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Background: The asymptomatic onset and extremely high mortality rate of aortic aneurysm (AA) highlight the urgency of em
detection and timely intervention. The alteration of retinal vascular features (RVFs) can reflect the systemic vascular properties, and
be widely used as the biomarker for cardiovascular disease risk prediction. Therefore, we aimed to investigate associations of
RVFs with AA and its progression.

Methods: In this prospective population-based cohort study, participants with eligible fundus images and without a history of AA
at recruitment were included for analysis. A fully automated Retina-based Microvascular Health Assessment System was used to
quantify multidimensional RVFs including the branching angle, caliber, complexity, density, length, and tortuosity. Univariable and
multivariable Cox regressions were used to estimate the association of RVFs with the incidence of AA and aortic adverse events
(AAE). Furthermore, propensity score matching was performed to mitigate the confounding effects of baseline characteristics.
Results: During a median follow-up of 11.0 years, 306 incident AA (164 with abdominal AA and 108 with thoracic AA) and 48
incident AAE were documented. In the fully adjusted model, the retinal arterial branching angle (hazard ratio [HR] 0.87, 95%
confidence interval [Cl] 0.77 to 0.99) and the central tendency and variability of minimum venular caliber were significantly
associated with the risk of incident AA (HR 1.13-1.15), while the venular minimum angular asymmetry (0.48, 0.30 to 0.77) was
significantly associated with the incidence of AAE. Moreover, specific alterations of RVFs were observed in different AA subtypes
(caliber in abdominal AA [HR 1.21]; caliber [HR 1.21-1.28], complexity, length, and tortuosity [HR 0.77-0.82] in thoracic AA). Similar
results were obtained after propensity score-matched analysis, confirming the stability of these associations.

Conclusions: We identified a significant association of certain RVFs with incident AA and AAE, implying that noninvasive, and

interventions.

convenient fundus photography could be a promising tool to facilitate the early detection of AA and subsequent preventative
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Introduction

Aortic aneurysm (AA) is a potentially life-threatening condi-
tion characterized by the pathological distension of the aorta,
which represents the second most common disease affecting the
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aorta after atherosclerosis''l. It typically develops in weakened
areas of the aorta and is traditionally divided into abdominal
aortic aneurysm (AAA) and thoracic aortic aneurysm (TAA).
AA is often asymptomatic at the time of diagnosis, regardless of
the severity. If left untreated, an AA can lead to catastrophic
adverse events, with an overall fatality rate up to 90%!?..
According to the analysis of the Global Burden of Disease
Study, the global number of AA-related deaths is expected to
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continuously increase by 42% from 172 426 in 2019 to
244 685 in 2030, highlighting that the burden of aortic
diseases remains high. Early detection and timely intervention
are crucial for improving patient outcomes. However, the cur-
rent international guidelines recommend AA screening mostly
based on general biomarkers!'*!, such as age and sex, lacking
specificity and precision. Further studies are warranted to
investigate the AA-related risk factors, aiming to identify
potential objective, precise, and personalized biomarkers for
disease early screening.

The retina, being highly vascular and readily accessible
through noninvasive imaging and assessments, can act as
a surrogate indicator of systemic vascular health. Collective
evidence has demonstrated that retinal vasculature could reflect
age, sex, smoking status, hypertension, and hyperlipidemial>®!,
which are exactly the important risk factors of AAM, A few
studies have revealed the association of retinal vascular signs
with AAA and Marfan Syndrome, but only focusing on retinal
vascular caliber and tortuosity!”**. Additionally, these retinal
vascular signs lack specificity, and the observed associations
became non-significant after adjusting for common disease risk
factors!”'!. With the advancements in deep learning algo-
rithms, we can automatically segment and quantify retinal vas-
cular networks at an omics scale from the fundus images with
great efficacy and accuracy. Specifically, the Retina-based
Microvascular Health Assessment System (RMHAS) can quan-
tify hundreds of retinal vascular features (RVFs) within
2 seconds!?!, containing more imaging biomarkers for AA and
facilitating the early detection of high-risk population.
Therefore, we hypothesized that non-invasive visualization of
the retinal microvasculature has the potential to uncover signifi-
cant vascular dysfunction and aid in predicting the incidence of
AA and aortic adverse events (AAE) in the general population.

Herein, we aimed to identify specific and robust retinal vas-
cular markers of AA and its subtypes that are independent of
established risk factors. Furthermore, we also examined the
association between RVFs and AAE. Retinal fundus photogra-
phy, being non-invasive, and convenient, has confirmed its value
for early population screening of cardiovascular diseases!®'>!4,
Given the asymptomatic nature and high mortality rate of AA,
determining the association between RVFs and AA development
is important for its early diagnosis and thereby improving
patient prognosis.

Methods
Study population

We used data from the UK Biobank, a large-scale population-
based prospective cohort with over 500 000 participants aged
40 to 69 years recruited between 2006 and 2010 at 22 assess-
ment centres. The UK Biobank study protocols and population
have been described in detail elsewhere!"*!, During the baseline
assessment, extensive phenotypic and genotypic details were
collected for its participants, such as comprehensive question-
naires, physical measures, sample assays, multimodal imaging,
and genome-wide genotyping. Detailed health-related events
were recorded through linkage with Hospital Episode Statistics
(HES) and death registers. Ophthalmic examinations, including
retinal photography, were conducted at the baseline assessment
in 2009 for six assessment centres.

The UK Biobank study was approved by the North West
Multi-centre Ethics Committee (11/N'W/0382). The current
study adhered to the principles of the Declaration of Helsinki,
and written informed consent was obtained from all partici-
pants. This research has been conducted using the UK Biobank
Resource under Application Number 82906 and only unidenti-
fiable data was used. This study was reported in line with the
STROCSS criteria*®.

RVFs quantification

The 45-degree non-mydriasis retinal fundus images were
obtained using a spectral domain OCT for each eye (Topcon
3D OCT 1000 Mk2, Topcon Corp, Tokyo, Japan). A total of
66,500 participants completed the retinal fundus photography
with 131,238 images collected. For extraction of RVFs, we
selected the images of the right eye first, and the left eye was
used only when the right eye was unavailable. A deep learning
system, named RMHAS, was utilized to automatically segment
and quantify RVFs with great accuracy and required minimal
time!'?. The algorithm demonstration is publicly available at
https://www.retinavessel.com/. Briefly, the overall image quality
was assessed by the image quality assessment module, and then
the eligible images were segmented into arteries, veins, and optic
disc. Based on segmentation, RVF measurements of branching
angle, caliber, complexity, density, length, and tortuosity were
obtained (Supplementary Table 1). Further, considering the hun-
dreds of small vessel segments in the fundus images, the central
tendency, variability, and distribution shape of the above mea-
surements were summarized to capture their overall character-
istics (Supplementary Table 2).

Outcomes ascertainment

The AA, its subtype, and AAE were ascertained by the
International Classification of Diseases, Ninth and Tenth
(ICD-9 and ICD-10) codes, death registry records (based on
the ICD-10 code), Office of Population, Censuses, and
Surveys: Classification of Interventions and Procedures (OPCS-
4), and self-reporting (Supplementary Table 3). The definition of
AAE was referred to in previous literature including aortic dis-
section, rupture, and death!”!. Specifically, the follow-up of the
AAE was ascertained through the linkage of routinely available
national health records, such as death registrations and hospital
inpatient episodes. Aortic dissection or rupture incidents or
deaths were coded using ICD-10 codes ‘171.0, 171.1, 171.3,
171.5, 171.8" and ICD-9 codes ‘4410, 4411, 4413, 4415’ in
hospital admissions or death records. Participants with any
diagnosed or self-reported AA before baseline assessment were
excluded. The follow-up period for each participant was calcu-
lated from the date of baseline examination to either the date of
outcomes occurrence, the date of death, or the end of follow-up,
whichever came first.

Covariates

The covariate data were collected by touchscreen question-
naires, physical examinations, and biochemical measurements
in the UK Biobank. The potential covariates in the present
analyses included age, sex, body mass index (BMI), smoking
status (recorded as former/current and never), alcohol assump-
tion (recorded as current/previous and never), systolic blood
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pressure (SBP), diastolic blood pressure (DBP), total cholesterol,
high-density lipoprotein (HDL), low-density lipoprotein (LDL),
triglycerides and history of diabetes, hypertension and hyperli-
pidemia. Moreover, the genetic risk scores (GRSs) for AAA and
TAA were also considered in the corresponding outcomes. The
genetic information was taken from the updated genome-wide
association studies (GWAS) for the AAA!"®! and TAAM . The
associated single nucleotide polymorphisms (SNPs) were used to
generate GRSs for each participant by using the --score function
in PLINK 2.02°!. The magnitude of the association (GWAS beta
coefficient) was used as the weighting factor.

Statistical analyses

The baseline characteristics of participants were described as
mean and standard deviation (SD) for continuous variables,
and numbers and percentages for categorical variables.
Differences in continuous variables were analyzed using
unpaired t-tests, while Chi-square tests were used to assess
the categorical variables. For the RVFs, we excluded the sex-
specific extreme outliers, and normalized the distribution of
them enable rescale to SD unit. The hazard ratios (HRs) and
95% confidence intervals (CIs) were used to estimate the asso-
ciation between RVFs and outcomes by Cox proportional
hazards regression models. Firstly, we preliminarily identified
the potential RVFs for incident AA and AAE with no covari-
ates adjusted, and P values were further adjusted by the false
discovery rate method for AA. Thereafter, the significant asso-
ciated RVFs were considered to be included in further ana-
lyses. Four Cox proportional hazards regression models were
fitted respectively. Model 1 was unadjusted, Model 2 was
adjusted for baseline age and sex, and Model 3 was further
adjusted for BMI, smoking status, and history of diabetes,
hypertension, and hyperlipidemia. For AAA and TAA, their
GRSs were additionally adjusted in the Model 3.

To explore the effect-response association between RVFs and
incident outcomes, values were transferred into a categorical
variable by tertile. We further conducted the subgroup analyses
to test whether the association between RVFs and outcomes
differed from groups of sex (female, male), age (<65 years,
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=635 years), smoking history (never, former/current), and hyper-
tension. The sensitivity analysis was performed to examine the
association between RVFs and incident outcomes by excluding
the participants who developed AA in the first two years of
follow-up. We also performed the propensity score matching
(PSM) using the nearest neighbour method which matched the
baseline demographics and clinical characteristics, to maintain
homogeneity between groups in the sensitivity analysis. The
variables that used to generate a propensity score included base-
line age, sex, BMI, smoking status, and histories of diabetes,
hypertension, and hyperlipidemia. Standardized mean differ-
ences (SMD) before and after PSM were calculated to measure
balance between groups. Additionally, as AA is a kind of degen-
erative disease, we further excluded participants less than
50 years to assess the robustness of the findings. Furthermore,
the analyses were repeated among participants with hyperten-
sion or diabetes due to the lower probability of developing AA in
healthy people.

All analyses were performed using R (version 4.2.2,
R Foundation for Statistical Computing, www.R-project.org,
Vienna, Austria) and Stata (version 17, StataCorp, TX, USA).
A two-sided P value of <0.05 was regarded as statistical
significance.

Results

Baseline characteristics

A total of 50,409 participants were included in the analysis
after excluding participants without fundus images, with
poor-quality images, or with AA at baseline (Fig. 1). At recruit-
ment, the mean (SD) age of participants was 55.84 (8.21)
years, and 55.2% were female. During a median follow-up
duration of 11.27 years (interquartile range [IQR], 11.17-
11.41), there were 306 participants who experienced incident
AA, with 164 (53.60%) having incident AAA, 108 (35.29%)
experiencing TAA, and 34 (11.11%) encountering other types
of AA, including thoracoabdominal AA, and unspecified site
AA. Additionally, 48 participants experienced incident aortic
aneurysm events (AAE). Table 1 shows the baseline

‘ 502,409 participants who were assessed at baseline ‘

451,951 participants without fundus images or
with poor quality on fundus images

‘ 50,458 participants with eligible fundus image ‘

—){ 49 participants with aortic aneurysm at baseline

A

‘ 50,409 participants included in the analysis

l

\

A

48 incident aortic adverse events

50,103 participants without
incident aortic aneurysm

306 participants with
incident aortic aneurysm

164 inicdent abdominal aortic aneurysm

Figure 1. Flowchart for population selection in the UK Biobank.

108 incident thoracic aortic aneurysm
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Figure 2. Retinal vascular features associated with aortic aneurysm and aortic adverse events were identified in the unadjusted Cox model. (A) The —log10
(P value) of retinal vascular features for aortic aneurysm. (B) The —log10 (P value) of retinal vascular features for aortic adverse events.

characteristics of study participants by incident AA. All fea-
tures were significantly different among individuals with and
without incident AA except for alcohol assumption
(P = 0.460). The participants with incident AA were related
to the older age, male gender, higher BMI, former/current
smoking, higher SBP and DBP, lower total cholesterol, HDL
and LDL, higher triglycerides, and higher proportions of dia-
betes mellitus, hypertension, and hyperlipidemia at baseline.
Moreover, the participants with incident AA were more likely
to have a high proportion of lipid-lowering medication use
compared with those without AA.

RVFs and incident AA

A total of 54 RVFs from the six major categories were significantly
associated with the incident AA (Fig. 2). After adjusting for age and
sex in Model 2, 22 RVFs remained significant in this association. In
the fully adjusted model (Model 3), 5 RVFs showed a significant
association. Specifically, the arterial branching density in the cate-
gory of branching angle was significantly related to the incidence of
AA (HR = 0.87, 95%ClL: 0.77-0.99, P = 0.036). Moreover, the
central tendency and variability of minimum venular caliber also
showed a significant association with incident AA: median absolute

deviation (MAD, HR =1.15, 95%CI: 1.03-1.29, P = 0.017), mean
(HR = 1.13, 95%CIL: 1.02-1.25, P = 0.025), median (HR = 1.14,
95%CI: 1.02-1.27, P = 0.027), and std (HR = 1.15, 95%CIL: 1.03-
1.28, P = 0.010) (Supplementary Table 2). Furthermore, we found
that, compared with the participants with the lowest tertile of RVFs,
the highest tertile of arterial branching density had a significantly
lower risk of AA (P for trend = 0.033), and the highest tertile of
central tendency and variability of minimum venular caliber had
a significantly higher risk of AA than those in the lowest tertile (all
P for trend < 0.03) after full adjust (Supplementary Table 4).

RVFs and incident AAE

For the incident AAE, 3 RVFs from the branching angle density and
tortuosity categories showed significant association (Fig. 2). In
Model 2, these 3 RVFs remained significant including the venular
minimum angular asymmetry, and IQR and MAD of arterial tor-
tuosity. After full adjustment in Model 3, only the venular minimum
angular asymmetry (HR = 0.48, 95%CI: 0.30-0.77, P = 0.002)
remained significant (Table 2). Meanwhile, the risk of AAE in
participants with the venular minimum angular asymmetry in the
highest was significantly lower than that of the lowest tertile (P for
trend = 0.027). For the detailed AAE subtypes, the similar results
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Figure 3. Retinal vascular features associated with abdominal aortic aneurysm and thoracic aortic aneurysm were identified in the unadjusted Cox model. (A) The
—log10 (P value) of retinal vascular features for abdominal aortic aneurysm. (B) The —log10 (P value) of retinal vascular features for thoracic aortic aneurysm.
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Baseline characteristics of study participants

Baseline characteristics Without incident aortic aneurysm Incident aortic aneurysm P value
(N=50,103) (N=306)

Age, y 55.81 (8.20) 61.82 (6.03) <0.001
Sex <0.001

Female 27757 (55.4%) 65 (21.2%)

Male 22346 (44.6%) 241 (78.8%)

Body mass index, kg/m? 27.27 (4.76) 28.56 (4.44) <0.001
Smoking status <0.001

Never 28227 (56.7%) 113 (37.0%)

Former/current 21576 (43.3%) 192 (63.0%)
Alcohol consumption 0.460

Never 4189 (8.4%) 22 (7.2%)

Former/current 45720 (91.6%) 283 (92.8%)
SBP (mmHg) 136.32 (18.28) 142.84 (16.84) <0.001
DBP (mmHg) 81.73 (10.04) 84.24 (10.78) <0.001
Total cholesterol (mmol/L) 5.69 (1.12) 5.37 (1.15) <0.001
HDL (mmol/L) 1.48 (0.39) 1.29 (0.34) <0.001
LDL (mmol/L) 3.54 (0.85) 3.39 (0.88) 0.004
Triglycerides (mmol/L) 1.66 (0.96) 1.97 (1.04) <0.001
Diabetes (yes) 2744 (5.5%) 26 (8.5%) 0.021
Hypertension (yes) 25953 (51.8%) 244 (79.7%) <0.001
Hyperlipidemia (yes) 8679 (17.3%) 111 (36.3%) <0.001
Lipid-lowing medication (yes) 7937 (15.84%) 103 (33.66%) <0.001

Data are mean (SD), or N (%). SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

were predominantly observed in the context of aortic dissection
(Supplementary Table 5).

RVFs and incident AAA and TAA

In the analysis of AA subtypes, we found a total of 33 and 28 RVFs
from the six major categories were identified to be associated with
AAA and TAA, respectively (Fig. 3). Following adjustment for age
and sex in Model 2, only 13 and 12 RVFs remained significant. Of
which, 1 and 9 RVFs still presented a significant association with
AAA and TAA after full adjustment, respectively (Table 3). For
AAA, the MAD of maximum venular caliber (HR = 1.21, 95%CI:
1.02-1.43, P = 0.033) showed significant association. For TAA, the
central tendency and variability of venular caliber (mad of mean,

HR =1.26,95%CI: 1.04-1.47, P = 0.018; std of mean, HR = 1.28,
95%CIL: 1.06-1.51, P = 0.010; MAD of min, HR = 1.26, 95%CI:
1.04-1.55, P = 0.020; mean of min, HR = 1.21, 95%CI: 1.04-1.44,
P =0.012; std of min, HR = 1.27, 95%CIL: 1.07-1.53, P = 0.007),
complexity of arterial distribution shape (kurt of level, HR = 0.81,
95%CIL: 0.66-0.92, P = 0.048; skew of level, HR = 0.82, 95%CI:
0.67-0.91, P = 0.043), length of arterial distribution shape (kurt of
arc, HR = 0.77, 95%CI: 0.60-0.95, P = 0.042), and variability of
venular tortuosity (MAD, HR = 0.81, 95%CI: 0.67-0.99,
P = 0.044) remained significant in the full adjusted model. When
the participants were divided into tertiles by associated RVFs, com-
pared with the lowest tertile, those with the highest MAD of max-
imum venular caliber had significantly higher AAA risk (P for
trend = 0.032) (Supplementary Table 6). Moreover, those with the

Association of retinal vascular features with incident aortic aneurysm and aortic adverse events

Model 1 Model 2 Model 3
RVF HR (95%Cl) P value HR (95%Cl) P value HR (95%Cl) P value
Aortic aneurysm
Branching Angle
branchingdensity_a 0.73 (0.65, 0.83) <0.001 0.86 (0.75, 0.97) 0.014 0.87 (0.77, 0.99) 0.036
Caliber
calibre_min_MAD_v 1.27 (1.14,1.42) <0.001 1.19 (1.06, 1.33) 0.003 1.15(1.03, 1.29) 0.017
calibre_min_mean_v 1.20 (1.10, 1.32) <0.001 1.16 (1.05, 1.27) 0.003 1.13 (1.02, 1.25) 0.025
calibre_min_median_v 1.25 (1.12, 1.40) <0.001 1.17 (1.05, 1.31) 0.006 1.14 (1.02,1.27) 0.027
calibre_min_std_v 1.20 (1.07, 1.33) 0.001 1.19(1.07, 1.32) 0.001 1.15 (1.03, 1.28) 0.010
Aortic adverse events
Branching Angle
angularasymmetry_min_v 0.51 (0.32, 0.81) 0.004 0.51 (0.32, 0.80) 0.004 0.48 (0.30, 0.77) 0.002

RVF, retinal vascular feature; HR, hazard ratio; Cl, confidence interval.

Model 1 is unadjusted; model 2 is adjusted for baseline age and sex; model 3 is adjusted for baseline age, sex, body mass index, smoking status, diabetes, hypertension, and hyperlipidemia.
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Association of retinal vascular features with incident abdominal aortic aneurysm and thoracic aortic aneurysm

Model 1 Model 2 Model 3
RVF HR (95%Cl) P value HR (95%Cl) P value HR (95%Cl) P value
Abdominal aortic aneurysm
Caliber
calibre_max_MAD_v 1.32 (1.11,1.57) 0.002 1.29 (1.09, 1.52) 0.003 1.21 (1.02, 1.43) 0.033
Thoracic aortic aneurysm
Caliber
calibre_mean_mad_v 1.22 (1.01, 1.47) 0.043 1.24 (1.03, 1.50) 0.021 1.26 (1.04, 1.47) 0.018
calibre_mean_std_v 1.25(1.03, 1.51) 0.024 1.27 (1.05, 1.53) 0.012 1.28 (1.06, 1.51) 0.010
calibre_min_MAD_v 1.29 (1.07, 1.55) 0.009 1.22 (1.01, 1.47) 0.042 1.26 (1.04, 1.55) 0.020
calibre_min_mean_v 1.24 (1.07, 1.44) 0.005 1.21 (1.03, 1.41) 0.018 1.21(1.04, 1.44) 0.012
calibre_min_std_v 1.28 (1.07, 1.53) 0.008 1.27 (1.07,1.52) 0.007 1.27 (1.07, 1.53) 0.007
Complexity
level_kurt_a 0.75(0.61, 0.92) 0.006 0.80 (0.65, 0.98) 0.028 0.81 (0.66, 0.92) 0.048
level_skew_a 0.75(0.62, 0.91) 0.003 0.80 (0.66, 0.97) 0.026 0.82 (0.67, 0.91) 0.043
Length
arc_kurt_a 0.73(0.57, 0.95) 0.017 0.76 (0.59, 0.97) 0.027 0.77 (0.60, 0.95) 0.042
Tortuosity
tortuosity_MAD_v 0.81 (0.66, 0.99) 0.038 0.81 (0.66, 0.98) 0.033 0.81 (0.67, 0.99) 0.044

RVF, retinal vascular feature; HR, hazard ratio; Cl, confidence interval.

Model 1 is unadjusted; model 2 is adjusted for baseline age and sex; model 3 is adjusted for baseline age, sex, body mass index, smoking status, diabetes, hypertension, hyperlipidemia, and genetic risk score

of abdominal aortic aneurysm/ thoracic aortic aneurysm.

highest central tendency and variability of venular caliber had sig-
nificantly higher TAA risk (all P for trend < 0.05), and those with
the highest kurt of arterial arc and MAD of venular tortuosity had
significantly lower TAA risk (both P for trend < 0.05)
(Supplementary Table 7).

Subgroup analysis

In addition, we implemented the subgroup analyses stratified by
sex, age, smoking status, baseline hypertension, and hyperlipi-
demia to explore the relationship between RVF and outcomes of
interest using multivariable Cox models (Supplementary
Tables 8-11). After the full adjustment, the RVFs were found
significantly associated with incident AA in the subgroup of
males, age <635 years, former/current smoker, and hypertension.
For AAE, the same trend was found, except for sex (significant
both in male and female). With regards to subtypes of AA, the
associations were found significant in the subgroup of males, age
=635 years, former/current smokers, and hypertension. The ret-
inal caliber features were significantly associated with TAA in
the subgroup of males, age <65 years, never smoker, and with or
without hypertension, while the other related RVFs were mainly
significant in the subgroup of female, age <65 years, former/
current smoker, non-hypertension.

Sensitivity analysis

After excluding participants who were diagnosed with AA
within the first two years of follow-up, similar findings were
observed (Supplementary Table 12). Another sensitivity analysis
using the PSM method resulted in 306 participants of AA inci-
dence matched with 1530 controls. The SMD of all variables
included in PSM reduced to less than 0.1, demonstrating a good
balance between two groups after PSM (Supplementary
Table 13). The results of the multivariate Cox model after
PSM were basically consistent with the main analysis

(Supplementary Table 14). Besides, analyses that excluded par-
ticipants less than 50 years showed similar trends to the main
analyses (Supplementary Table 15). When focused on the parti-
cipants with hypertension or diabetes, the significant RVFs was
also found to be associated with incidence of AA, revealing the
highly robust of these findings (Supplementary Table 16).

Discussion

In this large prospective population-based cohort study, we
found the retinal arterial branching angle and venular caliber
were associated with the risk of incident AA, while the venular
angular asymmetry was associated with the incidence of AAE.
Moreover, specific RVFs were observed to be associated with
different subtypes of AA. The venular caliber was associated
with an increased risk of AAA and TAA. Meanwhile, the arterial
complexity and length, and venular tortuosity were found to be
related to decreased TAA risk. Our findings indicated that the
RVFs could potentially serve as a standalone biomarker or be
used in conjunction with other clinical risk factors and biomar-
kers for early identification of AA and AAE, thereby aiding in
clinical decision-making.

Our study demonstrated the association of RVFs with future
incidence of AA and AAE. Growing evidence has shown that
RVFs could be promising biomarkers for cardiovascular dis-
eases, as the noninvasive, easily available, and inexpensive
advantages of fundus imaging?!?’!. The previous study has
documented the associated RVFs with the genetic risk of main
types of aneurysms®*. However, the potential association of
RVFs with incident AA and its adverse outcomes remains
unclear. It was found in the Atherosclerosis Risk in
Communities (ARIC) Study that wider central retinal venular
equivalent (CRVE) were associated with an increased risk of
AAA in the crude model, but after adjusting the disease risk
factors (particularly smoking) the association was no longer
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significant. Meanwhile, no significant association was observed
between the retinal arterial diameter and AAA risk”l. Of note,
our results revealed that the central tendency and variability of
venular caliber, rather than the CRVE were associated with the
AA (including both AAA and TAA), even after adjusting for
related risk factors. With advances in deep learning-assisted
retinal vasculature quantification, multidimensional and com-
prehensive RVFs can now be extracted and quantified within
seconds. Our findings suggested that specific RVFs, particularly
in central tendency and variability of venular caliber, could serve
as unique biomarkers for AA development. Further research is
required to validate these features and confirm their potential
for noninvasive early screening of AA.

Additionally, the present study has demonstrated that the retinal
branching angle, which reflected the reduced optimality of the
branching geometry, was associated with both AA and AAE.
Specifically, the lower arterial branching density and venular mini-
mum angular asymmetry were associated with the increased inci-
dence of AA and AAE, respectively. It might correspond to limited
oxygen and nutrient supply in the context of low retinal branching
density®]. Previous studies have demonstrated that the retinal
vascular branches were marked reduction in patients with
hypertension!®®], but these rarefactions of retinal vasculature could
be improved after the effective antihypertensive treatment”),
implying the RVFs, as a potential biomarker, could dynamically
reflect the systemic vascular health. Moreover, the decreased vas-
cular branches might contribute to high wall shear stress, activating
pro-inflammatory signaling in vascular smooth muscle cells
(VSMCs) and cause AA formation*?*.

Furthermore, different measure types of RVFs were found to
be associated with the subtypes of AA. Apart from the venular
caliber, the vascular complexity, length, and tortuosity were
associated with TAA. Although many common risk factors are
shared for both AAA and TAA, some studies have revealed their
distinct pathophysiology. Lipid metabolism plays a more sub-
stantial role in AAA development compared to TAA!S>"1,
Moreover, the lineage-mapping studies suggested that the
embryologic origin of VSMCs in the thoracic aorta differed
from the abdominal aorta®®. In this study, we found the specific
RVFs in different types of AA, further confirming the distinct
pathologic processes between abdominal and thoracic aortic
aneurysms are needed.

The underlying pathophysiological mechanisms for the asso-
ciation of RVFs alteration with future incidence of AA and
AAE warrant further investigation. Several plausible mechan-
isms might explain our findings. Firstly, the vasculature of the
eye and the heart share many common characteristics, and are
often exposed to similar intrinsic and environmental
influences®!!. As the nature of easily accessible vasculature
and non-invasively visualized, the eye has been regarded as
a window to cardiovascular health. Secondly, the dominant
risk factors for AA, such as age, smoking, hypertension, and
atherosclerosis, simultaneously caused the changes of vascula-
ture in the retina!®**>%], Consistent with this finding, numerous
studies have used retinal fundus images to predict cardiovas-
cular risk factors, and further enhance its role as a biomarker
for the prediction of cardiovascular disease profiles and
events!®1314333¢1 - Additionally, similar pathological changes
might affect both the aorta and retinal vasculature, including
the dysfunction of VSMCs, degradation of extracellular
matrix, and inflammation response!2%:374°1,
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Early diagnosis of AA is difficult due to its asymptomatic
nature and high mortality if untreated™"**!, underscoring the
need for effective screening in high-risk individuals. Retinal
imaging, being noninvasive, fast, and cost-effective, could poten-
tially enhance AA screening rates**!. Unlike traditional biomar-
kers, retinal images offer a noninvasive, clear visualization of
vascular health and are already widely utilized in routine screen-
ings for older adults and diabetes patients!**!. Integrating retinal
imaging into AA evaluation could facilitate earlier referrals and
interventions. Further studies are required to validate its effec-
tiveness and explore its combination with other biomarkers for
improved AA risk assessment.

Despite the strength of the present study including a large
sample size, relatively long duration of follow-up, standard
acquisition and quantification of retinal fundus images, and
comprehensive adjustment for confounding variables, several
limitations warrant mention. First, the selection bias of parti-
cipants in the UK Biobank should be noticed, which is rela-
tively younger and healthier than the general population.
However, we believe this did not affect the findings since in
the sensitivity analysis focus on participants older than
50 years, similar associations were revealed. Second, although
we have utilized comprehensive information sources to identify
AA patients, early detection remains challenging due to the
asymptomatic nature of the disease. Moreover, AA was cate-
gorized by location in this study, rather than by pathology, to
reflect differences in aneurysm formation mechanisms. Further
research is needed to explore the relationship between RVFs
and specific pathological types of AA. Third, the number of
incident AA and AAE, and individuals with eligible retinal
images are limited within the UK Biobank. Therefore, further
studies are needed to establish a more definitive association of
RVF with AA and detailed AAE outcomes. Nevertheless, we
have performed several sensitivity analyses to verify the robust-
ness of our findings in the present study. In addition, the
possibility of residual confounding effects could not be fully
excluded. Lastly, we could not demonstrate the causal effect of
RVFs on AA incidence and progression in the observational
design.

Conclusions

This population-based cohort study demonstrated that RVFs
automatically extracted from retinal images might provide an
adjunct for detecting AA incidence and progression. Our findings
suggested the retinal arterial branching angle and venular caliber
were associated with the risk of incident AA, and the venular
angular asymmetry was associated with the incidence of AAE.
Additionally, specific alterations in RVFs were identified across
different AA subtypes. The PSM analysis revealed similar results,
demonstrating the robustness of these associations. Further
research is needed to confirm the potential value of these RVFs
in enhancing early detection and preventive healthcare for AA.
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