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Abstract
Background

The long-term association between frailty phenotype and major vision-threatening ocular diseases (age-
related macular degeneration (AMD), diabetic retinopathy (DR), glaucoma, and cataract), as well as the
underlying molecular mechanisms, remain unclear.

Methods

Cox proportional hazards models were used to assess the association between frailty status (classified
as non-frail, prefrail, or frail) and the risk of four ocular diseases. Olink proteomics identified plasma
proteins signatures associated with frailty status and ocular diseases. Mediation analysis assessed the
overall and stage-specific (prefrail vs. frail) proteins as potential mediators.

Results

During a median follow-up of 15.7 years, prefrailty and frailty were associated with significantly elevated
risks of AMD (Prefrail: HR = 1.17; Frail: HR = 1.49), DR (Prefrail: HR = 1.96; Frail: HR = 3.91), glaucoma
(Prefrail: HR = 1.13; Frail: HR = 1.61), and cataract (Prefrail: HR = 1.16; Frail: HR = 1.49) (all P< 0.001).
Proteomic profiling revealed 1,068 and 1,387 proteins associated with prefrailty and frailty, respectively,
enriched in immune-inflammatory pathways (e.g., leukocyte migration). Similarly, proteins associated
with all four ocular diseases were enriched in inflammatory and cell adhesion pathways. Mediation
analysis further demonstrated that a spectrum of plasma proteins partially explained these associations,
with a stage-specific escalation in the proportion of harmful mediators observed in DR.

Conclusions

These findings establish a significant link between frailty and common ocular diseases, unveiling a
mediating role of systemic inflammatory and extracellular matrix proteins, with a progressive, stage-
specific pattern in DR. These results highlight frailty as both a marker of shared pathways in systemic
and ocular aging, and a potential integrated biomarker for interventions aimed at preventing vision loss.

1. Introduction

Age-related macular degeneration (AMD), diabetic retinopathy (DR), glaucoma, and cataract are major
causes of vision loss and blindness in middle-aged and older adults globally, contributing to a significant

personal and public health burden’. While traditional risk factors such as advanced age? 3, genetic

susceptibility*, smoking®, hypertension®, and diabetes’ are well recognized, growing evidence suggests
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that systemic physiological decline may play a critical role in the development and progression of these
ocular diseases®.

Frailty is a geriatric syndrome characterized by reduced multisystem physiological reserve, manifesting
as diminished resilience to minor stressors®. It not only predicts higher risks of falls, hospitalization, and
mortality but is also regarded as a robust marker of biological aging'®. The core mechanisms underlying
frailty involve chronic low-grade inflammation, oxidative stress, and immune dysregulation’’, which have
also been implicated in various ocular pathological processes, such as retinal degeneration'?,

microvascular damage'?, and lens opacification'*. This mechanistic overlap suggests that frailty and
ocular diseases may share common biological underpinnings.

While cross-sectional and disease-specific studies have reported links between frailty and various
ophthalmic parameters or disease risks'®>"1”, large-scale prospective studies systematically evaluating
the relationship between frailty and multiple sight-threatening diseases remain scarce. Moreover, the
biological pathways linking systemic frailty to ocular pathology are not well defined. High-throughput
plasma proteomics offers a powerful approach to uncover shared molecular signatures, offering insights
into biomarkers and potential therapeutic targets for these age-related conditions.

To address these gaps, we conducted a prospective cohort study using data from the UK Biobank to
investigate the associations between the frailty phenotype and the incidence of four major ocular
diseases (AMD, DR, glaucoma, and cataract). We further evaluated potential effect modifications by age,
sex, and BMI. By integrating large-scale plasma proteomic profiling, we aimed to identify circulating
protein signatures associated with both frailty and ocular diseases, and to assess their potential
mediating roles in the observed epidemiological links. Our findings are expected to provide novel
insights into the biological connections between systemic frailty and ocular health.

2. Materials and methods

2.1 Study design and population

The UKB is a large, multicenter (covering England, Scotland, and Wales) prospective cohort study that
enrolled over 500,000 participants aged 40 to 69 years between 2006 and 2010'8. Each participant
completed touchscreen questionnaires, verbal interviews, physical examinations, and provided biological
samples. Ethical approval was granted by the North West Multi-Centre Research Ethics Committee (Ref:
11/NW/0382), and all participants provided written informed consent. The present study is a part of the
UKB project (Application ID: 540454).

As shown in Figure S1, 502,128 participants were initially included. Individuals with missing data on
frailty phenotype assessment (N = 41,000) and those diagnosed with AMD, DR, glaucoma, or cataract at
baseline were excluded. A total of 456,849 participants were retained for the primary analysis. For the
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proteomics sub-analysis, an additional 41,118 individuals without available proteomic data were
excluded, resulting in a final sample size of 411,18 participants.

2.2 Assessment of exposure: frailty phenotype

Given that the measurements collected by UKB differed from those in the Cardiovascular Health Study
on which Fried's original definition of frailty phenotype was based'?, this study adopted the modified

version proposed by Peter et al. to assess frailty status, adapted to the UKB data structure?’. The frailty
phenotype was determined based on the following five criteria: unintentional weight loss, exhaustion,
low physical activity, slow walking speed, and weak grip strength (see Supplementary Table S1 for
details). Participants were categorized into three groups according to the number of criteria met: non-
frail (O criteria), prefrail (1-2 criteria), or frail (= 3 criteria)?'. For analytical purposes requiring a
continuous measure, the total number of fulfilled criteria (range 0-5) was also used as a continuous
score, directly derived from the same five-item phenotype. Individuals with missing data on any of the
five frailty indicators were excluded from the analysis.

2.3 Assessment of outcome

Participants free of target ocular diseases at baseline were followed up from recruitment until the first
occurrence of an ocular event, death, loss to follow-up, or the end of follow-up, whichever occurred first.

Incident cases of age-related macular degeneration (AMD), diabetic retinopathy (DR), glaucoma, and
cataract were identified through a comprehensive case ascertainment strategy. This strategy integrated
three primary data sources within the UK Biobank: (1) hospital inpatient records coded with the
International Classification of Diseases, Ninth or Tenth Revisions (ICD-9/ICD-10); (2) touchscreen
questionnaire items related to eye problems and age at diagnosis; and (3) self-reported medical
conditions. The specific diagnostic codes and data fields used to define each disease are provided in
Supplementary Table S2.

2.4 OLINK proteomics

During the baseline period (2006—-2010), UKB randomly collected 54,306 plasma samples, which were
sent to the Olink Bioscience Analytical Service Center in Sweden. Quantitative detection of proteins in
four functional panels (Cardiometabolic, Inflammation, Neurology, and Oncology) was performed using
the Olink Explore 3072 platform. Detailed procedures for sample selection, processing, data
normalization, and strict quality control measures have been fully disclosed in the official document UKB
(https://biobank.ndph.ox.ac.uk/ukb/ukb/docs/Olink_proteomics_data.pdf), and the related methods
have also been described in detail in previous studies?2. After excluding proteins with a missing rate
exceeding 20%, a total of 2,916 high-quality plasma proteins were finally included in this study. All protein
expression levels were log2-transformed and standardized for subsequent analyses. The full names and
abbreviations of each protein are provided in Supplementary Table S3.

2.5 Covariates
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This study included potential confounding factors associated with frailty status and ocular disease risk:
(1) Sociodemographic factors: age (continuous), sex (categorical, male or female), race and ethnicity
(White/Caucasian, Black/African American, or Other); (2) Socioeconomic status indicators: educational
level (College and above/Below college), household income (less than £31,000/more than £31,000), and
the Townsend Deprivation Index (TDI, continuous). The TDI was calculated based on national census
data, incorporating indicators such as unemployment, overcrowding, and home and car ownership, with
higher values indicating more severe socioeconomic deprivation?3; (3) Anthropometric indicators: BMI
(kg/m?, categorical), which was divided into normal weight (< 25), overweight (25-29.9), and obesity (>
30); (4) Health behavior indicators: smoking status (categorical, never, former, or current smoker),
alcohol intake frequency (categorical, Daily or almost daily/Three or four times a week/Once or twice a
week/One to three times a month/Special occasions only/Never), and metabolic equivalent task (MET)
physical activity level (min/wk, categorical, low, moderate, or high). Among the above variables, age was
calculated based on birth dates, while sex, race and ethnicity, educational level, smoking, and alcohol
intake were self-reported at baseline. BMI was obtained from baseline physical measurements, and MET
was assessed using the International Physical Activity Questionnaire. The TDI was matched to regional-
level statistical data based on the residential postcode of participants.

2.6 Statistical analysis

First, the baseline characteristics of participants were described by frailty status (non-frail, prefrail, and
frail). Continuous variables were presented as mean * standard deviation, and intergroup comparisons
were performed using the weighted t-test or Kruskal-Wallis H test. Categorical variables were expressed
as frequencies and percentages, and the chi-square test was used for intergroup comparisons. For

covariates with a missing rate below 20%, multiple imputation was used to fill in the missing values?.

Cox proportional hazards models were applied to evaluate the association between frailty phenotype
and the incidence risk of four ocular diseases, with hazard ratios (HRs) and their 95% confidence
intervals (Cls) calculated. Three sequentially adjusted models were established: Model 1 was unadjusted
for any covariates; Model 2 was adjusted for age, sex, and race and ethnicity; Model 3 was further
adjusted for educational level, household income, TDI, BMI, smoking status, alcohol intake frequency,
and MET based on Model 2.

To further explore the effect modification, stratified interaction analyses were performed by age (< 60
years vs. 260 years), sex (female vs. male), and BMI (< 25 kg/m? vs. 25.0-29.9 kg/m? vs. 230 kg/m?).
Sensitivity analyses included: (1) excluding participants without proteomic data; (2) excluding individuals
who developed new-onset ocular diseases within two years of follow-up to reduce the possibility of
reverse causality.

In the proteomic analysis, linear regression models were first used to assess the association between
frailty phenotype and the level of plasma protein, with the non-frail group serving as the reference.
Meanwhile, Cox regression models were used to screen proteins associated with the incidence risk of
four ocular diseases. For the three comparisons of frailty phenotype in Model 3 (prefrail vs. non-frail, frail
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vs. non-frail, and trend test), the Benjamini-Hochberg (BH) method was used to calculate the false
discovery rate (FDR), respectively. An FDR < 0.05 was considered statistically significant.

Furthermore, pathway enrichment analysis was performed on the significantly associated proteins using
the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) databases to explore
biological pathways and functions related to frailty phenotype or four ocular diseases.

Mediation analysis was conducted using the “mediation” package in R software. In these models, frailty
was operationalized as the continuous score (range 0-5) representing the count of fulfilled frailty
criteria, which was used to evaluate the mediating effects of specific plasma proteins on its association
with the incidence risk of ocular diseases. A total of 5,000 bootstraps were employed as a validated
method to estimate the bias-corrected confidence intervals. All mediation analyses were adjusted for all
covariates in Model 3, and the mediation proportion and P value were reported in the results.

To examine whether the mediating effects of plasma proteins differed across the spectrum of frailty, we
conducted a stratified analysis based on each protein’s prior association with frailty status. Specifically,
significant mediating proteins were stratified into two groups: those that were more strongly associated
with the prefrail state and those more strongly associated with the frail state. This approach allowed us
to separately assess the mediation patterns in earlier versus more advanced stages of frailty. The
distributions of mediation proportions between these two groups were compared using the Wilcoxon
rank-sum test.

All statistical analyses were performed using R software (version 4.3.2, http://www.r-project.org). A two-
tailed P value < 0.05 was considered statistically significant.

3. Results
3.1 Baseline characteristics of the study population

In this study with a median follow-up of 15.7 years (interquartile range: 14.8—-16.5 years) among 456,849
UKB participants, 170,530 prefrail cases and 15,725 frail cases were documented. The mean age of the
study population was 56.4 8.1 years, with females accounting for 53.9% (N = 246,341). The baseline
characteristics stratified by frailty phenotype are detailed in Table 1.

Overall, compared with non-frail participants, frail individuals tended to be older, predominantly female,
have a higher proportion of non-White ethnicity, lower educational level, lower household income, and
higher TDI scores. They also had a higher prevalence of obesity, current smoking, lower alcohol intake
frequency, and low physical activity levels.
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Table 1

Baseline characteristics of participants by frailty phenotype*.

Variable

Age, y (SD)

Sex, n (%)

Female

Male

Race and ethnicity, n (%)
White/Caucasian

Black/African American
Other

Educational level, n (%)

College and above

Below college
Household income
Less than £31,000
Greater than £31,000
TDI (SD)

BMI, kg/m? (SD)
<25.0

25.0-29.9

Total

(N=
456,849)

56.4 (8.1)

246,341
(53.9)

210,508
(46.1)

434,439
(95.1)

6,698 (1.5)
15,712 (3.4)

53,549 (11.7)

403,300
(88.3)

221,390
(48.5)

235,459
(51.5)

1.4 (3.1)

151,734
(33.2)

194,661
(42.6)

Non-frail

(N=
270,594)

56.2 (8.1)

139,577
(51.6)

131,017
(48.4)

261,586
(96.7)

2,716 (1.0)
6,292 (2.3)

34,711 (12.8)

235,883
(87.2)

115,870
(42.8)

154,724
(57.2)

1.7 (2.9)

103,457
(38.2)

118,792
(43.9)
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Prefrail

(N=
170,530)

56.6 (8.1)

96,904 (56.8)

73,626 (43.2)

158,984
(93.2)

3,474 (2.0)
8,072 (4.7)

17,722 (10.4)
152,808

(89.6)
93,485 (54.8)
77,045 (45.2)

1.0 (3.2)

45,635 (26.8)

71,113 (41.7)

Frail

(N=
15,725)

57.8 (7.6)

9,860 (62.7)

5,865 (37.3)

13,869
(88.2)

508 (3.2)
1,348 (8.6)

1,116 (7.1)

14,609
(92.9)

12,035
(76.5)
3,690 (23.5)

0.6 (3.6)

2,642 (16.8)

4,756 (30.2)

value

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001




Variable Total Non-frail Prefrail Frail P
value
(N= (N= (N= (N=
456,849) 270,594) 170,530) 15,725)
>30 110,454 48,345 (17.9) 53,782 (31.5) 8,327 (53.0)
(24.2)
Smoking status, n (%) <
0.001
Never 250,117 152,941 90,016 (52.8) 7,160 (45.5)
(54.7) (56.5)
Former 159,005 93,507 (34.6) 60,071 (35.2) 5,427 (34.5)
(34.8)
Current 47,727 (10.4) 24,146 (8.9) 20,443 (12.0) 3,138 (20.0)
Alcohol intake frequency, n (%) <
0.001
Daily or almost daily 94,701 (20.7) 62,739 (23.2) 30,296 (17.8) 1,666 (10.6)
Three or four times a 107,108 71,108 (26.3) 34,300 (20.1) 1,700 (10.8)
week (23.4)
Once or twice a week 218,4)44 70,855(26.2) 44,388 (26.0) 3,201 (20.4)
25.9
One to three times a 50,803 (11.1) 27,858 (10.3) 21,055(12.3) 1,890 (12.0)
month
Special occasions only 50,964 (11.2) 23,481 (8.7) 23,732 (13.9) 3,751 (23.9)
Never 34,829 (7.6) 14,553 (5.4) 16,759 (9.8) 3,517 (22.4)
MET, min/wk, n (%) <
0.001
Low 84,125 (18.4) 40,982 (15.1) 36,500 (21.4) 6,643 (42.2)
Moderate 188,209 113,168 69,480 (40.7) 5,561 (35.4)
(41.2) (41.8)
High 184,515 116,444 64,550 (37.9) 3,521 (22.4)
(40.4) (43.0)

* Data were presented as frequency (%), or mean (standard deviation). Abbreviations: BMI, body mass
index; TDI, Townsend deprivation index; MET, metabolic equivalent task.

3.2 Association between frailty phenotype and common
ocular diseases

Cox proportional hazards model analysis showed that the frailty phenotype was significantly and
positively correlated with the incidence risk of the four major ocular diseases, and this association
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remained robust after sequential adjustment for confounding factors (Table 2). In the fully adjusted
model (Model 3), compared with non-frail participants, prefrail participants had a significantly increased
risk of developing AMD (HR=1.17,95%Cl =1.12-1.22, P<0.001), DR (HR =1.96, 95%CI =1.82-2.11, P<
0.001), glaucoma (HR=1.13,95%CI = 1.08-1.18, P< 0.001), and cataract (HR=1.16, 95%Cl =1.13-1.19,
P <0.001). The risks were further exacerbated in frail individuals: AMD (HR = 1.49, 95%Cl = 1.35-1.63),
DR (HR =3.91, 95%ClI = 3.50-4.38), glaucoma (HR = 1.61, 95%Cl = 1.46-1.77), and cataract (HR = 1.49,
95%Cl = 1.40-1.57), with all P values < 0.001.

In addition, there was a significant positive relationship between frailty status and the incidence risk of
the four ocular diseases, with all P values for trend < 0.001. Consistent with this trend, when frailty was
analyzed as the continuous score (range 0-5) as described in the Methods, per unit increase was
associated with significantly elevated risks for all four diseases.
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Table 2

Association between frailty phenotype and common ocular diseases.

AMD
Non-frail

Prefrail

Frail

P for
trend

Per unit

DR
Non-frail

Prefrail

Frail

P for
trend

Per unit

Glaucoma
Non-frail

Prefrail
Frail

P for
trend

Per unit

Cataract

Non-frail

Model 1
HR (95%Cl)

Reference

1.30 (1.25,
1.36)

1.94 (1.78,
2.12)

<0.001

1.23 (1.21,
1.26)

Reference

2.72 (2.53,
2.92)

8.87 (8.00,
9.82)

<0.001

1.92 (1.87,
1.97)

Reference

1.19 (1.14,
1.24)

1.87 (1.71,
2.05)

<0.001

1.19 (1.17,
1.22)

Reference

P

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

Model 2
HR (95%Cl)

Reference

1.21 (1.16,
1.26)

1.64 (1.50,
1.80)

<0.001

1.17 (1.14,
1.19)

Reference

2.65 (2.46,
2.85)

8.15 (7.34,
9.05)

<0.001

1.88 (1.83,
1.93)

Reference

1.14 (1.09,
1.19)

1.67 (1.53,
1.83)

<0.001
1.15 (1.13,
1.18)

Reference
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P

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

Model 3
HR (95%Cl)

Reference

1.17 (1.12,
1.22)

1.49 (1.35,
1.63)

<0.001

1.14 (1.11,
1.16)

Reference

1.96 (1.82,
2.11)

3.91 (3.50,
4.38)

<0.001

1.53 (1.48,
1.57)

Reference

1.13 (1.08,
1.18)

1.61 (1.46,
1.77)

<0.001

1.14 (112,
1.17)

Reference

P

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001

<
0.001




Model 1 Model 2 Model 3

HR (95%Cl) P HR (95%Cl) P HR (95%Cl) P
Prefrail 1.31 (1.28, < 1.22 (1.19, < 1.16 (1.13, <
1.35) 0.001 1.25) 0.001 1.19) 0.001
Frail 2.03 (1.92, < 1.71 (1.62, < 1.49 (1.40, <
2.14) 0.001 1.81) 0.001 1.57) 0.001
P for <0.001 <0.001 <0.001
trend
Per unit 1.25 (1.23, < 1.18 (1.17, < 1.13(1.12, <
1.26) 0.001 1.20) 0.001 1.15) 0.001

Data are presented as HR (95%Cl). Model 1: Non-adjusted. Model 2: Adjusted for age, sex, and race and
ethnicity. Model 3: Adjusted for age, sex, race and ethnicity, educational level, income, Townsend
deprivation index, body mass index, smoking status, alcohol intake frequency, and metabolic equivalent
task.

3.3 Subgroup and sensitivity analyses

Results of the stratified interaction analysis showed that among the three stratification factors (age, sex,
and BMI), only age had a significant modifying effect on the association between frailty phenotype and
DR (P for interaction = 0.003) as well as glaucoma (P for interaction = 0.024). Particularly, the risk
increments of DR and glaucoma associated with frailty were much greater in participants aged = 60
years than in those aged < 60 years. In contrast, sex and BMI had no significant modifying effect on the
association between frailty and the four ocular diseases (Figure S2).

Sensitivity analysis results indicated that the primary findings remained consistent even after excluding
participants with follow-up duration less than two years or those without proteomic data, demonstrating
good robustness of the study results (Supplementary Table S4).

3.4 Proteomic signature for frailty phenotype

In the subsample of 41,118 participants with available proteomic data (baseline characteristics shown in
Supplementary Table S5), linear regression models identified 1,068 and 1,387 proteins significantly
associated with prefrailty and frailty, respectively (FDR < 0.05, Figs. 1A-B, Supplementary Table S6).

GO enrichment analysis revealed that proteins associated with both prefrailty and frailty were
significantly enriched in biological processes (BP) such as leukocyte migration, myeloid leukocyte
migration, monocyte chemotaxis, and response to lipopolysaccharide (Figs. 1C-D, Supplementary Table
S7). Prefrail-associated proteins showed prominent enrichment positive regulation of cell adhesion,
leukocyte chemotaxis, and positive regulation of cytokine production, while frail-associated proteins
were notably enriched in complement activation, extracellular matrix organization, and neutrophil
activation.
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At the cellular component (CC) level, common enrichments included the external side of plasma
membrane, vesicle lumen, and collagen-containing extracellular matrix (ECM). For molecular function
(MF), glycosaminoglycan binding and chemokine receptor binding were shared, whereas scavenger
receptor activity, integrin binding, serine-type peptidase activity, indicating enhanced extracellular matrix
degradation, and cell-matrix interactions were more specific to frailty.

KEGG pathway analysis further revealed involvement of frailty-associated proteins in inflammatory
aging-related pathways such as the PPAR signaling pathway, EGFR tyrosine kinase inhibitor resistance,
and antigen processing and presentation (Figs. 1C-D, Supplementary Table S7).

3.5 Proteomic signature of the four common ocular
diseases

Cox regression analysis identified 333, 1,062, 214, and 260 proteins associated with the risk of AMD, DR,
glaucoma, and cataract, respectively (Fig. 2A, Supplementary Table S8). After FDR correction, 8, 887, 1,
and 18 proteins remained significant for each disease, respectively (Figure S3, Supplementary Table
S9). Enrichment analysis showed that all four ocular diseases shared significant enrichment in
inflammation-related BP terms such as cell-matrix adhesion, leukocyte migration, and positive regulation
of chemotaxis (Fig. 2B, Supplementary Table S10). The integrin-mediated signaling pathway was
uniquely enriched in DR and glaucoma. At the CC level proteins were commonly localized to structures
like collagen-containing extracellular matrix, with the strongest enrichment signals observed for DR.
Cytokine receptor binding was a shared MF term across all diseases. KEGG analysis revealed significant
enrichment of the ECM-receptor interaction and cytokine-cytokine receptor interaction pathways in AMD,
DR, and cataract.

3.6 Mediation analysis of proteins in the associations
between frailty phenotype and common ocular diseases

Further mediation analysis identified proteins that exerted a significant mediating effect on the
association between frailty and ocular diseases: 168 proteins for AMD, 749 proteins for DR, and 198
proteins for cataract, with the maximum mediation proportions reaching 10.04%, 32.36%, and 9.62%,
respectively (Supplementary Table S11). Venn diagram intersection analysis was used to screen out
mediating proteins that were simultaneously associated with frailty status and disease risk. These
proteins were further divided into prefrail-specific and frail-specific groups according to their association
strength with the prefrail or frail stage (Figs. 3A-C, Supplementary Table S12). Box plot results showed
that in DR, prefrail-specific proteins were predominantly associated with positive pathogenic effects
(72.7%, 16/22). The proportion of positive pathogenic effects further increased to 83.7% (123/147) in
frail-specific proteins, with a statistically significant difference between the two groups (P =0.0052).
These findings suggest that the mediating effect of pathogenic proteins is continuously enhanced with
the progression of frailty in DR (Figs. 3D-F).
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In AMD, all prefrail-specific proteins showed positive pathogenic effects (100%, 5/5). In the frail-specific
group, the proportion of negative protective proteins increased to 36.8% (7/19). Although the majority
still exerted positive pathogenic effects (63.2%, 12/19), the difference between the two groups was not
statistically significant (P = 0.84). There was no significant stage-specific difference in the mediating
effect of proteins in cataract (P = 0.58).

Discussion

This large-scale prospective cohort study established that frailty is independently associated with an
increased incidence of major ocular diseases, showing a graded risk relationship. This association
remained robust after full adjustment for demographic, socioeconomic, and lifestyle factors, and was
further verified by sensitivity analyses. High-throughput proteomic analysis further indicated that this
association is partly mediated by circulating proteins involved in immune-inflammatory and extracellular
matrix pathways. The mediating role of these proteins exhibited disease-specific patterns, including a
progression-dependent effect in DR.

Our findings are consistent with the research trends regarding the relationship between frailty and visual
dysfunction in recent years. Existing cross-sectional or retrospective studies have indicated that frailty is
closely correlated with multiple ophthalmic structural parameters (e.g., lens density, retinal nerve fiber

)25, 26

layer thickness, corneal endothelial cell density , and is significantly associated with visual function

decline?’ and visual field defect?®. Small-sample cohort studies combined with Mendelian randomization

analyses have further supported that frailty has a causal effect on ocular diseases, potentially serving as
one of the upstream driving factors of ocular aging'®. In addition, the frailty index has been confirmed to
be associated with an elevated risk of DR??, while frail individuals exhibit a faster decline in retinal
capillary density, suggesting impaired microvascular function'®. Another study found that individuals
with high frailty severity combined with high genetic risk had a significantly higher risk of irreversible
ocular diseases than those with low genetic risk and no frailty3C. Several recent prospective studies have
also shown that frailty trajectory is associated with an increased risk of AMD, implying that early
intervention for frailty may reduce the burden of ocular diseases in the elderly population'”-31. However,
previous studies mostly focused on a single ocular disease or adopted a cross-sectional design, lacking
systematic comparison among multiple ocular diseases and in-depth exploration from macro-phenotype
to molecular mechanisms. In contrast, the large sample size, long-term follow-up, and multi-dimensional
analysis of this study provide more reliable epidemiological evidence for the association between frailty
and ocular diseases.

Subgroup analysis showed that age had a modifying effect on the association between frailty and DR as
well as glaucoma. The risk increment of disease onset induced by frailty was more significant in
participants aged = 60 years. This may be attributed to the inherent decline in physiological reserve and
cumulative tissue damage in the elderly population, which makes them more likely to exceed the
compensatory threshold when facing systemic stress, thus accelerating the progression of
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microvascular and neurodegenerative lesions. Especially for DR, hyperglycemia itself can induce chronic
inflammation and endothelial dysfunction. Superimposed with the systemic homeostasis imbalance
represented by frailty, it may further exacerbate retinal microcirculation damage. The above findings
emphasize that routine frailty screening should be implemented in middle-aged and elderly populations
in clinical practice, particularly the identification of the prefrailty stage, which is conducive to early
warning and targeted intervention of ocular diseases. As advocated by Dinarvand et al., integrating frailty
assessment into routine ophthalmic diagnosis and treatment processes may promote interdisciplinary

collaboration and improve the quality of comprehensive management for elderly patients®2.

Our proteomic analyses provide direct molecular evidence linking systemic frailty to ocular disease risk,
centered on the mechanism of inflammaging. Proteins associated with both prefrailty and frailty were
enriched in immune activation pathways (e.g., leukocyte migration, complement activation), mirroring
the chronic low-grade inflammation recognized as a core mechanism of frailty3® 34. Notably, the
transition from prefrailty (enriched in positive regulation of cell adhesion and cytokine production) to
frailty (enriched in complement activation and extracellular matrix organization) suggests a progression
from early immune mobilization to sustained inflammation and tissue remodeling.

Crucially, these systemic inflammatory and tissue-remodeling pathways were mirrored at the ocular
level. Proteins associated with AMD, DR, glaucoma, and cataract were commonly enriched in processes
such as leukocyte migration and cell-matrix adhesion, reinforcing chronic inflammation as a shared
pathological basis. This is consistent with established evidence implicating specific inflammatory
pathways in these diseases, such as complement activation in AMD3°. Furthermore, the specific
enrichment of the integrin-mediated signaling pathway in DR and glaucoma highlights a disease-specific
emphasis on cell-matrix interactions and vascular or neuronal barrier integrity, which is supported by
prior identification of integrins like ITGA5 and ITGAM in DR pathology3® 7.

Collectively, these findings support a model wherein the systemic inflammatory and tissue-remodeling
state captured by the frailty phenotype, particularly its progression from prefrailty to frailty, creates a
permissive environment that exacerbates shared pathogenic pathways, thereby elevating the risk for
multiple ocular diseases.

The mediation analysis revealed a distinct disease- and stage-specific pattern in how plasma proteins
link frailty to ocular diseases. This was most pronounced in DR, which exhibited both the highest overall
mediation proportion and a significant increase in the proportion of proteins with detrimental mediating
effects from the prefrail to the frail stage (P = 0.0052). This suggests a dynamic, cumulative pathogenic
burden where progressive frailty activates or upregulates an increasing number of disease-promoting
proteins, thereby amplifying DR risk. In contrast, the mediating effects for AMD and cataract showed
different patterns. Although mediation was present in AMD, no significant stage-specific difference was
observed. For cataract, the direction of mediation was largely balanced. This indicates that the core

drivers of these diseases, such as strong genetic determinants in AMD®® or localized aging processes in
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cataract®®, may dominate their etiology. Frailty likely exerts its influence by exacerbating a shared

inflammatory milieu, resulting in a more static mediation profile.

These findings underscore the selective impact of frailty on ocular disease pathways. For DR, monitoring
the progression of frailty is crucial for assessing dynamically increasing risk. For AMD and cataract,
clinical focus might remain primarily on disease-specific risk factors, with frailty management serving as
a complementary systemic approach.

The main strengths of this study lie in the large sample size of the UKB and the long median follow-up
duration of 15.7 years, which ensure the statistical power and reliability of the study results. In addition,
the abundant phenotypic data and high-quality proteomic resources facilitate relatively comprehensive
adjustment of confounding factors and in-depth analysis of biological mechanisms. Finally, the
combination of Cox proportional hazards models, proteomic analysis, mediation analysis, and stage-
specific exploration enables an in-depth investigation of the association and mechanisms between
frailty and ocular diseases.

This study also has certain limitations. First, the study population was predominantly of European
ancestry, which may limit the generalization of the results to other ethnic groups. Second, although a
series of potential confounding factors were adjusted, observational studies cannot completely
eliminate residual confounding bias due to their inherent nature. Third, proteomic data were derived from
a single baseline plasma sample, failing to capture the dynamic changes in protein expression, which
may affect the accuracy of mediating effect estimation. Fourth, the diagnosis of ocular diseases was
based on ICD codes, questionnaire data, and self-reported information, which carries a certain risk of
misclassification bias. Finally, the Olink platform covers approximately 3,000 proteins. Although it
includes multiple functional modules, it does not cover the entire plasma proteome, and future studies
need to combine broader-spectrum technologies for further verification.

Conclusion

In conclusion, our study establishes a clear link between the systemic frailty phenotype and an increased
risk of major ocular diseases—AMD, DR, glaucoma, and cataract. This association is partially mediated
by plasma proteins involved in systemic inflammation and tissue remodeling, with a distinct, stage-
specific pattern evident in DR. These results position frailty as a valuable, integrative clinical indicator for
identifying individuals at high risk of vision loss and advocate for its assessment to be incorporated into
the holistic management of aging populations.
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Enrichment analyses of frailty phenotype-associated proteins.
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(A-B) Volcano plots showing the associations between 2,916 plasma proteins and the risk of prefrail (A)
and frail (B) status. Significantly associated proteins were labeled with a false discovery rate (FDR) <
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0.05 as the threshold: red dots indicate significantly upregulated proteins (Sig_Up), blue dots indicate
significantly downregulated proteins (Sig_Down), and gray dots indicate no significant difference
(NoDiff). (C-D) Gene Ontology (GO) enrichment analyses of prefrail (C) and frail (D) associated
proteins, covering three dimensions including biological process (BP), cellular component (CC), and
molecular function (MF). Bar charts display the top 10 significantly enriched pathways. (E-F) The most
significantly enriched signaling pathways of prefrail (E) and frail (F) associated proteins identified by
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis.
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Figure 2

Screening of frailty phenotype specific mediating proteins and stage-specific analysis of their
mediating effects.

(A-C) Venn diagrams showing the intersections of disease-associated proteins, frailty (prefrail and
frail) associated proteins, and significant mediating proteins in AMD (A), DR (B), and CATA (C), which
were used to screen out prefrail-specific and frail-specific core mediating proteins for each disease.
(D-F) Box plots presenting the distribution of mediation proportions of the two types of specific proteins
in AMD (D), DR (E), and CATA (F). The red dashed line represents the reference line with a mediation
proportion of 0. The numbers above and below the dashed line indicate the counts of proteins exerting
positive pathogenic and negative protective effects, respectively. Statistical differences were assessed
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using the Wilcoxon rank-sum test. AMD, Age-related macular degeneration; DREDiabetic retinopathy;

GLA, Glaucoma; CATAlCataract
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Figure 3

Bioinformatic analyses of proteins associated with four common ocular diseases.
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