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Purpose:We investigated the associationbetweenmetabolically healthy obesity (MHO)
and retinal age gap and explored potential sex differences in this association.

Methods: This study included 30,335 participants from the UK Biobank. Body mass
index (BMI) was classified into normal weight, overweight, and obesity. Metabolic
health (MH) was defined as meeting the following criteria: systolic blood pressure of
<130 mm Hg, no antihypertensive drugs, waist-to-hip ratio of <0.95 for women or
1.03 for men, and the absence of diabetes. Participants were categorized as MH normal
weight (MHN), MH overweight (MHOW), MHO, metabolically unhealthy normal weight,
metabolically unhealthy (MU) overweight, andMU obesity. Retinal age gapwas defined
as the difference between retinal age and chronological age. Linear regression models
were used to investigate the association ofmetabolic phenotypes of obesitywith retinal
age gap.

Results: Compared with MHN, individuals with MHOW (β , 0.17; 95% confidence
interval [CI], 0.01–0.32; P = 0.039) and MHO (β , 0.23; 95% CI, 0.02–0.44; P = 0.031) were
associated with increased retinal age gap. Furthermore, individuals classified as
metabolic unhealthy were also associated with higher retinal age gap, irrespective of
bodymass index categories (β for MU normal weight, 0.23; 95% CI, 0.08–0.38; P= 0.003;
β for MU overweight: 0.31; 95% CI, 0.18–0.45; P < 0.001; β for MU obesity, 0.50; 95% CI,
0.36–0.65; P < 0.001). No significant sex difference was observed in the
association between metabolic phenotypes of obesity and retinal age gap (all P for
interaction > 0.05).

Conclusions: MHOW and MHO were associated significantly with an increased
retinal age gap compared with MHN individuals. Weight management should be
recommended for individuals who are overweight or obese, even in the absence of
metabolic unhealth.

Translational Relevance: Retinal age gap provides a simple tool for identifying early
health risks for MHOW and MHO individuals.
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Introduction

Obesity is a global health concern that has reached
epidemic proportions in recent years.1 It is character-
ized by the excessive accumulation of body fat, result-
ing in various adverse health effects.2 One of the signif-
icant consequences of obesity is the development of
metabolic syndrome,3,4 a cluster of conditions that
increase the risk of cardiovascular diseases (CVDs),
type 2 diabetes, and other chronic illnesses, posing
substantial health burdens for both individuals and
society.1,5,6

Although the cardiometabolic complications of
obesity are recognized widely at the population level,
clinical observations have identified a subset of obese
individuals with normal metabolic features despite
their increased adiposity. This subset has been referred
to as metabolically healthy obesity (MHO) and seems
to be relatively protected against worsening metabolic
health (MH).6,7 However, there is an ongoing debate
surrounding the perception of MHO as a benign
and safe status,8–10 as a growing body of literature
has revealed that MHO patients have a significantly
elevated risk of developing both type 2 diabetes and
CVD over time compared with metabolically healthy
normal weight individuals.11,12 The crucial reason for
these inconsistent findings is the lack of common
standards for defining MH.13 In 2021, a new defini-
tion of MHO has been proposed based on systolic
blood pressure, use of antihypertensives, waist-to-
hip ratio, and self-reported diabetes using data from
the third National Health and Nutrition Examina-
tion Survey and validated with the UK Biobank.
MHO by this new definition showed stratification of
mortality risk of CVD or total mortality for individ-
uals with and without obesity.14,15 Although the new
definition is simpler and can be better applied in the
community and clinics, whether this definition can
be extended to other indicators representing cardio-
vascular health still needs to be verified by more
research.

Retinal age has emerged recently as a simple
measurement to provide a thoughtful and individual-
specific reflection of overall health.16,17 Retinal age
gap, the deviation of retinal age from normal aging,
has been verified as a reliable and promising indicator
for mortality and morbidities, especially those related
to metabolic and cardiovascular health.17–19 To our
knowledge, there is a lack of studies investigating the
association between MHO and retinal age gap. There-
fore, this study aimed to investigate the association
of MHO defined by this new definition with retinal
age gap in a large population-based UK Biobank

cohort. Furthermore, considering that sex differences
have been observed in obesity-related cardiometabolic
diseases, we also investigated whether there are sex
differences in the association of MHO with the retinal
age gap.

Methods

Study Population

This study used data from the UK Biobank,
a population-based prospective cohort consisting
of approximately 500,000 participants aged 40 to
73 years registered with the National Health Service
in the UK. Participants were assessed at baseline
between 2006 and 2010 and attended 1 of the 22
assessment centers throughout the UK where they
provided information on geographic factors, lifestyle,
and other health-related aspects through comprehen-
sive baseline questionnaires, interviews, and physical
measurements. Details of the UK Biobank can be
accessed elsewhere.20

TheUKBiobank was reviewed and approved by the
National Information Governance Board for Health
and Social Care and the National Health Service
North West Multicenter Research Ethics Committee
(11/NW/0382). Data used in the present study were
accessed through the Biobank consortium (Applica-
tion No: 86091). This study was carried out in accor-
dance with the Declaration of Helsinki, and informed
consent was provided by all participants.

Metabolic Phenotypes of Obesity

Body measurements and MH information were
assessed at baseline. Standing height was measured
to the nearest centimeter using a Seca 202 stadiome-
ter (Hamburg, Germany), and weight was recorded
to the nearest 0.1 kg with a Tanita BC-418 body
composition analyzer (Tokyo, Japan). Bodymass index
(BMI) was calculated as weight in kilograms divided
by height in meters squared and was classified into
three categories: normal weight (BMI ≥ 18.5 and <

25 kg/m2), overweight (BMI ≥ 25.0 and < 30 kg/m2),
and obese (BMI ≥ 30 kg/m2).7

MH was defined by the new definition as meeting
the following three criteria: (1) systolic blood pressure
of <130 mm Hg and no use of blood pressure-
lowering medication; (2) waist-to-hip ratio of <0.95
(women) and <1.03 (men); and (3) no self-reported
prevalent diabetes.14 Systolic blood pressure was
measured while the participant was seated, with two
automatic measurements taken 1 minute apart. Waist
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and hip circumferences were measured at the level
of the umbilicus. Information on the use of blood
pressure-lowering medication and the prevalence of
diabetes was obtained through self-reported question-
naires.14 Participants were categorized based on their
BMI categories and metabolic status as metaboli-
cally healthy normal weight (MHN, reference group),
metabolically healthy overweight (MHOW), MHO,
metabolically unhealthy normal weight (MUN), MU
overweight (MUOW), and MU obesity (MUO).

Fundus Photography

Between 2009 and 2010, ophthalmic examinations
were introduced at six assessment centers across the
UK.21 In this study, we obtained 131,238 retinal
fundus images from 66,500 participants at baseline.
The 45° nonmydriatic retinal fundus and optical coher-
ence tomography (OCT) imaging of the optic disc
and macular were captured using a spectral domain
OCT for each eye (Topcon 3D OCT 1000 Mk2,
Topcon Corp, Tokyo, Japan). The image quality
control process was described in detail elsewhere.22
Briefly, image quality control was based on ground-
truth manually labeled by two ophthalmologists using
a three-level quality grading system (good, usable, and
reject) and identifying indicators of poor quality (e.g.,
blur, uneven illumination, low contrast, and artifacts).
Fundus images with the good and usable quality were
considered to have reasonably good image quality.
A total of 80,169 images from 46,969 participants
passed the image quality check.17 Fundus images of
the right eye were used in the study. After exclud-
ing participants whose fundus images were used for
training and validation of the age prediction model
(n = 11,052), those with missing fundus images of
the right eye (n = 4,359), those with age-related
macular degeneration, glaucoma, or diabetic retinopa-
thy at baseline (n = 1,075), those without data on
obesity, metabolic phenotypes, or covariates (n = 148),
30,335 participants were included in the final analysis
(Fig.).

Deep Learning (DL) for Retinal Age
Prediction and Definition of Retinal Age Gap

The methods of retinal age prediction using DL
models were described in detail in a previous study.17
A total of 19,200 retinal fundus images from 11,052
healthy participants who trained and validated the
DL model for age prediction. Mean absolute error
and correlation coefficients between retina-predicted
age and chronological age were used to assess DL

model performance in the testing dataset. The retinal
age predicted by the DL model achieved good perfor-
mance, with an overall mean absolute error of
3.55 years and a correlation coefficient of 0.80 in
healthy populations. Attention maps generated by the
DL model for age prediction mainly highlighted areas
around the retinal vessels in the fundus images. The
retinal age gap was a continuous variable defined as
the difference between the retinal age predicted by
the DL model using fundus images and chronological
age.

Covariates

The selection of covariates was based on previously
published studies, because these covariates might have
confounding effects on the exposure variables and
outcome measures.17,23 Covariates included baseline
age, sex (female, male), Townsend deprivation index
(an area-based proxy measure for socioeconomic
status), ethnicity (White, non-White), educational
attainment (college/university, others), smoking status
(never, current/previous), drinking status (never,
current/previous), physical activity evaluated using
International Physical Activity Questionnaire (low,
moderate, high, or unknown), fruit intake, vegetable
intake, meat intake (0–7 a week, 8–14 a week, ≥15 a
week), and history of CVD (no, yes). All covariates
were collected at baseline.

Statistical Analyses

Descriptive statistics reported baseline characteris-
tics of participants, where continuous variables were
reported using means ± standard deviations, and
categorical variables were summarized as numbers (%).
Analysis of variance or t tests were used to identify
differences in continuous variables, and χ2 tests were
used to compare distributions. Multiple linear regres-
sion models were applied to evaluate the associa-
tions between metabolic phenotypes of obesity and
the retinal age gap. We examined two models: model
1 was adjusted for age, sex, and ethnicity; model
2 was additionally adjusted for Townsend depriva-
tion index, educational attainment, smoking status,
drinking status, physical activity, fruit intake, vegetable
intake, meat intake, and history of CVD. We also
conducted subgroup analyses and added interaction
terms in the models to explore whether there were
differences in association of BMI categories with
retinal age gap across different metabolic phenotypes.
Furthermore, a sex-stratified analysis was performed to
test whether the association between metabolic pheno-
types of obesity and retinal age gap was modified by
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UK Biobank participants 
N=502,413

Participants with high-quality 
fundus photography 

N=46,969

Remaining participants 
N=35,917

Exclusion: People missing or with 
low-quality fundus images

N=455,444

Retinal age training, validation and 
testing (Participants without any 

reported diseases)
N=11,052

Remaining participants 
N=31,558

Exclusion: People missing fundus 
images on right eye: N= 4,359

Remaining participants 
N=30,483

Exclusion: People with age-related 
macular degeneration, glaucoma, or 
diabetic retinopathy at the baseline

N= 1,075

Exclusion: People without data on 
BMI, metabolic health, or covariate

N= 148
Patients included in analysis 

of new definition
N=30,335

Figure. Flow chart distribution of study population.

sex. Statistical analyses were conducted using Stata,
version 17.0 (Stata Corp, College Station, TX). All
P values were two-sided with statistical significance set
at <0.05.

Results

Baseline Characteristics of the Population

Table 1 summarizes the baseline characteristics
of participants stratified by metabolic phenotypes

of obesity using the new definition. This study
included 30,335 participants with a mean age of
56.47 ± 8.06 years, of whom 56.07% were female.
Of the participants, 15.41% were classified as MHN,
12.96% as MHOW, 5.39% as MHO, 16.79% as
MUN, 29.62% as MUOW, and 19.84% as MUO.
Compared with participants with MHN, those classi-
fied as MHO were more likely to be male, non-
White, of a lower socioeconomic index, less educated,
less physically active, consume higher amounts of
meat and lower amounts of fruits and vegeta-
bles, had a higher prevalence of CVD, and were
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Table 2. Association Between Metabolic Phenotypes of Obesity and Retinal Age Gap

Model 1 Model 2Metabolic Phenotypes
of Obesity β (95% CI) P Value β (95% CI) P Value

MHN [Reference] – [Reference] –
MHOW 0.18 (0.02–0.34) 0.026 0.17 (0.01–0.32) 0.039
MHO 0.28 (0.07–0.49) 0.010 0.23 (0.02–0.44) 0.031
MUN 0.21 (0.06–0.36) 0.006 0.23 (0.08–0.38) 0.003
MUOW 0.31 (0.17–0.45) <0.001 0.31 (0.18–0.45) <0.001
MUO 0.53 (0.39–0.68) <0.001 0.50 (0.36–0.65) <0.001

CI, confidence interval; MHN, metabolically healthy normal weight; MHOW, metabolically healthy overweight; MHO,
metabolically healthy obesity; MUN, metabolically unhealthy normal weight; MUOW, metabolically unhealthy overweight;
MUO, metabolically unhealthy obesity.

Linear regression models were used to estimate the association of metabolic phenotypes of obesity with retinal age gap.
Model 1 was adjusted for age, sex, and ethnicity; model 2 was additionally adjusted for Townsend deprivation index, educa-
tional attainment, smoking status, drinking status, physical activity, meat intake, fruit intake, vegetable intake, and history of
cardiovascular diseases. Significant associations are bolded.

Table 3. Association Between BMI Categories and Retinal Age Gap Across Different Metabolic Phenotypes

Metabolic Healthy Metabolic Unhealthy

BMI Categories β (95% CI) P Value β (95% CI) P Value P Value for Interaction

Normal weight [Reference] [Reference]
Overweight 0.18 (0.03 to 0.34) 0.018 0.06 (−0.07 to 0.20) 0.344 0.415
Obesity 0.28 (0.07 to 0.48) 0.008 0.23 (0.09 to 0.38) 0.002 0.765

BMI, body mass index; CI, confidence interval.
Linear regression models were used to estimate the association of BMI with retinal age gap across different metabolic

phenotypes, adjusting for age, sex, ethnicity, Townsend deprivation index, educational attainment, smoking status, drinking
status, physical activity, meat intake, fruit intake, vegetable intake, and history of cardiovascular diseases. Significant associa-
tions are bolded.

less likely to be a current or previous smoker and
drinker.

Association BetweenMetabolic Phenotypes
of Obesity and Retinal Age Gap

Table 2 shows the association between metabolic
phenotypes of obesity and retinal age gap. Compared
with individuals with metabolically healthy normal
weight, individuals classified as metabolic healthy
overweight (β, 0.17; 95% confidence interval [CI],
0.01–0.32; P = 0.039) and metabolic healthy obesity
(β, 0.23; 95% CI, 0.02–0.44; P = 0.031) were
associated with increased retinal age gap after
adjusting for covariates in model 2. Furthermore,
individuals classified as metabolic unhealthy by
the new definition were also significantly associ-
ated with higher retinal age gap, regardless of BMI
categories (β for MUN, 0.23; 95% CI, 0.08–0.38;
P = 0.003; β for MUOW, 0.31; 95% CI, 0.18–0.45;

p < 0.001; β for MUO, 0.50; 95% CI, 0.36–0.65;
P < 0.001).

Association Between BMI Categories and
Retinal Age Gap Across Different Metabolic
Phenotypes

We further analyzed the association between BMI
and retinal age gap across different metabolic pheno-
types (Table 3). The results shows that obesity was
associated with a higher retinal age gap compared with
normal weight in bothmetabolically healthy phenotype
(β, 0.28; 95%CI, 0.07–0.48;P= 0.008) andMUpheno-
type (β, 0.23; 95% CI, 0.09–0.38; P = 0.002), whereas
overweight was significantly associated with a higher
retinal age gap only in the metabolically healthy pheno-
type (β, 0.18; 95% CI, 0.03–0.34; P = 0.018). However,
there was no significant interaction effect between the
BMI categories and themetabolic phenotypes (allP for
interaction > 0.05).
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Table 4. Association Between Metabolic Phenotypes of Obesity and Retinal Age Gap Stratified by Sex

Female MaleMetabolic Obesity
Phenotypes β (95% CI) P Value β (95% CI) P Value

P Value
for Interaction

MHN [Reference] [Reference]
MHOW 0.20 (0.001 to 0.39) 0.047 0.18 (−0.10 to 0.46) 0.215 0.915
MHO 0.27 (0.01 to 0.52) 0.038 0.22 (-0.16 to 0.61) 0.257 0.905
MUN 0.15 (-0.04 to 0.33) 0.118 0.40 (0.13 to 0.67) 0.003 0.147
MUOW 0.24 (0.06 to 0.41) 0.007 0.45 (0.21 to 0.69) <0.001 0.196
MUO 0.44 (0.25 to 0.62) <0.001 0.64 (0.39 to 0.90) <0.001 0.192

CI, confidence interval; MHN, metabolically healthy normal weight; MHOW, metabolically healthy overweight; MHO,
metabolically healthy obesity; MUN, metabolically unhealthy normal weight; MUOW, metabolically unhealthy overweight;
MUO, metabolically unhealthy obesity.

Linear regression models were used to estimate the association between metabolic phenotypes of obesity and retinal age
gap stratified by sex, adjusting for age, ethnicity, Townsend deprivation index, educational attainment, smoking status, drink-
ing status, physical activity,meat intake, fruit intake, vegetable intake, andhistory of cardiovascular diseases. Significant associ-
ations are bolded.

Association BetweenMetabolic Phenotypes
of Obesity and Retinal Age Gap Stratified by
Sex

Table 4 presents the association between metabolic
phenotypes of obesity and the retinal age gap, stratified
by sex. Under the new definition, MHOW and MHO
phenotypes are significantly associated with the retinal
age gap in female participants (β forMHOW, 0.20; 95%
CI, 0.001–0.39; P = 0.047; β for MHO, 0.27; 95% CI,
0.01–0.52; P = 0.038). However, these associations are
not significant in males (β for MHOW, 0.18; 95% CI,
−0.10 to 0.46; P = 0.215; β for MHO, 0.22; 95% CI,
−0.16 to 0.61; P= 0.257). Conversely, MU phenotypes
across all BMI categories showed a stronger association
with increased retinal age gap in males (β for MUN,
0.40; 95% CI, 0.13–0.67; P = 0.003; (β for MUOW,
0.45; 95% CI, 0.21–0.69; P < 0.001; β for MUO, 0.64;
95% CI, 0.39–0.9; P < 0.001) than in females (β for
MUN, 0.15; 95% CI, −0.04 to 0.33; P = 0.118; β for
MUOW, 0.24; 95% CI, 0.06–0.41; P = 0.007; β for
MUO, 0.44; 95% CI, 0.25–0.62; P < 0.001). However,
the magnitude of the coefficient effects between the two
sexes was not large enough to result in a significant
interaction effect (all P for interaction > 0.05).

Discussion

To the best of our knowledge, this study is the first
to reveal a significant association between MHO and
accelerated biological age, as indexed by the retinal age
gap. We found that the MHO phenotype, as defined
by the new criteria, was associated significantly with

accelerated retinal aging compared with metabolically
healthy normal weight. Additionally, no significant sex
differences were observed in the association between
MHO and the retinal age gap.

The primary innovation of our study is the use of
the retinal age gap as an outcome measure. The vascu-
lature of the retina and the heart are known to have
significant similarities and interactions. Our previous
studies demonstrated that accelerated retinal age was
associated significantly with an increased arterial stiff-
ness index, which was used to estimate blood vessel
stiffness and serves as an early indicator of atheroscle-
rosis.18 Additionally, the retinal age gap has been identi-
fied as a reliable and promising predictor of future
risks of mortality,17 incident CVD,18 and stroke.19
Therefore, the positive association between MHO and
the increased retinal age gap suggests that the MHO
phenotype might not represent a benign and safe status
for cardiovascular health. This finding is aligned with
substantial previous studies, which showed that the
cardiovascular risk observed in MHO patients often
exceeds that of metabolically healthy normal weight
individuals.10,12,24 However, our findings may differ
from those reported by Zembic et al.,14 who recently
observed that MHO, based on the new definition, was
not associated with CVD mortality or total mortality
in the third National Health and Nutrition Examina-
tion Survey and when validated in the UK Biobank. A
possible explanation for this discrepancy is that Zembic
et al.14 used CVD and total mortality as study end
points, whereas the retinal age gap does not repre-
sent a specific disease status, but serves as a subclin-
ical predictor for target organ damage, with acceler-
ated retinal aging potentially reflecting earlier patho-
logical changes leading tomortality andCVD.Another
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prospective study from two population-based cohorts
might help to elaborate on these differences. Wei et
al.15 recently reported that individuals with MHO, also
using this new definition, may not present a higher
short-term cardiovascular risk, but tend to have a
metabolomic pattern associated with higher cardio-
vascular risk than those with a metabolically healthy
normal weight, suggesting that MHO classified by
the new definition was not completely healthy. Taking
this evidence together, early and targeted intervention
is needed for individuals with overweight or obesity,
irrespective of MH status.

In the present study, we also observed that both
MHOW andMHO phenotypes were associated signif-
icantly with the retinal age gap in females but not in
males. However, the magnitude of the coefficient effects
between the two sexes was not large enough to result in
a significant interaction effect (all P for interaction >

0.05), indicating that there is no significant sex differ-
ence in the association between metabolic phenotypes
of obesity and the retinal age gap. Previous evidence
regarding the cardiovascular risk associated with
MHO between men and women has been inconsistent.
A cohort study using data from 3.5 million individu-
als in The Health Improvement Network reported that
females withMHO showed a stronger positive associa-
tion with the risk of cerebrovascular disease and heart
failure compared with males. However, this sex differ-
ence was not observed for coronary heart disease and
peripheral vascular disease.25 Conversely, a large study
conducted in France found that MHO was associated
with a higher risk of major adverse cardiovascular
events in men (hazard ratio, 1.12–1.80), whereas it was
associated with a lower risk for most events in women
(hazard ratio, 0.49–0.99).26 Therefore, future research
is needed to assess differences in MH in the obese
between men and women.

Our findings have important clinical implications.
First, this study provides valuable insights into the
associations between metabolic obesity phenotypes
with accelerated biological age as indexed by the retinal
age gap. Our findings demonstrated that both MHOW
and MHO are not benign or safe conditions, even
under the new definition. Thus, weight management
interventions should be recommended for individu-
als with overweight or obesity, regardless of their
metabolic status. In addition, our study demonstrated
that retinal age gap assessment may serve as a valuable
indicator of predisease health status before the onset of
adverse health outcomes, highlighting the potential of
retinal age gap as an easily accessible and feasible tool
for general health.

Strengths of the present study include its relatively
large sample size, standardized protocol for data collec-

tion, and comprehensive adjustment of confounding
factors. Despite these factors, some limitations should
be acknowledged. First, the cross-sectional design
precludes any definitive causal inferences regarding the
relationship between metabolic phenotypes of obesity
and the retinal age gap. Second, owing to inadequate
event numbers, we were unable to perform associ-
ation analyses of the transition of metabolic status
among the subgroup with the retinal age gap.13,14
Third, subjective measurements of physical activity
and diet through self-reported questionnaires may be
subject to recall bias. Fourth, potential confounding
effects of image quality must be considered when
interpreting our results. As noted by Warwick et
al.,21 there is a correlation between image gradabil-
ity and participant demographics, which may intro-
duce a selection bias. Fifth, previous studies have
suggested that the performance of DL models may
be poorer in external test sets.27 Currently, we do not
have access to external cohorts with retinal images
for validation. Further research is needed to validate
these findings in external cohorts. Sixth, the UK
Biobank provides single-field retinal images, which
have limitations compared with multifield images, such
as a restricted field of view and less ideal sensitivity
values.28 Therefore, future research could benefit from
using multi-field retinal images for a more compre-
hensive assessment of retinal age and its association
with MHO.

Conclusions

Our study revealed that individuals with MHOW
and MHO were significantly associated with an
increased retinal age gap compared with those with
metabolically healthy normal weight. Weight manage-
ment should be recommended for individuals who are
overweight or obese, even in the absence of metabolic
unhealthy.
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