed by restricted cubic splines. The

null hypothesis of a linear association was rejected by a likelihood ratio test for only 2

of the 8 outcomes: hypertension (p=0.002) and death (p=0.03) (Supplemental Table 1X).
Nevertheless, for these two outcomes, the association between continuous notch smoothness
and adjusted risk was nearly linear by visual inspection of the spline (Supplemental Figure
VII) and improvements in Akaike information criterion were modest. The linear model was
therefore retained as the primary analysis.

Circ Genom Precis Med. Author manuscript; available in PMC 2024 February 01.
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The prognostic value of notch smoothness was independent of, and superseded, the most
commonly used PPG metric, arterial stiffness index (ASI), measured on the same PPG for
all outcomes except hypertension (Supplemental Table VI). When notch smoothness and
ASI were included in the same adjusted Cox regression, ASI was not associated with heart
failure, aortic stenosis, or stroke whereas notch smoothness remained associated with these
outcomes. However, ASI (HR 1.09 [95% CI 1.07-1.11] per SD, p=6.3x10716) was more
strongly associated with incident hypertension than notch smoothness (HR 1.03 [95% ClI
1.01-1.05] per SD, p=0.01).

Absent notch is associated with smaller left ventricular cavity size and higher left
ventricular ejection fraction by cardiac magnetic resonance imaging

PPG and cardiac magnetic resonance imaging data were obtained simultaneously in 30,999
participants at the imaging visit. Participants with greater notch smoothness had smaller
indexed left ventricular end diastolic volume (mean difference —1.8 ml/m?2 [95% CI -1.7,
—2.0] per SD notch smoothness) and left ventricular end systolic volume (mean difference
-1.1 ml/m2 [95% CI 1.0, —1.1] per SD) and higher ejection fraction (mean difference
0.6% [95% CI 0.5%, 0.7%] per SD) (all p<10-28). After adjustment for age, sex, SBP,
DBP, heart rate, and BMI, notch smoothness remained associated with smaller end diastolic
volume (mean difference —0.5 ml/m?2 [95% CI —0.3, —0.6] per SD), end systolic volume
(mean difference —0.4 ml/m2 [95% CI -0.3, —0.5] per SD) and higher ejection fraction
(mean difference +0.3% [95% CI 0.3, 0.4%] per SD) (all p<10712). Similar associations
were observed for binary absent notch (Supplemental Table X).

Polygenic risk score

The best polygenic risk score for the notch smoothness (linkage disequilibrium r2<0.6 and
p<0.05; 183,888 variants) was selected based on most accurate prediction of observed notch
smoothness in an independent validation cohort including 25% of participants with available
PPG data (Supplemental Table XI). Among participants without PPG data, one standard
deviation greater polygenic risk score for notch smoothness was associated with greater risk
of incident hypertension (HR 1.06 [95% CI 1.04-1.07], p=2.5x10"14), MI/CAD (HR 1.05
[95% CI 1.03-1.07], p=1.8x1078), stroke (HR 1.06 [95% CI 1.01-1.12], p=0.01) and death
(HR 1.02 [95% CI 1.00-1.04], p=0.02) after adjustment for age, sex, genotyping array and
the first 12 principal components and exclusion of participants with prevalent cardiovascular
disease (Figure 4). These associations were linear by restricted cubic spline analysis except
for a suggestion of curvilinear relationship with 4 or 5 knots for the MI or CAD outcome
which was not biologically plausible (Supplemental Table X1l and Supplemental Figure
VII1). The polygenic risk score was not significantly associated with incident heart failure
(HR 1.02 [95% CI 0.99-1.05] per SD) or aortic stenosis (HR 1.04 [95% 1.00-1.08] per SD),
though both point estimates exceeded 1.00.The polygenic risk score was not significantly
associated with the negative control outcome, incident cancer (HR 1.00 [95% CI 0.98-1.01],
p=0.48).

Circ Genom Precis Med. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cunningham et al.

Page 6

Discussion

Absent dicrotic notch on finger PPG is a marker of age and prevalent cardiovascular disease.
In 169,787 UK Biobank participants, we derived a continuous trait reflecting a spectrum of
dicrotic notch smoothness using machine learning interpretation of the raw pulse volume
waveforms. A genome wide association of this continuous measure of dicrotic notch
smoothness identified 15 loci, implicating genes including N75C2, ATP1B3, IGFBP3, and
MYBPC3and pathways of vascular stiffness, compared with 6 loci for binary absent notch.
A polygenic risk score for notch smoothness was associated with incident hypertension,
coronary artery disease, stroke and death in UK Biobank participants without available PPG
data. Notch smoothness was associated with incident cardiovascular disease independent

of clinical risk factors and even arterial stiffness index measured on the same PPG. These
results suggest that raw digital phenotyping may identify individuals at risk for disease
through specific genetic pathways.

The primary innovation of this study is the creation of a novel continuous trait reflecting

the dicrotic notch smoothness using machine learning. This trait represented our ResNet
model’s prediction of the likelihood of absent notch based on the participant’s raw PPG
waveform. For example, the model assigned low scores to participants with large dicrotic
notches, intermediate scores to those with small but present notches, and high scores to
those with absent notch. This notch smoothness trait was more heritable than binary absent
notch, and a genome wide association study identified 15 rather genome wide significant
associations compared with 6 for binary absent notch. These results illustrate that analysis of
high-dimensional raw physiological data using machine learning can provide richer traits for
genetic discovery.

Genome-wide and transcriptome wide association studies of notch smoothness identified

loci known to be associated with cardiovascular disease, particularly hypertension
(Supplemental Table XIII). The strongest locus in our GWAS, chromosome 10 near CNNM2
and N7T5C2, has been associated with systolic blood pressure. Knockdown of these 2

genes (but not other genes in the locus such as ASSMT, BORCS7or CP17A1I) causes
increased renin expression and arterial pulse in zebrafish.10.11 /GFBP3 inhibits IGF-1,

which exerts pleiotropic effects including dilation of the peripheral vasculature through a
nitric oxide dependent effect on vascular smooth muscle and endothelial cells.22 Higher
circulating IGFBP3 is associated with greater mean arterial pressure.13 FUR/Nis an
upstream regulator of natriuretic peptides that is associated with blood pressure and coronary
artery disease.1*15 SMOCI has been associated with hypertension, though with marginal
significance in a large GWAS;16 our findings further nominate this gene in cardiovascular
disease. TEX41 has been associated with systolic blood pressure, aortic stenosis and

arterial stiffness index by PPG.316.17 Viariants near ATP1B314 FGD516.7 AFAP1L28 and
MYBPC3' have also been associated with blood pressure traits, and COL4A2 with coronary
artery disease.1® Identification of M/ YBPC3, a top susceptibility gene for hypertrophic
cardiomyopathy, raises the possibility that cardiac hypertrophy or dysfunction may affect
dicrotic notch shape.

Circ Genom Precis Med. Author manuscript; available in PMC 2024 February 01.
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One genome-wide significant variant, rs9349379 near PHACTR1, offers a window into
dicrotic notch physiology because the G allele is known to confer higher risk of coronary
artery disease but lower risk of hypertension. In our study, the G allele was associated with
lower values of notch smoothness, suggesting that hypertension rather than atherosclerosis is
the primary driver of notch smoothness. This variant has been shown to affect vascular
disease risk through expression of £DON1, which encodes the protein ET-1, a potent
vasoconstrictor.1?

A polygenic risk score for notch smoothness was associated with cardiovascular diseases
in UK Biobank participants without PPG data. This result indicates that inherited
predisposition to smoother dicrotic notch modestly reflects predisposition to cardiovascular
diseases. Future studies may examine whether raw digital health data such as PPG can
define genetically mediated forms of disease with distinct physiology and potentially
differential treatment response.

Smoother dicrotic notch by PPG is a meaningful cardiovascular trait associated with
prevalent and incident disease independent of clinical risk factors and arterial stiffness index.
In the 1970s, Dawber and colleagues demonstrated that absent notch was more common

in older Framingham Heart Study participants with history of myocardial infarction.> We
extend these findings to incident CV events, independent of clinical risk factors, in a much
larger cohort. The null association between notch smoothness and non-CV negative control,
incident cancer, after minimal adjustment for age and sex suggests that notch smoothness

is a specific marker of CV risk. Continuous notch smoothness was strongly prognostic

of events in minimally adjusted models but only modestly improved risk prediction after
adjustment for cardiovascular risk factors. While absent notch has been considered to

reflect extreme arterial stiffness, the prognostic value of notch smoothness in our study

was independent of arterial stiffness index for most clinical cardiovascular outcomes. PPG
may be particularly useful in CV risk prediction because it is easily obtained, including from
wearable devices.

These results must be interpreted in the context of the study design. Prevalent and incident
cardiovascular disease events in the UK Biobank are derived from hospitalization records
and self-report, and may be subject to misclassification. The UK Biobank is predominantly
composed of individuals of European ancestry who were healthy at enrollment, and
generalization of findings to other ancestral groups and individuals is unclear. The PPG
signal was acquired over 15 seconds at a single encounter; averaged repeated measures may
improve the precision of the phenotype. These results depend on the adjudication of binary
absent notch, which was generated by the PulseTrace PCA2 software and provided by the
UK Biobank.

Conclusion

In 169,787 UK Biobank participants, we leveraged raw PPG data and supervised machine
learning to develop a continuous trait reflecting smoothness of the dicrotic notch. A
GWAS of continuous notch smoothness identified 15 loci, many with known association
with cardiovascular disease, particularly hypertension. A polygenic risk score for notch

Circ Genom Precis Med. Author manuscript; available in PMC 2024 February 01.
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smoothness was associated with hypertension, coronary artery disease, stroke and all-cause
death, suggesting that this phenotype shares underlying pathophysiology with multiple
cardiovascular diseases. Measured notch smoothness was independently associated with risk
of incident cardiovascular disease. These results provide a proof of concept that raw digital
phenotyping may identify individuals at risk for disease through specific genetic pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AS aortic stiffness index

BMI body mass index

Cl confidence interval

CvD cardiovascular disease

DBP diastolic blood pressure

GWAS genome-wide association study

HR hazard ratio

MI/CAD myocardial infarction or coronary artery disease
OR odds ratio

PPG photoplethysmography
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Figure 1:

Transformation of Absent Notch to Continuous Notch Smoothness Using Supervised
Machine Learning. The continuous notch smoothness trait reflects the likelihood of absent
notch determined by the Resnet supervised machine learning model from interpretation of
the raw PPG waveform. The distribution of the standardized notch smoothness is shown on
top and sample PPG waveforms at each integer value are shown on bottom. The threshold

for absence of a notch is illustrated in red.
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predictor variable, adjusted for age, sex, body mass index, heart rate, systolic and diastolic
blood pressure, smoking, diabetes mellitus, and hypercholesterolemia. Participants with

prevalent CVD (myocardial infarction or coronary artery disease, heart failure, stroke,

aortic stenosis, or atrial fibrillation) at baseline were excluded. Participants with prevalent

hypertension were excluded from analysis of incident hypertension only (Panel A).
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Figure 4:
Prediction of Incident Cardiovascular Disease by Measured Notch Smoothness or Polygenic

Risk Score for Notch Smoothness. Measured notch smoothness and polygenic risk score
for notch smoothness predict incident cardiovascular disease, but not incident cancer.

Left panel: Hazard ratio for incident disease per standard deviation of measured notch
smoothness adjusted for age and sex, in participants with available PPG data. Right panel:
Hazard ratio for incident disease per standard deviation of notch smoothness polygenic
risk score, adjusted for age, sex, genotyping array, and the first 12 principal components
of ancestry, in participants without available PPG data. Participants with prevalent CVD
(myocardial infarction or coronary artery disease, heart failure, stroke, aortic stenosis, or
atrial fibrillation) or the outcome of interest at baseline were excluded.

Circ Genom Precis Med. Author manuscript; available in PMC 2024 February 01.



Page 16

Cunningham et al.

'sa|qelieA [ea1106a1eo Joy (Je10) Jo abelusoiad) Jsquinu pue s3|qeLIeA SNONUINUOD 10} (LOIRIASP PIepUR]S) U Se passaldxe ae sanjeA

Circ Genom Precis Med. Author manuscript; available in PMC 2024 February 01.

100°0> (6'v) 6'0T (sv) L6 (6226 (92) 52 S/UL ‘Xapul SSAUYNS [eLIBUY
1000> | (9¥¥) GeL (0'22) 269 (Tv2) 1°29 (222 ¥'19 Xapul UOI3}Jal NBM
100°0> (o vy (09) ey (89) Ty (9) sev 31942 ¥-Y 40 % ‘yalou 40 uonIsod
100'0> (5¢) 8's¢ (ev) 622 (09) L'12 (09) 88T 31942 Y-Y J0 9 “fead Jo uonisod
100°0> (8¢) e'ge (o) 0'ce (09) s02 (c9) 8ot 31942 Y-Y JO % ‘13pINOYs 4O UomISOd
1000> | (9°0T) S6v (9'8) T29€¢ (¢'8) z8ve (¥'8) 985¢ J1aoued
100°0> (52) 9501 (L7)92L (57) ve9 (€7) 6ES uole||Lqy ety
100'0> (1'2) 606 (7'1) 809 (e'1) 855 (T1) 1LY »ons
100°0> (e0) 811 (T0) 65 (T0) v§ (T0) 6v SISOUB]S J11I0Y
100'0> (0'9) vese (e'v) 9e8T (9°¢) 95T (T'€) 60ET | osessip Alapre A1euotod 1o uonoseul [eIpsedoAN
100°0> (80) L2 (90) sve (50) zee (50) TOZ ain|ie} LesH
100'0> (e'v) 908T (T¢) eeeT (92) L1T1 (¢2) L6 snyjjawW sayeqeld
1000> | (€12 vv06 | (c91)2e69 | (SvT)GvT9 | (G2T) Tees ©IW3|048153]0Y2I8dAH
1000> | (2'29) 9819z | (6'69) €22G¢ | (€'69) 55052 | (2'LS) 991vE Bunjows 1an3
1000> | (801)87¢8 (9o1) 2°e8 (or)ee8 | (gor) L8 BH ww ‘ainssaid poojq a1joiserq
1000> | (7°02) 92'9vT | (£'6T) T6'6ET | (L'8T) 0'8ET | (S'6T) L'LET BH ww ‘ainssaid poo|q d1101sAS
100°0> (09) 0'8¢ (8v)9Le (8v)9Le (9%) 8'92 2W/B ‘xopur ssew Apog
1000> | (T°€T)L'69 (e'17) 6'89 (8°01) €69 (8'01) 29 anuiw Jad syeaq ‘sjed LesH
T000> | (€'2€) 218ST | (2'09) 80STe | (2'€S) 12522 | (T'2v) 0/8.T x9S 9[eN
100°0> (8'9) 809 (T'8) T'2G (1'8) 6'5S (€'8) £'55 s1eak ‘aby
T000> | (5'65) 6€2SC (To) v (00) v (002 WI0JaABM Ddd UO Y230U JUssqy

avvey Lz Lvvey ey u
anead | yajnend ganend | zemend | T8nENd

SSaUYI00WS Y910N 40 ajnuend) Ag sonsiisioeleyd aulaseq
-T 8lgel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 17

Cunningham et al.

[AISIUI BOUSPIUOD [ ‘BWOSOWOIYD ‘YD SUONRIAIGQY

*3]qe} 3Y} JO OIS WONI0g Y} 1B UMOYS 318 SO PazZi[eliou yuel
8SI8AUI 8] J0U Uey) Ja1eaif Ing SYMD Arewiid sy Ul 8—0TxG Uey) s3] sanjea-d yum SslueLIEA “a]qe) 8u Jo uonass dol 8y Ul umoys aie pue (§ 8jgel [eluswalddns) pazifewiou YUl 8SI8AUl SEM SSBULI00WS
410U SNONUNUOD UIIUM Ul SYMO SISA[eUe ANAIISUSS aU} Ul o_0TxG UBLL $53] SanjeA-d UM 3SOL Se paulap a1am AlI[eLLIOU-UOU 0} 1SnGOJ SJUeLieA TT 3y L "uole|ndod auwes auy) ul [aAs] aouealiubls

apIM-awWouab 1e Yolou Jussqe Aleulq Unm PaleIdosse 1. YdIYM 190] S31edIpul UOHBID0SSE SWYAMOS Yolou Ateurg "aja||e 4ad 11es) Snonunuod pazipsepuels Ul asesioul paoadxe serealpul JusIdNja0d eeg

ON 60-0Tx82'9 | (¥10°0-'820°0-) T20°0- %l \ 2v#100 ¥8LLTOTTT €T | 6TLTzGES!
ON 80-0Tx96'C | (LT0°0-'9€0°0-) £20°0- %97 L TONV 6TTL6.69 1T | evi16982s!
SOA 01-0Tx02'9 | (9T0°0-'€0°0-) £20°0- %9€ o) £2dIAN ZTY09ELY 1T | vevegzes!
SOA 80-0Tx¥6'T (2€0°0'5T0°0) 7200 %¥e 2 TPX3L 2/500.S0T Z | 60.¥v6£9.8!
UOTeZIeW JON YUey 85 BAUT B1je 80UdljIUDIS SPIM-8WIOUSS NS SATISSDDNS UHA STUBTIEA

ON 11-0TX€9°'9 (€0°0'9T0°0) €200 %8l L NISNS B gtoradn] ST 2298
SaA 21-0Tx8T°L | (8T0°0-'2€0°0-) 5200~ %EY \ TOONS ¥089570L T vevlzes)
ON 01-0TxvS'T | (20°0-'L€0°0-) 820°0- %02 9 £6£905001007 6£90£202 z1 | er9osLots
ON 01-0Tx¥9'T (€00'9T0°0) £20°0 %9 o) Z71dv4Y 9YZZETITT 0T | spyotGLyS!
SOA 02-0TxTZT | (2€0°0-'9v0°0-) 6€0°0- %8E v ZOGLIN / ZWNND 20T62870T 0T | veo9zeTs!
ON 60-0T*E6'T (820°0'¥10°0) T20°0 %08 1 ISY-GZNXao 0TEV802Z 6 0LELESTS!
SBA 1-0Tx287 | (¥20°0-'8€0°0-) T€0°0- %Tv v Ed949/ 0TT18009% L 9¢GL.L6TTSI
ON ¢e1-0TxGE'T | (20'0-'v€0°0-) £20°0- %0t 9 THLOVHd 1560627 9 6.E67E65!
oN 20-0Tx99°T | (210°0-'5€0°0-) 9200~ %8T 9 02Td30 / INGHd 101665221 g 06606895/
oN 60-0TxGV'T |  (v¥0'0220°0) £€0°0 %ZT \ 594 99/T.8%T € 268.SI
S3A 01-0TxLL'T (€0°0'9T0°0) €200 %8E o) £qrdiy TTE6.STYT € 11259151

ATEWION-UON 0 5Nod STUBTIEA

Uo11enoSSY SYMO YO1ON Areulg | enead (10 %g6) eRg (%) Aouenbaidap|ly | @RIV 10943 aUR9 159 IeaN (816Y) Uot1IsOd _ yo _ assi

PIOYSaIYL 82URIIUBIS SPIAN-BLLIOUSS) 1B SSAULIO0WS YIION UMM PaIRId0sSY SIUBLIBA

‘¢ dlgeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Circ Genom Precis Med. Author manuscript; available in PMC 2024 February 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Cunningham et al.

Table 3:

Transcriptome Wide Association Study of Notch Smoothness

Tissue Gene Standardized Effect Size | Z score | Pvalue | Variantsused
NT5C2 0.40 9.2 3.7x107% 12
PHACTRI 0.16 6.9 5.7x10712 8
SMOC1 -0.11 -6.6 5.2x1071 10
ATP1B3 0.49 6.4 1.5x10710 6
ASSMT 0.03 6.2 5.1x10710 24
Aorta BORCS7 0.05 6.1 1.1x10799 24
ZEBZ2 0.28 5.7 1.1x10708 15
FES -0.13 -5.3 1.0x10797 7
MFSDI13A 0.05 51 3.3x10777 33
MRPS25 0.86 4.9 1.0x10706 1
PACSIN3 -0.19 -4.7 3.1x10706 24
IGFBP3 0.31 8.1 6.3x10716 8
Left Ventricle | MFSDI3A 0.09 7.2 5.9x1071% 54
BORCS7 0.08 6.7 1.8x1071 17

Only associations with p value less than Bonferroni-corrected significance threshold are shown.
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