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Purpose: This study aimed to investigate the association between quantitative retinal
vascular measurements and the risk of all-cause and premature mortality.

Methods: In this population-based cohort study using the UK Biobank data, we
employed the Retina-based Microvascular Health Assessment System to assess fundus
images for image quality and extracted 392 retinal vascular measurements per fundus
image. These measurements encompass six categories of vascular features: caliber,
density, length, tortuosity, branching angle, and complexity. Univariate Cox regression
modelswereused to identify potential indicators ofmortality risk usingdataonall-cause
and prematuremortality fromdeath registries. Multivariate Cox regressionmodels were
then used to test these associations while controlling for confounding factors.

Results: The final analysis included 66,415 participants. After adjusting for
demographic, health, and lifestyle factors and genetic risk score, 18 and 10 retinal vascu-
lar measurements were significantly associated with all-cause mortality and premature
mortality, respectively. In the fully adjusted model, the following measurements of
different vascular features were significantly associated with all-cause mortality and
premature mortality: arterial bifurcation density (branching angle), number of arterial
segments (complexity), interquartile range and median absolute deviation of arterial
curve angle (tortuosity), mean and median values of mean pixel widths of all arterial
segments in each image (caliber), skeleton density of arteries in macular area (density),
and minimum venular arc length (length).

Conclusions: The study revealed 18 retinal vascular measurements significantly associ-
ated with all-cause mortality and 10 associated with premature mortality. Those identi-
fied parameters should be further studied for biological mechanisms connecting them
to increased mortality risk.

Translational Relevance: This study identifies retinal biomarkers for increased mortal-
ity risk and provides novel targets for investigating the underlying biological mecha-
nisms.
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Introduction

In 2019, nearly half of global deaths occurred
in individuals under the age of 70,1 and, in Great
Britain, 22.8% of deaths in 2020 were considered
avoidable.2 Identifying individuals at high risk is of
great importance for the delay or prevention of mortal-
ity. A key barrier to translating preventative medicine
advances to clinical practice is the accurate screen-
ing for vulnerable individuals at risk of death from
preventable causes.3 To that end, several risk-scoring
tools have been developed; however, most existing
tools are population specific, which means that tools
developed in one population may not be easily adopt-
able to other populations or they are associated with
some cause-specific mortality.4 Further issues include
low accuracy,5 information bias for questionnaire-
incorporated models,6 and invasive procedures
associated with increased cost and decreased
feasibility.7

The retina is well known to reflect the microvascu-
lar health of the body. Previous studies have studied
the associations between retinal vascular features
and systemic health conditions. For example, studies
have found that retinal vessel caliber is associated
with hypertension, cardiovascular disease, metabolic
syndrome, and mortality.8,9 Retinal vascular tortu-
osity10,11 and complexity10,12–15 are associated with
cardiovascular outcomes, Alzheimer’s disease progres-
sion, and cognitive dysfunction. In addition, an
association with cognitive function, chronic obstruc-
tive pulmonary disease, and obstructive sleep apnea
syndrome has been found for retinal vessel density.16–18
The association with systemic health reveals the poten-
tial for retina vascular features to serve as indicators of
mortality risk. However, studies on the comprehensive
association between retinal vascular features and risk
of mortality are still limited.

Recent advancements in deep learning algorithms
have made it possible to automatically segment
and quantify retinal vascular networks. In particu-
lar, the Retina-based Microvascular Health Assess-
ment System (RMHAS)19 is one such algorithm
that completes the segmentation and quantification
within 2 seconds and extracts hundreds of measure-
ments simultaneously. RMHAS has been validated
thoroughly with proven performance and accuracy
across different datasets and images of varied quality.
The automated nature of segmentation and the non-
invasive, low-cost, and convenient nature of the
retinal photography imaging modality have enabled
researchers to study retinal vascular parameters in
unprecedented detail in large sample sizes.

In this study, we applied RMHAS to fundus photos
from the UK Biobank to investigate the associa-
tions of retinal vascular measurements with all-cause
and premature mortality. Based on previous studies
demonstrating the associations of retinal vascular
features with systemic health conditions and mortal-
ity, we hypothesized that retinal arterial measurements
obtained using RMHAS would be significantly associ-
ated with mortality risk. We propose that, by identi-
fying parameters significantly associated with mortal-
ity risk, this study could provide novel targets for
investigating the biological mechanisms underlying
the increased risk of mortality and biomarkers for
increased mortality risk in the population.

Methods

Study Population

We utilized data for participants of the UK
Biobank, a large population-based prospective cohort
that recruited over 500,000 people from England,
Scotland, and Wales who were 40 to ∼69 years old
and registeredwith theNationalHealth Service (NHS).
Details about the study are included elsewhere,20 but,
in brief, participants were recruited from 2006 to
2010, and data on self-reported questionnaires, physi-
cal examinations, and blood draws were collected on all
participants. From 2009 to 2010, a subgroup of partic-
ipants from six assessment centers was invited to take
part in the baseline eye examination, and, from 2012
to 2013, about 20,000 participants attended follow-up
assessments, including eye examinations.21

In this study, we used the date of first-time
image capture as the baseline measurement, and only
those with fundus images of acceptable quality were
included. Image quality was assessed by RMHAS,19
and mortality data were acquired through national
death registries and NHS Digital. Follow-up duration
was calculated from the date of first image acquisition
to the date of death, or December 31, 2020 (the most
recent follow-up date), whichever came first. Person-
years at risk were calculated accordingly. To avoid
reverse causal bias, patients who died within the first
year of follow-up were excluded from final analysis.

The UK Biobank was approved by the North
West Multi-Centre Research Ethics Committee (ethics
application number 06/MRE08/65, protocol code
11/NW/0382), and informed consent was obtained
from all participants. The current study used only
unidentifiable data obtained under project application
number 94372. The UKBiobank and the current study
adhered to the tenets of the Declaration of Helsinki.
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Figure 1. HRs and FDR-adjusted P values of retinal vascular measurements for all-cause mortality. (A1) FDR-adjusted P values of retinal
vascular measurements in the training set. (A2) HRs of retinal vascular measurements in the training set. (B1) FDR-adjusted P values of
retinal vascular measurements in the validation set. (B2) HRs of retinal vascular measurements in the validation set. All P values in the figure
were FDR adjusted.

Restrictions apply to the availability of these data.
Data were obtained from UK Biobank and are avail-
able at https://www.ukbiobank.ac.uk with the permis-
sion of UK Biobank.

Ascertainment of Retinal Vascular
Measurements

The fundus photographs with a field angle of
45° were obtained without mydriasis.21 For extrac-
tion of vascular measurements, images of the right
eye were used; images of the left eye were utilized
only when those of the right eye were not avail-
able. Retinal vascular measurements were extracted
using RMHAS.19 In brief, images with a vessel area
density of <0.08 obtained with RMHAS were consid-
ered of poor quality and excluded. The selection
of this threshold was based on a manual assess-
ment of both the original image and the segmented
vessels. Eligible images were segmented for arteries,
veins, and the optic disc, followed by measurement
extraction (Fig. 1). Measurements of the following six
types were obtained: caliber, density, length, tortuos-
ity, branching angle, and complexity (see Supplemen-
taryMaterial). Considering there are hundreds of small
vessel segments, the central tendency, variability, and

shape of the distribution of their measurements were
generated as a summarization of their general features
(Supplementary Material).

Ascertainment of Mortality Data

Mortality data of participants who died were linked
through national death registries, and those without
death records were considered alive. Our primary
outcome was all death events based on death registry
data from NHS Digital for participants in England
and Wales; mortality data for participants in Scotland
were linked from the NHS Central Register and part
of the National Records of Scotland. The mortality
data were last updated on December 31, 2020. The
secondary outcome was premature mortality, which
refers to death events that occurred before the age of
75 years.15 The age of death was calculated based on
the age at recruitment and date of death (details can
be found at https://biobank.ndph.ox.ac.uk/showcase/
refer.cgi?id=115559).

Covariates

We collected data on potential confounders to
control for their effects. Demographic factors included
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age, sex, ethnicity, Townsend index, and education.
Education level was classified as high, medium, or low.
Lifestyle and health factors included body mass index
(BMI), self-reported overall health rating, number
of treatments/medications taken, diagnosis of heart
disease and diabetes, smoking status, alcohol consump-
tion, and physical activity. In addition, the genetic risk
score (GRS) for longevity was also included,22 as previ-
ous studies have revealed a genetic influence on retinal
vessel morphology (Supplementary Material).23–25

Statistical Analysis

Data were described as the mean ± standard devia-
tion (SD) for continuous variables or the percentage for
categorical variables. For numerical values, a t-test was
performed to test the inter-group differences of data
with normal distributions, and theWilcoxon rank–sum
test was used for data with non-normal distributions.
The χ2 test was applied for categorical variables.

Before the regression analyses, we excluded sex-
specific extreme outliers, normalized the distribu-
tion of retinal vascular measurements (Supplemen-
tary Material), and rescaled them to SD units. To
identify the potential indicators of all-cause and
premature mortality risk, we randomly split the dataset
in half into training and validation sets, and P values
were further adjusted by the false discovery rate
(FDR)method. Afterward, measurements that showed
significant association in both training and valida-
tion datasets were considered potential indicators of
mortality risk and included in further analyses.

Previously identified covariates26,27 were incremen-
tally added to further validate the robustness of
the associations by four Cox proportional hazard
regression models: unadjusted (Model 1), adjusted for
demographic factors (Model 2), further adjusted for
health and lifestyle factors (Model 3), and includ-
ing additional GRS on top of Model 3 (Model 4).
Additionally, we investigated the potential nonlinear
associations (Supplementary Table S1) and performed
subgroup analyses (Supplementary Table S2). Two-
tailed P < 0.05 was considered statistically signifi-
cant. All statistical analyses were performed using R
4.2.1 (RFoundation for Statistical Computing, Vienna,
Austria).

Results

Baseline Demographic Characteristics

The study population was comprised of 81,107
participants who had baseline fundus images. Of

these, 14,649 participants with poor-quality images and
43 participants who died within the first year of follow-
up were excluded, leaving a total of 66,415 partici-
pants (Supplementary Fig. S1). The participants had
an average age of 56.7 ± 8.24 years, and 91.4% of
them identified as white. The median BMI was 26.6
(range, 12.6∼66.0), and 49,002 participants (73.8%)
reported an overall health rating of good/excellent
(Table).

Incidence of All-Cause Mortality and
Premature Mortality

During a median follow-up duration of 10.6 years
(interquartile range [IQR], 10.50–10.79), there were
2812 cases of all-cause mortality and 2285 cases of
premature mortality. The mean age of death was 68.5
± 7.20 years for females and 69.1 ± 6.94 years for
males. Male participants were more likely to die or
die prematurely during follow-up (57.5% vs. 42.5% and
59.8% vs. 40.2%, respectively), although the difference
was only significant for all-cause mortality (P < 0.001
for all-cause mortality and P = 0.263 for premature
mortality). Of the demographic factors, only age and
education level were significantly different between all-
cause mortality and premature mortality cases (both
P < 0.001). Regarding lifestyle factors, only smoking
status showed a statistically significant difference
between themortality groups, whereas all health factors
except BMI and cancer were significantly different
(Table).

Retinal Vascular Measurements and
All-Cause Mortality

A total of 373 retinal vascular measurements from
six major categories of measures were included in
the training set after excluding variables with 99%
identical values. Subsequently, 191 retinal vascular
measurementswithFDR-adjustedP< 0.05were tested
in the validation set. Of these, 149 retinal vascu-
lar measurements remained significant following FDR
adjustment in validation. The hazard ratios (HRs)
and FDR-adjusted P values of these retinal vascu-
lar measurements in the two datasets are presented in
Figure 1.

We fitted four models to examine the associations
between the 149 retinal vascular measurements and all-
cause mortality in the full dataset. Model 1 showed
that all 149 retinal vascular measurements were signifi-
cantly related to all-cause mortality after FDR adjust-
ment. After adjusting for demographic factors (Model
2), 49 retinal vascular measurements remained signifi-
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Table. Characteristics of Participants by Survival Status and Death Age
Alive vs. Dead From All-Cause Mortality Age at Death (y)

Demographic Factors Total Alive Dead P
<75

(Premature) ≥75 P

Number of participants 66,415 63,603 2812 — 2285 527
Age (y), mean ± SD 56.7 ± 8.24 56.5 ± 8.23 61.9 ± 6.46 <0.001 60.4 ± 6.23 68.2 ± 2.09 <0.001
Sex, n (%) <0.001 0.263
Female 36,327 (54.7) 35,132 (55.2) 1195 (42.5) 983 (43.0) 212 (40.2)
Male 30,088 (45.3) 28,471 (44.8) 1617 (57.5) 1302 (57.0) 315 (59.8)

Ethnicity, n (%) <0.001 0.189
White 60,707 (91.4) 58,093 (91.3) 2614 (93.0) 2110 (92.3) 504 (95.6)
Mixed 535 (0.8) 524 (0.8) 11 (0.4) 10 (0.4) 1 (0.2)
Asian 2032 (3.1) 1976 (3.1) 56 (2.0) 51 (2.2) 5 (0.9)
Black 1816 (2.7) 1745 (2.7) 71 (2.5) 61 (2.7) 10 (1.9)
Other 920 (1.4) 888 (1.4) 32 (1.1) 28 (1.2) 4 (0.8)

Townsend index, mean ± SD –1.18 ± 2.97 –1.19 ± 2.96 –0.858 ± 3.13 <0.001 –0.804 ± 3.15 –1.09 ± 3.02 0.053
Education, n (%) <0.001 <0.001
High 24,815 (37.4) 24,042 (37.8) 773 (27.5) 639 (28.0) 134 (25.4)
Intermediate 32640 (49.1) 31286 (49.2) 1354 (48.2) 1155 (50.5) 199 (37.8)
Low 8209 (12.4) 7571 (11.9) 638 (22.7) 455 (19.9) 183 (34.7)

BMI (kg/m2), mean ± SD 27.2 (4.73) 27.2 (4.71) 28.0 (5.18) <0.001 28.1 (5.25) 27.9 (4.87) 0.564
Self-reported overall health rating, n (%) <0.001 0.002
Good/excellent 49,002 (73.8) 47,400 (74.5) 1602 (57.0) 1275 (55.8) 327 (62.0)
Fair 14,241 (21.4) 13391 (21.1) 850 (30.2) 697 (30.5) 153 (29.0)
Poor 2789 (4.2) 2456 (3.9) 333 (11.8) 292 (12.8) 41 (7.8)

Treatments/medications taken, n (%) 2.24 (2.49) 2.17 (2.42) 3.62 (3.40) <0.001 3.50 (3.38) 4.17 (3.42) <0.001
CVD diagnosis, n (%) <0.001 <0.001
Yes 18,463 (27.8) 17,232 (27.1) 1231 (43.8) 963 (42.1) 268 (50.9)
No 47,649 (71.7) 46,087 (72.5) 1562 (55.5) 1307 (57.2) 255 (48.4)

Diabetes, n (%) <0.001 0.005
No 62,740 (94.5) 60,278 (94.8) 2462 (87.6) 2020 (88.4) 442 (83.9)
Yes 3309 (5.0) 2983 (4.7) 326 (11.6) 246 (10.8) 80 (15.2)

Cancer, n (%) <0.001 0.170
No 60,739 (91.5) 58,505 (92.0) 2234 (79.4) 1804 (78.9) 430 (81.6)
Yes 5311 (8.0) 4751 (7.5) 560 (19.9) 467 (20.4) 93 (17.6)

Smoke, n (%) <0.001 0.002
Never 37,741 (56.8) 36,550 (57.5) 1191 (42.4) 956 (41.8) 235 (44.6)
Previous 22,472 (33.8) 21314 (33.5) 1158 (41.2) 926 (40.5) 232 (44.0)
Current 5837 (8.8) 5396 (8.5) 441 (15.7) 385 (16.8) 56 (10.6)

Drink alcohol, n (%) <0.001 0.403
Never 3051 (4.6) 2921 (4.6) 130 (4.6) 100 (4.4) 30 (5.7)
Previous 2295 (3.5) 2123 (3.3) 172 (6.1) 142 (6.2) 30 (5.7)
Current 60,845 (91.6) 58,348 (91.7) 2497 (88.8) 2032 (88.9) 465 (88.2)

Physical activities, n (%) <0.001 0.150
Low 9911 (14.9) 9382 (14.8) 529 (18.8) 438 (19.2) 91 (17.3)
Moderate 22527 (33.9) 21646 (34.0) 881 (31.3) 728 (31.9) 153 (29.0)
High 22147 (33.3) 21348 (33.6) 799 (28.4) 634 (27.7) 165 (31.3)

Survival time (y), median (min, max) 10.6 (1.10, 11.7) 10.6 (7.57, 11.1) 7.20 (1.10, 11.7) <0.001 6.50 (1.10, 11.7) 9.40 (2.30, 11.6) <0.001

For differences between groups, t-tests were performed for numerical data with normal distributions and Wilcoxon rank–
sum tests for numerical datawith non-normal distributions. Theχ2 test was used for categorical variables. CVD, cardiovascular
disease; min, minimum; max, maximum.

cant. Following adjustment for demographic, lifestyle,
and health factors (Model 3), only 14 retinal vascular
measurements remained significantly associated with
all-cause mortality. After further adjusting for GRS
(Model 4), 18 retinal vascular measurements showed
significant associations. The features of these 18 retinal
vascular measurements and their association with all-
cause mortality across the four models are presented in
Figure 2.

Retinal Vascular Measurements and
Premature Mortality

Following Cox proportional hazard regression in
the training set, 141 out of 373 retinal vascu-
lar measurements were significantly associated with
premature mortality after FDR adjustment. This
narrowed to 111 retinal vascular measurements with
FDR-adjusted P < 0.05 in the validation set. Figure 3
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Figure 2. HRs for the association of retinal parameters with premature and all-cause mortality across all models. Model 1 included retinal
vascular measurements only. Model 2 included both retinal vascular measurements and demographic factors, including age, sex, ethnicity,
Townsend index (social deprivation), and education. Model 3 used covariates from Model 2 and added health factors, including BMI, self-
reported overall health rating, number of treatments/medications taken, and comorbidities (diabetes mellitus, history of cardiovascular
diseases, and cancer), as well as lifestyle factors (smoking, alcohol, and physical activity). Model 4 was adjusted for Model 3 plus genetic risk
score. *FDR-adjusted P value.

shows the HRs and FDR-adjusted P values of retinal
vascularmeasurements in the two datasets. After fitting
four models to the full dataset, all 111 retinal vascu-
lar measurements were significantly related to prema-
ture mortality after FDR adjustment (Model 1). After
adjusting for demographic factors (Model 2), only 37
retinal vascular measurements remained significant. In
the full model, 10 measurements remained significant
(Fig. 2).

Branching Angle andMortality

Among all branching angle–related measurements,
arterial bifurcation density was the only factor that was

significantly associated with all-cause mortality (HR =
0.94; 95% confidence interval [CI], 0.90–0.99;P= 0.01)
and premature mortality (HR = 0.93; 95% CI, 0.88–
0.98; P < 0.01) in the fully adjusted model.

Complexity and Mortality

After full adjustment, the maximum value (HR =
0.95; 95% CI, 0.91–1.00; P = 0.05) and mean value
(HR = 0.95; 95% CI, 0.91–1.00; P = 0.04) of arterial
complexity (the number of arterial segments passing
by a certain point), number of arterial segments
(HR = 0.95; 95% CI, 0.90–1.00; P = 0.03), and
mean Strahler number (a numerical measure of artery
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Figure 3. HRs and FDR-adjusted P values of retinal vascular measurements for premature mortality. (A1) FDR-adjusted P values of retinal
vascularmeasurements in the training set. (A2) HRs of retinal vascularmeasurements in the training set. (B1) FDR-adjusted P values of retinal
vascular measurements in the validation set. (B2) HRs of retinal vascular measurements in the validation set. All P values in the figure were
FDR adjusted.

branching complexity; HR = 0.96; 95% CI, 0.91–
1.00; P = 0.05) were associated with all-cause mortal-
ity. For premature mortality, the number of arterial
segments (HR= 0.94, 95%CI, 0.89–0.99;P= 0.02) still
showed significant association after full adjustment.
In addition, the standard deviation of the Strahler
number of arteries (HR = 0.95; 95% CI, 0.90–1.00;
P= 0.05) was also associated with premature mortality
in Model 4.

Density and Mortality

Among all density-related measurements, only the
skeleton density of arteries in the macular area was
significantly associated with all-cause mortality risk
(HR = 0.94; 95% CI, 0.89–1.00; P = 0.04) and prema-
ture mortality (HR = 0.92; 95% CI, 0.87–0.98; P =
0.01) after full adjustment.

Length andMortality

For all-causemortality, four length-relatedmeasure-
ments showed significant association: minimum
venular arc length (HR = 1.05; 95% CI, 1.00–1.09; P
= 0.04), IQR (HR = 1.05; 95% CI, 1.00–1.09; P =
0.03), and mean value (HR = 1.05; 95% CI, 1.00–1.09;

P = 0.04) of the chord length of arteries, and IQR of
the artery length-to-diameter ratio (HR = 1.05; 95%
CI, 1.01–1.10; P = 0.02) in the fully adjusted model. In
the analysis of association with premature mortality
in the full model, only minimum venular arc length
(HR = 1.06; 95% CI, 1.02–1.11; P < 0.01) remained
significant.

Tortuosity and Mortality

After full model adjustment, IQR (HR = 0.94; 95%
CI, 0.90–0.98; P < 0.01), mean absolute deviation (HR
= 0.96; 95% CI, 0.91–1.00; P = 0.05), and median
absolute deviation (HR = 0.94; 95% CI, 0.90–0.99; P
= 0.01) of arterial curve angle were significantly associ-
ated with all-cause mortality after full adjustment. For
premature mortality, only IQR (HR = 0.94; 95% CI,
0.89–0.99; P = 0.02) and median absolute deviation
(HR = 0.94; 95% CI, 0.90–0.99; P = 0.02) of the
arterial curve angle had a significant association in
Model 4.

Caliber and Mortality

In the fully adjusted model, the central tendency of
all vessel segment caliber showed a significant associ-
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ation with all-cause mortality. The mean and median
values of mean pixel widths of all arterial segments
(mean: HR = 1.05; 95% CI, 1.01–1.10; P = 0.02;
median: HR = 1.06; 95% CI, 1.01–1.10; P = 0.02),
mean values of minimum and maximum widths of
all arterial segments (minimum: HR = 1.05; 95% CI,
1.00–1.09; P = 0.05; maximum: HR = 1.05; 95% CI,
1.01–1.10;P= 0.02), andmedian absolute deviation of
maximum venular width (HR = 1.05; 95% CI, 1.00–
1.10; P = 0.03) were significantly associated with all-
cause mortality after full adjustment. For premature
mortality, the mean and median values of mean pixel
widths of all arterial segments (mean: HR = 1.05; 95%
CI, 1.00–1.10; P = 0.05; median: HR = 1.07; 95% CI,
1.02–1.12; P < 0.01) and the mean values of maximum
widths of all arterial segments (HR = 1.05; 95% CI,
1.00–1.09; P = 0.05) had significant associations in
Model 4.

Discussion

We used over 60,000 images to explore the associ-
ation between retinal microvasculature measurements
and all-cause and premature mortality. After account-
ing for demographic, health, and lifestyle factors and
GRS, we found that 18 retinal vascular measurements
were significantly linked to all-cause mortality, with 16
originating from arteries. Similarly, 10 retinal vascular
measurements exhibited significant associations with
premature mortality, with nine being arterial parame-
ters.

In Model 4, lower arterial bifurcation density was
significantly associated with both all-cause mortal-
ity and premature mortality risk. Previous studies on
bifurcation and mortality or life-threatening events
have yielded no association; however, these studies
focused on bifurcation angle and branching asymmetry
ratio rather than bifurcation density, with cardiovas-
cular and cerebrovascular events being endpoints.28,29
Pathologically, lower arterial bifurcation density may
correspond to less oxygen and nutrient supply,30
likely causing hypoxia and vessel remodeling with the
outcome of a higher risk for mortality. As a snapshot
of the microvasculature, end-organ damage of the
retina can correspond to that of the kidney, and larger
blood vessels if advanced. Hence, this vascular damage
is representative of whole-body cardiovascular insult.
Given its pathological indication, it will be of interest
to explore its association with fatal vascular diseases
and vascular disease-related mortality.

Lower blood vessel complexity was associated
with an increased risk of all-cause mortality and

premature mortality, consistent with previous studies
showcasing an independent association with cardio-
vascular and cerebrovascular risk factors, events, and
deaths.10,14,31,32 Previously, risk factors for mortal-
ity such as aging and increased blood pressure have
been related to reduced retinal vascular branch-
ing complexity.33,34 This lower complexity may
indicate the presence of endothelium dysfunction,
causing dysregulation of vascular bifurcation35 and
consequently reducing the efficiency of vascular
networks.30

A similar outcome was found for reduced arterial
skeleton density. Previous studies10,14,15,34 adopting
fractal dimensions as a proxy for the complexity
and density of retinal microvasculature have reported
similar findings. Retinal vessel density is also linked
to vascular diseases with higher death rates.14,29 In
addition, our study demonstrated that, compared with
the peripheral area, the density of arteries in themacula
had stronger associations with mortality risk. One
possible explanation is that age-related changes are
more prominent in the macular region, as with age-
related macular degeneration, and it may indicate a
variety of pathological changes such as chronic inflam-
mation, atherosclerosis, oxidative stress, and abnormal
lipid metabolism.36–38

The current study found that the IQR and mean
value of the chord length of arteries, IQR of the
length-to-diameter ratio of arteries, and the minimum
arc length of arteries were associated with all-cause
mortality. As the inception of artificial intelligence
algorithms for automated quantification of retinal
vasculature is relatively recent, previously it has not
been possible to investigate arc length and chord length
in extensive detail. Nonetheless, previous studies have
associated a higher arteriolar length-to-diameter ratio
with higher plaque burden and higher total choles-
terol levels, indicating one possible mechanism for
increasedmortality risk.11,39 In addition, when examin-
ing for premature mortality, only the venular length
parameter has shown a significant association. The
underlying mechanism may be related to the differ-
ent roles of arteries and veins. Although changes in
both veins and arteries are related to higher mortal-
ity risk, a previous study showed that varicose veins
are associated with a higher risk of atherosclerotic
cardiovascular disease,40 and venous insufficiency is
linked to increased mortality risk after multiple adjust-
ments.41 Furthermore, pathological changes in veins
and compromised function of clearing toxins and
metabolites are related to complications such as blood
clots,42 which would lead to an increased risk of fatal
events,43 contributing to higher premature mortality
risk.
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Lower tortuosity was significantly associated with
all-cause mortality and premature mortality. Previ-
ously, greater arteriolar and venular tortuosity was
associated with cerebrovascular events and risk factors
for mortality.10,34 However, the study by Sandoval-
Garcia et al.10 was carried out in people with type 2
diabetes, and diabetes itself was associated with retinal
vascular changes,44 and the other studies focused on
high blood pressure. Our study controlled for these
confounding factors and found that decreased features
of tortuosity corresponded to mortality risk, consis-
tent with previous studies.12,28,29 Witt et al.29 reported
that arteriolar tortuosity was significantly associated
with mortality even after adjusting for demographic
factors, history of cardiovascular disease, and other
confounding factors. Both Witt et al.29 and Wang
et al.12 suggested that endothelial dysfunction of the
microvasculature led to lower tortuosity via atheroscle-
rotic plaques straightening arteries, which interrupted
the course of flow, thereby slowing and impairing
oxygenation.29

Most retinal measurements of calibers that were
associated with all-cause mortality were arterial in
origin, and only arterial caliber-related measurements
had significant associations with premature mortality.
Previously, findings on associations between arterial
and venular calibers with mortality or risk factors
for mortality have been inconclusive,8,28,29,45,46 thus
making interpretation of the current study difficult.
For example, previous studies have reported that
venular dilatation signifies vascular damage from
hyperglycemia and hypoxia47 and wider venular caliber
is related to the risk of stroke,48 but narrowed venular
caliber has been associated with the risk of dementia.49
These inconsistencies may indicate that caliber itself
may not be a robust indicator for all-cause mortality,
and its relationship with mortality could vary depend-
ing on the cause. In addition, we also generated the
mean and median values of all vessel segments in each
image as a summarization of central tendency and
found that the central tendency had a strong relevance
to the risk of both all-cause and premature mortality.

We used RMHAS19 to simultaneously extract
nearly 400 retinal microvascular measurements and
controlled for traditional risk factors in our analysis.
The ability to identify individuals at high risk of death,
independent of traditional risk factors, opens up new
avenues for intervention. In many cases, the features
analyzed had not yet been examined for their associ-
ation with mortality or risk factors—for example, arc
length and chord length of vessels. Therefore, by identi-
fying these retinal measurements that may be used to
assess an individual’s mortality risk, our study provides
novel targets for critical exploration of the pathological

mechanisms for a higher risk of mortality. Our findings
have important implications for longevity research, as
they shed light on retinal biomarkers for increased
mortality risk and offer new targets for investiga-
tions aimed at understanding the underlying biological
mechanisms.

The large number of retinal vascular measurements
may increase the risk of identifying associations by
chance. To lower this probability, we tested the associ-
ations in training and validation sets and used the
FDR method to lower the number of measurements
included in the regression analysis. However, some
residual findings from chance may exist. Also, the
participants at recruitment were relatively young (40–
69 years) compared with the cut-off age of prema-
ture mortality (75 years). Considering the age range at
baseline and the follow-up period of 10 years, the likeli-
hood of observing deaths over the age of 75 becomes
smaller, and the proportion of premature mortality in
this study would be higher than that in the general
UK population. In the future, a dataset with a greater
number of elderly people > 75 years old would be
useful to study for a more balanced analysis. Finally,
this study consisted of participants who were mainly
white and from small geographical regions. In the
future, a similar study should be carried out to explore
these associations across different ethnic groups and
geographical regions.

Conclusions

Our study revealed 18 retinal vascular measure-
ments significantly associated with all-cause mortal-
ity and 10 associated with premature mortality. This
study identified retinal measurements that may be used
to assess an individual’s mortality risk, thus offering
guidance for further investigations aimed at under-
standing the underlying biological mechanisms that
link these changes to a higher risk of mortality.
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