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Abstract
Background: Aortic structure impacts cardiovascular health through multiple mechanisms.
Aortic structural degeneration occurs with aging, increasing left ventricular afterload and
promoting increased arterial pulsatility and target organ damage. Despite the impact of aortic
structure on cardiovascular health, three-dimensional (3D) aortic geometry has not been
comprehensively characterized in large popul ations.
Methods: We segmented the complete thoracic aorta using a deep learning architecture and used
morphological image operationsto extract aortic geometric phenotypes (AGPs, including
diameter, length, curvature, and tortuosity) across multiple subsegments of the thoracic aorta. We
deployed our segmentation approach on imaging scans from 54,241 participants in the UK
Biobank and 8,456 participants in the Penn Medicine Biobank. Age-related structural remodeling
was quantified on areference cohort of normative participants. The genetic architecture of three-
dimensional aortic geometry was quantified using genome-wide association studies, followed by
gene-level analysis and drug-gene interactions.
Results: Aging was associated with various 3D-geometric changes, reflecting structural aortic
degeneration, including decreased arch unfolding, descending aortic lengthening and luminal
dilation across multiple subsegments of the thoracic aorta. Male aortas exhibited increased length
and diameters compared to female aortas across all age ranges, whereas female aortas exhibited
increased curvature compared with males. We identified 209 novel genetic loci associated with
various 3D-AGPs. 357 significant gene-level associations were uncovered, with Fibrillin-2 gene
polymorphisms being identified as key determinants of aortic arch structure. Drug-gene
interaction analysisidentified 25 cardiovascular drugs potentially interacting with aortic

geometric loci.
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Conclusion: Our analysisidentified key patterns of aortic structural degeneration linked to
aging. We present the first GWAS results for multiple 3D-structural parameters of the aorta,
including length, curvature, and tortuosity. Additionally, we confirm various loci associated with
aortic diameter. These results expand the genetic loci associated aortic structure and will provide

crucial insghts into the joint interplay between aging, genetics and cardiovascular structure.
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1. Introduction

The aortais the largest conduit artery in the human body™. In addition to its conduit function, the
aorta plays a key role in modulating pulsatile arterial hemodynamics, mediated by its cushioning
function of the intermittent left ventricular gection. Aortic structural parameters (including
geometry and wall stiffness) have been shown to be key determinants of aortic hemodynamic
function™2. Despite its prominent age-associated changes and its key hemodynamic role, studies
related to structural properties of aortic geometric phenotypes (AGPs) are lacking®*. Moreover,
previous studies have been limited to two-dimensional cross-sectional geometric parameters of
the aorta, neglecting important three-dimensional (3D) aspects of its geometry, including
elongation, tortuosity/unfolding, and curvature, all of which influence aortic function.
Understanding 3D aortic structure would help to identify patterns of normative and accelerated
vascular aging, uncover the genetic architecture of aortic geometry, and identify possible
therapeutic targets to delay aortic aging and degeneration.

Cardiovascular magnetic resonance (CMR) imaging has become a valuable resource for
guantifying structural properties of the heart. Previous analyses of image-derived cardiac
phenotypes acquired through the segmentation of CM R imaging have been used to uncover the
genetic basis and prognostic value for cardiac structure and function®®. However, analyses of 3D
aortic geometry have not been performed to date. To comprehensively characterize the three-
dimensional structural parameters of the thoracic aorta, we leveraged imaging data from 54,241
participants enrolled in the UK Biobank’ (UKB) and 8,456 individuals enrolled in the Penn
Medicine Biobank® (PMBB). We aimed to (1) develop a deep learning approach to segment and
comprehensively characterize the 3D geometry of the thoracic aorta, and measure key

phenotypes (diameter, length, curvature, tortuosity) across various thoracic aortic subsegments,
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(2) examine normative aging patterns for the thoracic aorta, and (3) characterize the genetic

architecture of the thoracic aorta. Figure 1 provides a summary of our study.

2. Methods

An overview of the cohorts and methodologies used in this study are presented in Figure 1. For a
comprehensive description of the methodology please refer to the Supplemental Material. The
PMBB is approved under IRB protocol# 813913. This research has been conducted using the UK
Biobank Resource under Application Number 81032.

Data Availability Statement

UK Biobank data is available to researchers following UKB application approval and IRB

approval. Researchers can apply at https.//www.ukbiobank.ac.uk/. Access to Penn Medicine

BioBank datais provided to investigators at the University of Pennsylvania. External access can
be provided through collaboration with an investigator at the university. All GWAS summary
statistics will be made available upon publication.

Code availability

All code for aortic geometric phenotype (AGP) extraction can be accessed at

https://github.com/cams2b/ukb_aorta/. The provided repository contains pretrained weights for

U-Net segmentation as well as the required morphological pipeline for extraction AGPs.
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Figure 1. Overview of (1) complete study cohorts for the UK Biobank (UKB) and Penn
Medicine Biobank (PMBB) as well as the ancestry specific subgroups for genetic analysis, (2)
phenotype extraction overview, demographic and clinical correlation analysis, and genetic
analysis, and (3) analysis workflow.

3. Results

We automatically segmented the entire thoracic aorta and derived over 35 unique 3D-aortic
geometric phenotypes (AGPs) (Fig. 2A-C) from 54,241 UKB participants via U-Net
segmentation combined with morphological operations (Figs. 2A-2C). The identification of each
segment and specific landmarks used to define them are detailed in the methods section and in

Figures 2B and 2C. We note that these segments do not necessarily correspond to standard
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anatomical segmental definitions, but were rather derived based on objective unequivocal
landmarks in the three-dimensionally segmented thoracic aorta. In particular, the segment
extending from the root to the apex of the aorta (segment 1 in Figure 2C), comprising the
proximal transverse aortic arch, was identified as a single segment. Similarly, the segment from
the apex to the plane intersecting the aortic root (segment 2 in Figure 2C) was identified asa
single segment, whereas the sum of the 2 segments above were used to calculate the height and
width of segments 1+2, aswell as the width-to-height ratio. Given that this height computation
incorporates the ascending aorta and the proximal descending aorta, we note that these height
and width indices from our study are not directly comparable to previous studies that measured
aortic arch height and width starting from an arbitrarily defined plane intersecting some point of
the middle of the anatomic ascending and descending aorta’.

Figure 2D shows the correlation matrix of various 3D-AGPs. There were four well-
defined AGP clusters, which related to: aortic length and specifically distal arch/descending
aortic length (cluster 1), aortic arch 3D geometric phenotypes (cluster 2), aortic diameter
phenotypes (cluster 3) and aortic curvature phenotypes (cluster 4). Interestingly, the length of the
proximal arch/ascending aorta segregated separately (cluster 2) from overall thoracic aortic

length and distal arch/descending aorta, which clustered with metrics of aortic length (cluster 1).
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Figure 2. (A) Overview of the U-Net segmentation architecture. (B) Thoracic aorta segmentation
and phenotype generation. After segmenting the entire thoracic aorta and extracting its

centerline, we identified the apex of the aorta (i.e., maximum centerline point on the vertical
axis), and the centerline point on the descending aorta with the smallest Euclidean distance on
the vertical axis with the aortic root. The segment extending from the root to the apex of the aorta
(ascending aorta/proximal arch) was identified as segment 1. The segment from the aortic apex

to the point on the descending aorta vertically corresponding to the level of the aortic root (distal

arch/proximal descending aorta) was identified as a segment 2. Segment 3 comprised the
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remainder of the descending aorta (i.e., distal descending aorta). (C) Legend for each AGP
region. (D) Correlation matrix of select aortic geometric phenotypes (AGPS), showing the 4

variable clusters (see text for details).

Aortic aging patterns

Normative aging patterns were computed on a healthy subset of UKB participants (n=4,725) who
met the following criteria: (1) BMI >18 and <25 kg/m?, (2) low-density lipoprotein (LDL)
cholesterol <130 mg/dL, (3) high-density lipoprotein (HDL) cholesterol >50 (female) or >40
(male) mg/dL, (4) triglycerides <200 mg/dL, (5) hemoglobin Alc <6% (<42 mmol/mol), (6)
never a smoker, and (7) no history of cardiovascular disease. Participants with AGP
measurements that fell outside of 3 standard deviations of the mean were removed to account for
phenotype stochasticity (i.e., mode error). Participants were classified according to the
following age range categories. <50, 50-60, 60-70, and >70 years (Supplemental Table 1,
Supplemental Figs. 2-5) and geometric patterns were compared across age strata. The aorta
demonstrated a clear pattern of increased elongation, dilation, and tortuosity with age
(Supplemental Figs. 2-4). In contrast, there was a clear pattern of decreased unfolding and

curvature across the full thoracic aorta as well as various subsegments (Supplemental Fig. 5).
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Figure 3. Sex-adjusted, normalized beta coefficients for the relationship between AGPs and age
in the UK Biobank “healthy” cohort with normative lab measurements and no history of

cardiovascular disease (n=4,725).

Sex-adjusted linear models were generated to assess the relationship between AGPs and

aging (Supplemental Table 2). Ascending/proximal arch length (segment 1; =0.6 mm/year;
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p=2.79x10"?) and distal arch/descending aortic length (segments 2+3; p=0.4 mm/year;
p=3.96x10°) were directly related to age. The aortic arch length (segments 1+2) exhibited the

steepest association with age (segments 1+2; p =1.1 mm/year; p=4.76x10"%

). The mean
diameter of the ascending aorta/proximal arch (segment 1) and the distal arch/descending aorta
(segments 2+3) exhibited comparable slopes with age, of 0.077 mm/year (p=1.21x10"*) and
0.070 mm/year (p=4.81x10""%) respectively. Thoracic arch unfolding (segments 1+2) was
inversely related to age (B=-0.0035; p=0.001), demonstrating that the centerline length (segments
1+2; p=1.1 mm/year; p=4.76x10"%) elongates more than the width increases (=0.3 mm/year;
p=1.49x10°?). The normalized p coefficients for the sex-adjusted linear models for assessing the
relationship between age and AGPs are depicted in Figure 3 (Supplemental Table 3).

Aging patterns were largely similar in the sex-specific analyses, with a 3 coefficient
correlation of 0.98 between the male and female cohorts (Supplemental Table 4). Male aortas

exhibited increased length and diameters compared to female aortas across all age ranges,

however, female aortas exhibited increased curvature compared with males.

SNP-based heritability estimates of AGPs

We estimated the SNP-based heritability (h?) for 35 AGPs representative of the complete thoracic
aorta (Supplemental Table 5). After Bonferroni correction, 33 AGPs were significantly

heritable, with an average heritability of 0.20 (£0.09). The AGP exhibiting the highest

heritability was notably the diameter of the distal arch/descending aorta (segments 2+3;
h?=0.38+0.01). Thoracic aortic length (allometrically indexed and non-indexed) showed h? of
0.24 and 0.27, respectively. Thoracic aortic width heritability was 0.19 (+0.01). Figure 4A shows

estimates of the SNP-based heritability (h?) for 33 AGPs using all UKB imaging participants
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with European ancestry (n=52,665). We additionally computed sex-specific heritability for males
(n=25,209) and females (n=27,456) in the European ancestry cohort (Supplemental Fig. 6).
After Bonferroni correction, 31 AGPs displayed significant heritability for males and females
(Supplemental Tables6-7). Males had an average heritability of 0.24 (£0.13), whereas females
had an average heritability of 0.24(+£0.12). Interestingly, there was a noticeable increase in the
heritability of the distal arch/descending aorta (segments 2+3) in the sex-specific analysis, with

males exhibiting an h?=0.54(+0.01) and females exhibiting an h?=0.49 (+0.01).

Partitioned heritability analysis

We performed partitioned heritability analysis to explore the enrichment patternsin 53
overlapping functional genomic categories. After Bonferroni correction, 29 AGPs displayed
significant enrichment (p<0.05/53) of at least 1 functional region, with 12 AGPs having primary
enrichment in conserved functional regions of the genome'®*. M easurements of thoracic aortic
length across several subsegments aswell as the diameter of the proximal aorta (segment 1)
exhibited primary enrichment in gene promoter regions, specifically among SNPs surrounding
the chromatin marks acetylation of histone 3 at lysine 9 (H3K9ac)*. A subset of histone 3 Lysine
27 acetylation (H3K27ac) super-enhancer regions had primary enrichment in thoracic aortic
height, indexed thoracic aortic length of segments 1+2, and tortuosity of the thoracic aorta®®,
Descending aortic length (segments 2+3) had primary enrichment among histone promoter
regions involving trimethylation of histone 3 at lysine 4 (H3K4me3). A complete list of

significant enrichment regions can be found at Supplemental Table 8.

Genetic architecture of 3D aortic geometry
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We performed GWAS on 35 AGPs representative of the complete thoracic aorta as well as three
key subsegments, namely the proximal aorta (segment 1), the descending/distal aorta (segments
2+3), and the sum of segments 1+2 in the UKB European ancestry sub cohort (n=46,456). Four
AGPs displayed no significant SNPs at genome wide significance (p<5x10®) and were discarded
from future analysis.

All GWAS results are available in Supplemental Datasets (will be made available upon
publication). LD and genomic inflation (A) were tested to verify the robustness of each GWAS
(LD mean=1.01+0.01, A mean=1.10+0.06). LD scores, genomic inflation and GWAS-based
heritability is shown in Supplemental Table 9. After adjusting for Bonferroni correction at the
genome-wide significance level (p<5x10®/31) we identified 209 unique loci (Fig. 4C). More
specifically, we identified 25 loci associated with aortic length, 7 loci associated with aortic
tortuosity, 1 locus associated with aortic curvature, 172 loci associated with aortic diameter, and
12 aortic arch loci (arch width, thoracic-aortic height) (Supplemental Table 10). In the sex-
stratified analysis for males (n=25,209) and females (n=27,456) of European ancestry the GWAS

results were strongly correlated (LDSC correlation = 0.944+0.09).
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visualization of significant genetic loci (p<5x10%/31).
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Validation of GWAS results

In the UKB validation cohort (Supplemental Table 11, Supplemental Fig. 7), we replicated 4
aortic length loci, 1 tortuosity loci, 39 aortic diameter loci at Bonferroni significance
(p<0.05/209). In total we validated 44 unique loci at Bonferroni significance. Furthermore, at
nominal significance (p<0.05) we verified 7 arch loci (arch width, thoracic-aortic height). In our
PMBB external validation cohort (Supplemental Table 12, Supplemental Fig. 8) among
participants with European ancestry we replicated 25 aortic diameter loci at Bonferroni
significance. At nominal significance we validated 7 length loci, 1 tortuosity loci, 1 curvature
loci and 6 arch loci (arch width, thoracic-aortic height). All loci were concordant in the same

direction.

Assessment in participants of different ancestries

We assessed whether the genetic associations demonstrated among participants of European
ancestry in the UKB were present among participants with Asian (n=663) and African (n=305)
genetic ancestry in the UKB, as well as participantsin the PMBB with African ancestry
(n=2,328). In our PMBB African cohort (Supplemental Table 13, Supplemental Fig. 9), we
replicated 8 diameter loci Bonferroni significance. At nominal significance we verified 10 aortic
length loci, 1 curvature loci, 1 tortuosity loci, and 5 aortic arch loci (arch width, thoracic-aortic
height). In the UKB African cohort (Supplemental Table 14, Supplemental Fig. 10), we
replicated 3 diameter loci at Bonferroni significance. At nominal significance we verified 11
aortic length loci, 3 tortuosity loci, and 5 arch loci (arch width, thoracic-aortic height). In the

UKB Asian cohort (Supplemental Table 15, Supplemental Fig. 11), we replicated 4 diameter
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loci at Bonferroni significance. At nominal significance we verified 6 aortic length loci, 1

tortuosity loci, and 4 related to the aortic arch (arch width, thoracic-aortic height).

Concor dance of resultswith previous GWAS findings

To assess the concordance of our results with previous findings from GWAS, we queried
independent SNPs among AGPs to previously reported GWAS summary data (NHGRI-EBI
GWAS Catalog). We identified shared variants between our measurements for the aorta/proximal
arch (segment 1) and the distal arch/descending aorta (segments 2+3) diameter measurements
with previous in-plane measurements of the diameter of the ascending and descending thoracic
aorta'®. More specifically, we validated 29 loci previously associated with the ascending and
descending aortic diameter™®. We highlight genetic concordance between thoracic aortic length
and aortic root diameter™. Furthermore, we identified shared variants between the distal
arch/descending aortic (segments 2+3) diameter and left and right ventricular end-systolic and
end-diastolic volume, whereas the diameter of segments 1+2 shared variants with left ventricular
wall thickness>*®. Specifically, the genes, SH2B3, ATXN2, and CKDN1A were identified in
GWAS of the aorta and the left ventricle. Refer to Supplemental Table 16 for a complete list of

concordant results.

Gene and gene-set analysis

We identified candidate gene-level and gene-set associations for their relationship with aortic
geometric phenotypes usng MAGMA and identified expression quantitative trait loci (eQTL) in
aortic tissue using GTEx v8. Additionally, we queried our GWAS results to identify any
significant exonic variants using FUMA. Next, we mapped significant SNPS (p<5x10%/31)

within each identified gene region and identified overlapping histone modifier tracks


https://doi.org/10.1101/2024.05.09.593413
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.09.593413; this version posted August 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

17
(Supplemental Figs. 12-24)". Firstly, we identified 67 unique SNP variantsin exon regions of
the genome (Fig. 5, Supplemental Table 17). Furthermore, several exonic SNPs were localized
to specific AGP categories; specifically, rsb5715053 and rs73348287 were identified in GWAS
results of thoracic aortic length and segment 1+2 length. Interestingly, some SNPs had cross
categorical localization between aortic length and diameter (rs34655914, rs35267671). Next,
MAGMA identified 357 significant gene-level associations (p<0.05/19,809) (Supplemental
Table 18). Some genes were repeatedly identified across multiple AGPs, aswell as being
localized to specific subsegments of the aorta (Fig. 6A). Notably, fibrillin-2 (FBN2) was
identified across 18 AGPs with primary associations being localized to the aortic arch (Fig. 6A-
B, Supplemental Fig. 12). There were 91 significant variants (p<5x10%31) within FBN2 and
two exonic variants (rs73348287 and rsb5715053) overlapping enhancer histone modification
tracks. FBN2 has previously been associated with CVD, coronary artery disease, as well as
calcium-channel blocker and beta-blocker use'™® . 18 SNP variants were identified across 11
AGPs in the gene a disintegrin and metall oproteinase with thrombospondin motifs 8 (ADAMTSS)
which has been implicated in the structural remodeling of vessels and its upregulation has been
associated with pulmonary arterial hypertension®. Four significant SNP variants overlapped
histone modifier tracksin ADAMTS8 (Supplemental Fig. 13). While ADAMTSY has been
previously documented in GWAS of the aorta, ADAMTS3 was thought to be primarily associated
with heart and lung morphology. Cellular communication network factor 3 (NOV) was identified
with aortic length, arch width, and aortic diameter and has previously been associated with
hypertension®. 36 significant variants were identified in NOV with three SNPs, (rs56013326,
rs2279112, rs7834596) existing within histone modifier regions (Supplemental Fig. 14). 710

unique SNP variants were identified in Unc-51 Like Kinase 4 (ULK4) and were only associated
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with diameter AGPs (Supplemental Fig. 15). ULK4 has previously been associated with

neuropsychiatric disorders and neurogenesis?. In the GTEX tissue specific analysis, we
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identified enriched gene-expression (p<5x10"®) among aortic artery, coronary artery, tibial artery,

aswell asthe uterus, cervix, and fallopian tube tissues.
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location and their corresponding AGP. (B) FBN2 genetic locus, with corresponding histone

modification tracks (H3K4Me3 and H3K27Ac) and corresponding exonic SNP variants

(rs73348287 and rs55715053).
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I dentification of candidate genesfor drug target prioritization
Using the AGP-associated genes identified viaMAGMA, we queried our resultsto identify
potential therapeutic drugs using the Drug-Gene interaction database (DGIB)?. The 357
significant genes identified in our analyses yielded 2,741 potential drug-gene interactions,
composed of 966 approved drugs, a more restricted 762 drugs that are not cancer drugs (anti
neoplastic) and 8 immunotherapy drugs (Supplemental Table 19). Among approved drugs we
identified 25 cardiovascular drugs mapped to 14 genes. More specifically, seven drugs were
calcium-channel blockers which targeted six unique genes (ATXN2, CACNB2, CYP2C19,
EHMT2, NPPA, SLC14A2). There were two angiotensin-converting enzyme (ACE) inhibitors
that mapped to EHMT2 and HSPA4. Two drugs were angiotensin-I1 receptor antagonists mapping
to DOTIL, EHMT2. There were five beta-blockers that mapped to three genes, namely,
CYP2C19, EHMTZ2, FTO. Five antilipidemic drugs (statins) mapped to four genes (CYP2C19,
CYP2C9, HLA-DRB1, HSPD1). Three anticoagulants, namely, warfarin, coumarin, and heparin
mapped to four genes (CTSB, CYP2C18, CYP2C9, HSPA4). Examining the unapproved drugs,
we identified an additional 12 cardiovascular drugs that mapped to four unique genes. More
specifically, six calcium-channel blockers were mapped to two genes, namely CYP2C19 and
ATXN2. Two beta-blockers mapped to three unique genes (CYP2C9, EHMT2). One ACE
inhibitor mapped to CYP2C9. Three anticoagulants, aloxistatin, naringin, and asarinin mapped to
CYP2C19 and CYP2C19. Figure 7 provides an overview of cardiovascular drugs and their

associated genetic interactions.
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4. Discussion
This study leveraged aortic imaging data and genetics from two large independent cohorts, the
UKB and the PMBB, to comprehensively characterize 3D structural parameters of the thoracic
aorta, thelr aging patterns, and their underlying genetic architecture. We developed, for the first
time, a phenotype extraction protocol consisting of (1) a deep learning segmentation architecture
that accurately segments the thoracic aorta, and (2) morphological operations that operate
directly on three-dimensional mesh representations to compute aortic length, diameter, tortuosity,
curvature and arch measurements, aswell as identify subsegments of the aorta. We then deployed
our segmentation approach on 54,241 UKB imaging participants and 8,456 PMBB participants.
Next, we computed normative aging profiles for all AGPs that were extracted from our pipeline
and comprehensively characterized their genetic architecture.

Using ahighly selective subset of healthy UKB participants (n=4,725) we identified a
clear pattern of normal aortic aging involving elongation, widening, reduced unfolding and
dilation. Our results extend a previous investigation of 210 patients undergoing aortic imaging,
which reported that the aorta elongates with age®, as well as a previous study of 100 participants
which found changes in diameter, arch height, and width with aging®. In contrast to previous
studies, we studied large samples of participants with a wide age range from 2 large biobanks,
comprising >60,000 participants. Our approach was fully automated, removing observer bias that
may arise from manual segmentation of the aorta. Moreover, our utilization of deep neural
networks facilitated the segmentation of far more imaging studies, which in turn allowed usto
study a highly selected subgroup of participants to assess the relationships between aortic 3D-
geometry and normal aging. This further allowed us to characterize normal allometric

relationships to properly account for the influence of body size and differences in body size
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between males and females. Thisisimportant, because various conditions (such as diabetes,
hypertension and various other cardiovascular risk factors) that increase in prevalence with age
or that vary in prevalence between males and females, can impact the thoracic aortic wall. We
identified remodeling patterns characteristic of normal aortic aging, including decreased thoracic
aorta unfolding, reduced curvature and reduced tortuosity of the aorta distal to the apex

(segments 2+3). In addition, aortic curvature displayed a strong negative relationship with

1,26

age". We also found that the proximal aorta (segment 1) displays faster elongation and dilation
when compared with the distal arch/descending aorta (segments 2+3). The geometric changes
were characterized by an overall reduced unfolding of the thoracic aorta. We note that previous
smaller studies reported increased unfolding of the aortic arch with age”. Thisis not inconsistent
with our results, since we found that all thoracic aortic segments increase in length with aging,
resulting in widening and unfolding of the transverse arch. However, the increase in length of the
thoracic aorta (segments 1+2) exceeded the widening of the arch, resulting in decreased overall
unfolding indices of the thoracic aorta with increasing age.

To our knowledge, our study is the first to uncover the genetic architecture of the 3D-
geometry of the thoracic aorta. Our AGPs exhibited moderate to high heritability, with h? ranging
from 23%, for length AGPs (namely, thoracic aortic length) to 38% for diameter phenotypes of
the distal aorta. Some heritability metrics of aortic diameter have been previously reported in the
literature, which are comparable to our findings?’. We additionally highlight an increased
heritability of the distal arch/descending aortic diameter in our sex-specific heritability analysis.
Using a GWAS discovery cohort of 46,456 participants with European ancestry in the UK

Biobank, we report 209 unique genetic loci for across all AGPs. Next, we validated our results

on three separate validation cohorts of the UKB and two external cohorts from the PMBB. UKB
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validation results replicated 39 unigue genomic loci associated with AGPs at Bonferroni
significance. We additionally validate 29 aortic diameter loci that were previously identified by
Pirruccello et. al**. Thisisthe first study to examine the genetic architecture of several 3D-aortic
geometric phenotypes, including aortic length, tortuosity, curvature, as well as arch-specific
geometric indices, namely, arch width, as well as aortic diameter across the entire thoracic aorta,
including validation in independent cohorts. Previous aortic GWAS have been conducted only on
cross sectional measurements of the aorta, which largely discards the heterogenous differences
between proximal and distal regions?® and neglects the complex 3D structure of the aorta.

Despite the recognized importance of the aortain aging, hypertension and hypertensive
target organ damage, data regarding the molecular determinants of aortic structural degeneration
are scarce” and derived mostly from animal studies or non-genetic observational studies. Genetic
determinants of aortic geometry can provide important clues regarding its pathogenesis. We
identified several genes that were significantly associated with multiple AGPs across several
subsegments of the aorta (Fig. 6). Furthermore, we identify several SNP variants that overlapped
histone modifier tracks. NOV was identified across all AGP categories, aswell as several
subsegments of the aorta. Furthermore, NOV has been linked to increased inflammation, as well
as degradation of cartilage®. Waldman et al. found that inhibition of NOV expression restores the
function of anti-inflammatory, thermogenic, and mitochondrial gene expression, resulting in
improved vascular function in mice®. FBN2 is a protein-encoder gene responsible for the
production of fibrillin-2 and is essential for maintaining elastin deposits and the elastic fiber
system.®! FBN2 was primarily associated with AGP structures in segments 1+2. It has also been
documented that FBNZ2 loss of function mutations result in a reduction of fibrillin-2 and

disorganized smooth muscle cellsin epithelial tube formation, as well as a shortened tracheal
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tube length®. To our knowledge, FBN2 has not previously been identified in aortic GWAS
results, suggesting that it is primarily associated with 3-dimensional geometric properties of the
aorta

We highlight 14 genesthat have the potential to be targeted by drugs, including currently
approved cardiovascular drugs. Specifically, calcium voltage-gated channel auxiliary subunit
beta 2 (CACBN2) was implicated in multiple drug-gene interactions. CACBN2 has been
previously associated with cardiac ion channel function. Cytochrome P450 2C19 (CYP2C19)
was identified in multiple drug-gene interactions and loss of function mutations have been
identified with adverse cardiovascular events™. Additionally, the fat mass and obesity-associated
(FTO) gene was identified to interact with beta-blockers. While primarily associated with
obesity, FTO SNP variants have increasingly been recognized with the risk of adverse
cardiovascular events®. Asarinin was identified among unapproved drugs and has previously
demonstrated potential as a therapeutic to target pulmonary fibrosis®. Further research is
required to assess the potential therapeutic value of these agents to impact aortic remodeling and
function with aging.

Our work also has limitations. Firstly, the imaging modality varied between the UKB
(CMR) and the PMBB (CT). However, given the large dimensions of the aorta, its 3D-
segmentation is less sensitive to the imaging modality and resolution. Additionally, the
participantsin the PMBB were undergoing imaging for medical evaluation, whereas UKB
participants were randomly selected. Nevertheless, the replication of findings across these two
cohorts with different inclusion and exclusion criteria and different imaging modalities indicates
robust associations, adding confidence to our results. We note that our anatomic segmentation

was based on objectively identifiable three-dimensional landmarksin the aorta (such as the aortic
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apex) and may not necessarily correspond to standard anatomic definitions or aortic subsegments
with different embryologic origins. Finally, our genetic analysis was largely limited to
participants with European ancestry; however, we were able to replicate genetic loci in
participants with African and Asian ancestries.

In conclusion, we present a novel segmentation approach that accurately quantifies the
three-dimensional geometry of the thoracic aorta, key subsegments, and provides comprehensive
phenotyping of key 3D aortic geometric properties. We leverage our segmentation approach to
provide normative aging patterns for all AGPs, and we present the first GWAS results for many
key aortic structural parameters. Future work should investigate the prognostic value of AGPs as

well as the causal relationships of AGP GWAS resullts.
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