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Abstract

Background: Metabolic syndrome (MetS) is a clustering of cardiometabolic

components, posing tremendous burdens in the aging society. Retinal age gap

has been proposed as a robust biomarker associated with mortality and Parkin-

son's disease. Although MetS and chronic inflammation could accelerate the

aging process and increase the risk of mortality, the association of the retinal

age gap with MetS and inflammation has not been examined yet.

Methods: Retinal age gap (retina-predicted age minus chronological age) was

calculated using a deep learning model. MetS was defined as the presence of

three or more of the following: central obesity, hypertension, dyslipidemia,

hypertriglyceridemia, and hyperglycemia. Inflammation index was defined as a

high-sensitivity C-reactive protein level above 3.0 mg/L. Logistic regression

models were used to examine the associations of retinal age gaps with MetS

and inflammation.

Results: We found that retinal age gap was significantly associated with MetS

and inflammation. Specifically, compared to participants with retinal age gaps

in the lowest quartile, the risk of MetS was significantly increased by 10% and

14% for participants with retinal age gaps in the third and fourth quartile (odds

ratio [OR]:1.10; 95% confidence interval [CI], 1.01,1.21;, p = .030; OR: 1.14,

95% CI, 1.03,1.26; p = .012, respectively). Similar trends were identified for the

risk of inflammation and combined MetS and inflammation.
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Conclusion: We found that retinal age gaps were significantly associated with

MetS as well as inflammation. Given the noninvasive and cost-effective nature

and the efficacy of the retinal age gap, it has great potential to be used as a

screening tool for MetS in large populations.
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Highlights

• Retinal age gap is a non-invasive and cost-effective aging biomarker.

• Retinal age gap was significantly associated with metabolic syndrome and

inflammation.

• Retinal age gap could be potentially used as a screening tool for metabolic

syndrome in large populations.

1 | INTRODUCTION

Metabolic syndrome (MetS) is a clustering of cardiometa-
bolic components, including abdominal obesity, hyper-
tension, elevated glucose levels, as well as dyslipidemia,
which are highly prognostic of type 2 diabetes mellitus
and cardiovascular diseases (CVD), causing morbidity
and mortality eventually.1,2 Notably, inflammation has
been reported to play a crucial role in the pathology of
MetS.3,4 The incidence of MetS rises exponentially as the
population ages, posing a tremendous burden to individ-
uals and families in the aging society.5

Early detection and risk stratification of MetS are
needed to improve prevention and early intervention strat-
egies of the diabetes and CVDs. A growing number of
studies have investigated several potential screening tools
for the MetS including anthropometric measurements and
blood tests.6,7 Among all the tools proposed, noninvasive
measurements such as body mass index, waist circumfer-
ence, and blood pressure stand out.8,9 However, measure-
ment errors and ethnicity heterogeneity have limited their
further application for screening in large populations.10–12

Therefore, a novel, reliable, and noninvasive method is
urgently warranted to accurately screening for MetS.

Retinal age has been recently proposed as a novel reli-
able aging biomarker. Our research group leveraged deep
learning (DL) to accurately predict chronological age
based on retinal fundus images in healthy populations.13

Retinal age gap was defined as the difference between
retina-predicted age and chronological age, showing the
deviations from normal aging. Our group has verified that
the retinal age gap could independently predict future
death events and age-related diseases events including car-
diovascular diseases and Parkinson's disease.13–15 Taken
together, retinal age could reflect the overall health and

thus has been considered as a reliable indicator of aging.
As age is an independent risk factor for MetS, we hypothe-
sized that retinal age gaps may be associated with MetS.

Herein, we aimed to investigate the associations of
retinal age gap with MetS in a large population based on
UK Biobank study. In addition, the association between
retinal age gap and inflammation as a pathogenic compo-
nent of MetS was also investigated in the present study.

2 | METHODS

2.1 | Study population

The UK Biobank is a population-based cohort study with
over 500 000 participants recruited in the United Kingdom
between 2006 and 2010. A total of 22 assessment centers
were set across England, Wales, and Scotland. Approxi-
mately 9.2 million residents aged 40–69 years within
25 miles of a nearest assessment center were invited to
participant in this study, among whom 5.5% were enrolled
in the baseline assessment. All participants completed
comprehensive health care questionnaires, detailed physi-
cal measurements, and biological sample collections. The
overall study protocols and data are available elsewhere.16

This study was restricted to a subset of participants with
metabolic syndrome and/or inflammation data available
at the initial assessment (March 2006 to December 2010).

2.2 | Ethical approval

The UK Biobank Study received approval from the
National Information Governance Board for Health
and Social Care and the National Health Service
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North West Multicentre Research Ethics Committee
(11/NW/0382). Written informed consent was
obtained from all participants in accordance with the
Declaration of Helsinki.

2.3 | Fundus photography

Ophthalmic examinations were introduced from 2010.
LogMAR visual acuity, autorefraction, and keratometry

(Tomey RC5000, Tomey GmbH, Nuremberg, Germany);
intraocular pressure (Ocular Response Analyzer,
Reichert, New York, USA); and paired retinal fundus and
optical coherence tomography imaging (OCT, Topcon 3D
OCT 1000 Mk2, Topcon Corp, Tokyo, Japan) examina-
tions were performed. A 45-degree nonmydriatic and
nonstereo fundus image centered on the macula with the
optic disc included was taken for each eye. A total of
131 238 images from 66 500 participants were obtained
from the UK Biobank study. A total of 80 170 images

TABLE 1 Baseline characteristics of the study participants stratified by quartiles of retinal age gap.

Baseline characteristics Total

Retinal age gap

Test results p valueQ1 Q2 Q3 Q4

N 35 918 8980 8979 8980 8979 -

Age, years, mean (SD) 56.6 (8.04) 63.1 (4.80) 59.3 (6.43) 54.7 (7.34) 49.9 (6.43) 7424.45a <.001

Sex, n (%)

Men 15 916 (44.3) 4409 (49.1) 3970 (44.2) 3812 (42.4) 3725 (41.5) 125.08b <.001

Women 20 002 (55.7) 4571 (50.9) 5009 (55.8) 5168 (57.6) 5254 (58.5)

Ethnicity, n (%)

White 33 480 (93.2) 8475 (94.4) 8431 (93.9) 8318 (92.6) 8256 (92.0) 53.42b <.001

Nonwhite 2438 (6.79) 505 (5.62) 548 (6.10) 662 (7.37) 723 (8.05)

Townsend index, mean (SD) �1.09 (2.96) �1.45 (2.79) �1.22 (2.88) �0.99 (3.02) �0.69 (3.08) 108.07a <.001

Attainable education, n (%)

Above college/university 12 462 (34.7) 2723 (30.3) 2976 (33.1) 3186 (35.5) 3577 (39.8) 192.52b <.001

Below college/university 23 456 (65.3) 6257 (69.7) 6003 (66.9) 5794 (64.5) 5402 (60.2)

Smoking status, n (%)

Never 19 793 (55.4) 4869 (54.5) 4857 (54.3) 4883 (54.6) 5184 (58.0) 33.80b <.001

Former/current 15 945 (44.6) 4058 (45.5) 4081 (45.7) 4056 (45.4) 3750 (42.0)

Drinking status, n (%)

Never 1586 (4.43) 443 (4.94) 357 (3.98) 396 (4.42) 390 (4.36) 9.94b .019

Former/current 34 223 (95.6) 8516 (95.1) 8607 (96.0) 8554 (95.6) 8546 (95.6)

Meeting physical education recommendation, n (%)

No 5307 (18.1) 1132 (15.7) 1274 (17.4) 1383 (18.8) 1518 (20.2) 56.87b <.001

Yes 24 084 (81.9) 6096 (84.3) 6039 (82.6) 5962 (81.2) 5987 (79.8)

Health status, n (%)

Excellent/good 24 823 (69.5) 6466 (72.3) 6304 (70.5) 6152 (69.0) 5901 (66.3) 81.97b <.001

Fair/poor 10 895 (30.5) 2477 (27.7) 2644 (29.5) 2771 (31.0) 3003 (33.7)

History of chronic heart diseases, n (%)

No 34 383 (95.7) 8399 (93.5) 8547 (95.2) 8667 (96.5) 8770 (97.7) 208.98b <.001

Yes 1535 (4.27) 581 (6.47) 432 (4.81) 313 (3.49) 209 (2.33)

History of stroke, n (%)

No 35 375 (98.5) 8793 (97.9) 8834 (98.4) 8865 (98.7) 8883 (98.9) 35.32b <.001

Yes 543 (1.51) 187 (2.08) 145 (1.61) 115 (1.28) 96 (1.07)

Note: The bold values showed that the p value is less than 0.05, which indicated statistical significance in the current analysis.
Abbreviation: Q, quartile.
ais the F value of analysis of variance.
bis the degree of freedom of chi square.
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from 46 970 participants who passed the image quality
check were used for the following analyses.

2.4 | Estimation of retina age and retinal
age gap

Retinal age was predicted according to the methods
described by Zhu et al.13 Briefly, only color fundus
images were fed into a DL model using an Xception
architecture to predict biological age. DL is the advanced
subset of machine learning with multiple neural net-
works and could self-learn complex representations with-
out requiring human engineering and domain expertise
to design feature extractors or calculation methods.

The difference between the retinal age predicted by
the DL model and chronological age was defined as the
retinal age gap. A positive retinal age gap indicated an
“older” appearing retina, whereas a negative one indi-
cated a “younger” appearing retina.

2.5 | Metabolic syndrome and
inflammation index

MetS was defined as the presence of three or more of the fol-
lowing: central obesity, hypertension, dyslipidemia, hypertri-
glyceridemia, and hyperglycemia.1,17 Waist circumference
was measured at the smallest part of the trunk using a
200-cm tape measure (SECA). Central obesity was defined as
a waist circumference of 88 cm or above for women and
102 cm or above formen. Systolic and diastolic blood pressure
were measured twice using an IntelliSense blood pressure
monitormodel HEM-907XL (Omron) after participants rested
for at least 5 min and the averages were taken as the final
results.18 Hypertension was defined as a systolic blood pres-
sure of ≥130 mm Hg and/or a diastolic blood pressure of
≥80 mm Hg or taking antihypertensive drugs. Dyslipidemia
was defined as levels of high-density lipoprotein (HDL) cho-
lesterol <50 mg/dL in women and <40 mg/dL in men. A tri-
glyceride level ≥150 mg/dL was defined as
hypertriglyceridemia. Hyperglycemia was defined as fasting
blood glucose levels >110 mg/dL or taking hypoglycemic
medication or using insulin. Inflammation index was defined
as a high-sensitivity C-reactive protein (CRP) level >3.0 mg/L.

2.6 | Demographic and health variables

Demographic factors and health variables included baseline
age, sex, ethnicity (recorded as white and nonwhite), Town-
send deprivation indices (an area-based proxy measure for
socioeconomic status), education attainment (recorded as

college or university degree, and others), smoking status
(recorded as current/previous and never), drinking status
(recorded as current/previous and never), physical activity
level (recorded as above moderate/vigorous/walking recom-
mendation and not), history of heart disease (angina or
heart attack), history of stroke, and general health status
(recorded as excellent/good and fair/poor).

2.7 | Statistical analyses

Data are presented as mean (SD) or median (interquartile
range, IQR) for continuous variables and numbers (percent-
ages) for categorical variables. The differences of the baseline
characteristics of the study population among retinal age gap
quartiles were compared using analysis of variance and chi-
square test. The differences of the baseline characteristics
between the MetS group and non-MetS group were com-
pared using chi-square test and/or t test. Logistic regression
models were applied to investigate the association between
retinal age gap (independent variable) and MetS and inflam-
mation (outcome), respectively. We then investigated associa-
tions between retinal age gaps at different quartiles with
metabolic syndrome and inflammation. The associations
between retina age gap and abdominal obesity, hypertension,
elevated serum HDL, elevated serum triglycerides, and
hyperglycemia were also examined respectively by logistic
regression models. All logistic regression models were
adjusted for baseline age, sex, ethnicity, Townsend depriva-
tion indices, educational level, smoking status, drinking sta-
tus, physical activity level, general health status, history of
heart disease, and history of stroke. Odds ratios (OR) with
their 95% confidence intervals (CIs) were reported. Variance
inflation factors (VIF) procedure was used to test collinearity
for all variables and all covariables' VIF were <2. For all the

FIGURE 1 The distribution of retinal age gap of the included

participants.
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analyses, complete data were used. A two-sided p value of
<.05 indicated statistical significance. Analyses were per-
formed using Stata (version 13, StataCorp, Texas, USA).

3 | RESULTS

3.1 | Study sample

Of 35 918 included participants, the mean (SD) age was
56.6 (8.04) years, and 20 002 (55.7%) were women.

Table 1 shows baseline characteristics of the study partic-
ipants overall and stratified by quartiles of retinal age
gaps. As shown, participants with a higher quartile of ret-
inal age gaps were more likely to be younger, of female
gender, of nonwhite ethnicity, nonsmokers, physical
inactivity, less healthy in general status, more deprived,
better educated, and without a history of chronic heart
diseases and stroke (p < .001).

The distribution of retinal age gap of the included
participants is shown in Figure 1. The mean (SD) and
median (IQR) of the retinal age gap were �1.31 (4.82)

TABLE 2 Baseline characteristics of the study participants stratified by metabolic syndrome.

Baseline characteristics Metabolic syndrome group Nonmetabolic syndrome group Test result p value

N 7921 27 997 -

Age, years, mean (SD) 57.9 (0.09) 56.4 (0.05) �14.25a <.001

Sex, n (%)

Men 3837 (48.4) 12 079 (43.1) 70.20b <.001

Women 4084 (51.6) 15 918 (56.9)

Ethnicity, n (%)

White 7371 (93.1) 26 109 (93.3) 0.39b .532

Nonwhite 550 (6.94) 1888 (6.74)

Townsend index, mean (SD) �0.88 (0.03) �1.15 (0.02) �7.19a <.001

Attainable education, n (%)

Above college/university 2127 (26.9) 10 335 (36.9) 275.89b <.001

Below college/university 5794 (73.2) 17 662 (63.1)

Smoking status, n (%)

Never 4120 (52.4) 15 673 (56.2) 36.22b <.001

Former/current 3742 (47.6) 12 203 (43.8)

Drinking status, n (%)

Never 506 (6.42) 1080 (3.87) 94.49b <.001

Former/current 7378 (93.6) 26 845 (96.1)

Meeting physical education recommendation, n (%)

No 1475 (23.5) 3832 (16.6) 162.58b <.001

Yes 4787 (76.5) 19 297 (83.4)

Health status, n (%)

Excellent/good 4340 (55.2) 20 483 (73.5) 976.22b <.001

Fair/poor 3256 (44.8) 7369 (26.5)

History of chronic heart diseases, n (%)

No 7377 (93.1) 27 006 (96.5) 167.17b <.001

Yes 544 (6.87) 991 (3.54)

History of stroke, n (%)

No 7762 (98.0) 27 613 (98.6) 16.76b <.001

Yes 159 (2.01) 384 (1.37)

Note: The bold values showed that the p value is less than 0.05, which indicated statistical significance in the current analysis.
Abbreviation: Q, quartile.
ais the t value of t test.
bis the degree of freedom of chi square.
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and �1.18 (�4.18 to 1.79). The retinal age gap was
divided into four groups of equal size, with Q1 as the low-
est 25% retinal age gap, Q2 as the lowest 25%–50%, Q3 as
50%–75%, and Q4 as the highest 25% of retinal age gaps.
The retinal age gap ranges for the four quartiles are Q1
(�27.9 to �4.18), Q2 (�4.18 to �1.18), Q3 (�1.18 to
1.79), and Q4 (1.79 to 19.0). We also added the fundus
photographs of Q1-Q4 stages in the Figure S1. Compared
to the fundus images in Q1, the fundus images in Q4
tended to have more retinal vascular changes including
arteriolar narrowing and blood vessel tortuosity.

3.2 | Metabolic syndrome and
inflammation

Table 2 presents baseline characteristics of the study par-
ticipants stratified by MetS. Compared to the nonmeta-
bolic syndrome group, participants with MetS tend to be
older, of male gender, former/current smokers, non-
drinkers, physical inactivity and with greater deprivation,
poor education, and poor general health status, and with
a history of chronic heart diseases and stroke (p < 0.001).

3.3 | Retinal age gap and metabolic
syndrome and/or inflammation

Associations of retinal age gap with metabolic syndrome
and/or inflammation are reported in Table 3. Each year
increase in the retinal age gap was associated with a 1%
risk increase of MetS (OR: 1.01; 95% CI, 1.00,1.02;
p = .016), a 1% risk increase of inflammation (OR: 1.01;
95% CI, 1.00,1.02; p = .021), and a 1% risk increase of
MetS and inflammation combined (OR: 1.01; 95% CI,
1.00,1.02; p = .011) in the fully adjusted model. Com-
pared to participants with the lowest quartile of retinal

age gaps, the risk of MetS significantly increased by 10%
and 14% respectively for participants with retinal age gap
in the third and fourth quartiles (OR: 1.10; 95% CI,
1.01,1.21; p = .030; OR: 1.14; 95% CI, 1.03,1.26; p = .012,
respectively). A similar trend was identified for the risk
of inflammation that participants with retinal age gaps in
the third and fourth quartiles had 10% and 25% increased
risks (OR: 1.10; 95% CI, 1.01,1.21; p = .048; OR: 1.25; 95%
CI, 1.12,1.38; p < .001) compared to those in the first
quartile, respectively. A significant association existed
between retinal age gaps and a combined condition of
inflammation and MetS. Table 4 shows the association
between retinal age gaps and the five specific subcompo-
nents of MetS. Per year increase in retinal age gaps was
associated with a 2% risk increase in abdominal obesity
(OR: 1.02, 95% CI, 1.01,1.02; p < .001), a 1% risk increase
in hypertension (OR: 1.01; 95% CI, 1.00,1.02; p = .002), a
6% risk increase in hyperglycemia (OR: 1.06, 95% CI,
1.04,1.07; p < .001) but not associated with elevated
serum HDL and elevated serum triglycerides. Compared
with the participants with the lowest retinal age gap
quartile, participants with higher quartiles tend to have a
10% to 27% risk increase in abdominal obesity and 14% to
19% risk increase in hypertension. Moreover, participants
with the higher quartiles of retinal age gaps were associ-
ated with a 25% to 104% risk increase in hyperglycemia
(OR: 1.25; 95% CI, 1.10,1.42; p < .001; OR: 1.45; 95% CI,
1.27,1.66;, p < .001; OR: 2.04; 95% CI, 1.74,2.38; p < .001,
respectively).

4 | DISCUSSION

In a large population of middle-aged and older adults, we
found that the retinal age gap was significantly associated
with MetS and inflammation. Specifically, compared to
participants with retinal age gaps in the lowest quartile,

TABLE 3 Association of retinal age gap with metabolic syndrome and/or inflammation.

Retinal age gap

Metabolic syndrome Inflammation Combined

OR (95% CI) p value OR (95% CI) p value OR (95% CI) p value

Retinal age gap, per year 1.01 (1.00,1.02) .016 1.01 (1.00,1.02) .021 1.01 (1.00,1.02) .001

Quartiles of retinal age gap

Q1 Reference - Reference - Reference -

Q2 1.05 (0.96,1.14) .283 1.02 (0.94,1.12) .614 1.04 (0.964,1.11) .347

Q3 1.10 (1.01,1.21) .030 1.10 (1.00,1.21) .048 1.11 (1.03,1.20) .007

Q4 1.14 (1.03,1.26) .012 1.25 (1.12,1.38) <.001 1.20 (1.10,1.31) <.001

Note: The bold values showed that the p value is less than 0.05, which indicated statistical significance in the current analysis.
Abbreviations: CI, confidence interval; OR, odds ratio; Q, quartiles.
Note: Logistic regression model adjusted for baseline age, sex, ethnicity, deprivation, attainable education, smoking status, drinking status, physical education,
health status, history of chronic heart disease, and history of stroke.
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the risk of MetS was significantly increased by 10% and
14% respectively for participants with retinal age gaps in
the third and fourth quartile. Similar trends were identi-
fied for the risk of inflammation and combined MetS and
inflammation.

Previous studies have provided valuable clues for our
investigations about the associations of retinal age gaps
with MetS and inflammation. First, structural defects of
the retina were found in patients with MetS and inflam-
mation.19 For example, the patients with MetS and high
levels of CRP had thinner inner retinal layers and photo-
receptor layer in OCT segmentation analysis.20,21 Second,
retinal microvascular signs were identified in the fundus
images from MetS patients. A population-based study
suggested that MetS was associated with retinal micro-
vascular signs (microaneurysms, retinal hemorrhages,
arteriovenous nicking, and focal arteriolar narrowing)
based on retinal photographs.22 Moreover, MetS and its
components, as well as CRP, a marker of inflammation,
have been associated with retinal diseases including age-
related macular degeneration,23,24 retinopathy,25,26 and
glaucoma,27 resulting in significant increases in morbid-
ity and mortality.2,23

Ours findings might be explained by several underly-
ing mechanisms. MetS and chronic inflammation may
contribute to the retinal age gap between biological age
and chorological age, as both of the conditions acceler-
ate aging process and increase the risk of age-related
diseases.23 Moreover, early signs of MetS could be pre-
sented in the retina at an early stage. The microvascular
and macrovascular dysfunctions in MetS are the funda-
mental pathology in the development of MetS.28 The ret-
ina, as a highly vascular organ, could serve as an instant
window to the systemic vasculature, having the poten-
tial to catch the early vascular changes of MetS. Of note,
the attention maps of our DL model for the prediction
of retina age exactly highlighted areas near the retinal
vessels.

The retinal age gap has provided a novel and reliable
screening method for MetS and inflammation. Compared
with previous screening tools based on blood tests or
anthropometric measurements, the retinal age gap is
measured by a deep learning model to integrate all fea-
tures from fundus images automatically, so that it could
minimize the manual assessments error and avoid inva-
sive testing. Therefore, it has great potentials to be used
as a diagnosis biomarker, characterized by noninvasive-
ness, reliability, and objectiveness. This guarantees its
further application in screening for MetS as well as
inflammation in large populations. Moreover, an early
detection and risk stratification of MetS and inflamma-
tion could help to promote the prevention and interven-
tion strategies for chronic diseases such as diabetes andT
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CVDs, which may effectively alleviate the economic bur-
den of the whole society.

Although the large population, standardized protocol,
high quality of fundus image data, and objective mea-
sures based on a deep learning model have enhanced the
robustness of our findings, the current study harbors sev-
eral limitations. First, causality could not be drawn from
this cross-sectional study. Second, our results might
underestimate the effects of retinal age gap on MetS, as
individuals with poor health would be less likely to par-
ticipate in this study. Longitudinal data are needed to
investigate the association between retinal age gaps and
incident MetS.

5 | CONCLUSION

We found that retinal age gaps were significantly associ-
ated with MetS as well as inflammation. Based on a DL
model, the retinal age gap has great potentials to be used
as a noninvasive, reliable, and objective tool for the
screening of MetS in large populations. Longitudinal data
are further needed to confirm the association between
retinal age gaps and incident MetS.
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