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Purpose: To examine the associations between baseline frailty, longitudinal changes in frailty status, and the risk of incident arthritis
in older adults across diverse international populations.

Methods: We analyzed harmonized longitudinal data from four large ageing cohorts: CHARLS (China), ELSA (England), SHARE
(Europe), and MHAS (Mexico). A total of 48,480 participants aged 45 years and older were included in the baseline analysis, among
whom 18,820 were included in the longitudinal frailty change analysis. Frailty was assessed using a standardized frailty index. We
employed Cox proportional hazards models to estimate the associations of baseline frailty and frailty transitions over two years with
subsequent incident arthritis, adjusting for sociodemographic and lifestyle covariates.

Results: Higher baseline frailty levels were prospectively associated with an increased risk of incident arthritis, with Hazard Ratios
(HRs) for the highest versus lowest frailty tertiles ranging from 1.26 (95% CI 1.10-1.44) to 1.71 (95% CI 1.31-2.23) across the
cohorts. Regarding dynamic changes, worsening frailty was associated with a significantly elevated risk; specifically, transitioning
from pre-frail to frail was associated with HRs ranging from 1.45 (95% CI 1.08-1.95) in SHARE to 2.06 (95% CI 1.42-2.98) in
MHAS. In contrast, improvement in frailty status was not associated with a significant reduction in arthritis risk in any cohort.
Conclusion: The relationship between frailty and arthritis risk is markedly asymmetric. While frailty progression significantly
elevates risk, restoring a robust state does not immediately reverse this vulnerability. This suggests that preventing decline is far
more effective than attempting to reverse risk once damage has occurred.
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Introduction
Population ageing is a defining global trend of the 21st century, accompanied by a rapidly rising burden of chronic, disabling
conditions, particularly musculoskeletal disorders. Arthritis has emerged as a leading cause of disability among older adults
and a major public health challenge worldwide. Recent findings from the Global Burden of Disease analyses indicate that
approximately 600 million people, roughly 7% to 8% of the global population, are living with arthritis. Both the prevalence
and disability associated with arthritis continue to rise in most regions, especially low and middle-income countries.'**
Against this background, there is growing interest in identifying upstream age-related vulnerability states that may help
diagnose individuals at high risk of arthritis. Frailty has emerged as a key construct and a major research focus in gerontology
over the past decade. It is conceptualized as a multisystem syndrome resulting from the cumulative decline in physiological
reserves, which compromises the ability to maintain homeostasis and increases susceptibility to adverse health outcomes even
after minor stressors.”* Current evidence suggests that frailty is associated with markedly increased risks of falls, hospitaliza-
tion, disability, and all-cause mortality, and thus represents a major and increasingly recognized public health burden.>”’
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In clinical practice, frailty and arthritis are frequently observed in the same individual, and a growing number of
observational studies indicate that both frailty and pre-frailty are associated with an increased prevalence and severity of
osteoarthritis and joint pain.®'" However, the mechanism of this association remains poorly understood. Potential pathways
may involve chronic low-grade systemic inflammation, a decline in musculoskeletal reserve such as sarcopenia, and metabolic
disturbances such as obesity and insulin resistance, which together may accelerate joint degeneration and increase suscept-
ibility to arthritis.”'* Consistent with these proposed mechanisms, recent cross-sectional and mechanistic studies have
explored frailty-related biological dysregulation at the molecular level and its relevance to inflammatory and musculoskeletal
processes.'>"'* Because arthritis was self-reported, it may include both osteoarthritis and inflammatory arthritis; nevertheless,
frailty represents a common vulnerability state relevant to both conditions.

However, existing studies on the association of frailty and arthritis have predominantly relied on single-timepoint
assessments of baseline frailty, providing only a static view of a fundamentally dynamic process. Capturing transitions in
frailty status over time may provide a more informative reflection of underlying biological processes and offer support for
predicting the risk of arthritis earlier. Furthermore, a growing body of evidence suggests that frailty is not an irreversible state
itself but may be mitigated or even reversed through targeted interventions, such as engaging in physical activity and receiving
nutritional support.'>~'” However, it remains a critical and unresolved clinical question whether measurable improvement or
reversal of frailty translates into a significantly reduced risk of incident arthritis. While frailty scores are reversible, it is
unknown if the physiological damage leading to arthritis is equally reversible. We specifically tested whether the risk
relationship is bidirectional (risk drops as frailty improves) or asymmetric (risk remains elevated despite improvement).

To address these gaps and inform strategies for the primary prevention of arthritis and related musculoskeletal conditions,
we conducted a multi-cohort study using longitudinal data from four large and internationally diverse ageing studies: the
China Health and Retirement Longitudinal Study (CHARLS), the English Longitudinal Study of Ageing (ELSA), the Survey
of Health, Ageing and Retirement in Europe (SHARE), and the Mexican Health and Aging Study (MHAS). By leveraging
harmonized data across these cohorts, we aimed to disentangle the separate and joint contributions of baseline frailty status and
subsequent frailty transitions to the risk of incident arthritis. By clarifying whether frailty trajectories are prospectively
associated with arthritis onset and whether frailty improvement confers a measurable risk reduction, this study provides
empirical evidence on frailty as a potentially modifiable upstream target for preventing disabling musculoskeletal conditions.

We hypothesized that: 1) higher baseline frailty would be positively associated with a higher risk of incident arthritis;
and 2) worsening frailty over time would be associated with an increased risk of incident arthritis, whereas improvement
in frailty would be associated with a reduced risk.

Methods

Study Design

This study used longitudinal data from four internationally recognized ageing cohorts: CHARLS, ELSA, SHARE, and
MHAS. These studies collectively included 97,743 community-dwelling adult participants aged 45 to 50 years at
baseline, with follow-up interviews conducted every two to three years.'®?' A multi-cohort design was adopted to
examine frailty dynamics and arthritis risk across diverse socioeconomic and healthcare contexts, leveraging harmonized
and comparable health metrics across these populations. Wave 1 of CHARLS and MHAS, wave 2 of ELSA, and wave 4
of SHARE were regarded as the baseline. Changes in frailty status (AFI) were assessed between baseline and the
subsequent survey wave. Participants were then followed for incident arthritis until the latest available wave in each
cohort (Figure 1).

Ethics Approval and Consent to Participate
This study is a secondary analysis of de-identified data from four ongoing longitudinal cohort studies (CHARLS, ELSA,
SHARE, and MHAS). All original studies obtained ethical approval from their institutional review boards or ethics
committees, and written informed consent was obtained from all participants.

The present study received ethical approval from the Medical Ethics Review Committee of Shandong First Medical
University (Approval No. R202311060190). The current analysis involved no direct contact with participants and used
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M Frailty assessment (AFT)

M Incident arthritis follow-up
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ELSA Wave 2 (2004/05) Wave 3 (2006/07) Wave 9 (2018/19)
SHARE Wave 4 (2011) Wave 5 (2013) Wave 8 (2019/20)
MHAS Wave 1 (2001) Wave 2 (2003) Wave 5 (2018)
>
Baseline survey Follow-up survey Final wave

Figure | Timeline of frailty index assessments and incident arthritis follow-up in the four cohorts.

only anonymized data. All procedures were conducted in accordance with the 1964 Declaration of Helsinki and its later
amendments or comparable ethical standards.

Study Population

At baseline, a total of 97,743 participants were enrolled across the four cohorts, with 16,931 from CHARLS, 10,749 from
ELSA, 56,600 from SHARE, and 13,463 from MHAS. We first excluded 30,215 individuals with missing data on the
frailty index (FI) calculation at baseline. Moreover, 19,048 participants with arthritis at baseline or who were lost to
follow-up were also excluded. Finally, 48,480 eligible individuals were included in baseline frailty status analyses. The
participant selection process was summarized in Figure 2.

97,743 participants who attended the baseline surveys 48,480 participants for baseline frailty status analyses

® 16,931 participants aged >45 years fom CHARLS ® 8390 participants from CHARLS

® 10,749 participants aged > 50 years from ELSA ® 0,697 participants from ELSA

® 56,600 participants aged > 50 years from SHARE ® 26,195 participants aged > 50 years from SHARE

® (3,463 participants aged > 50 years from MHAS ® 7,198 participants aged > 50 years from MHAS
Exclude 30.215 participants with missing Exclude 17.748 participants with missing
data on the Fl calculation at baseline data on the Fl calculation at second survey

67,528 participants with complete FI at baseline 30,732 participants with complete FI at the second survey

® 2,433 participants from CHARLS ® 6,019 participants from CHARLS

® 10,250 participants from ELSA ® 5702 participants from ELSA

® 34,642 participants aged > 50 years from SHARE ® 14,764 participants aged > 50 years from SHARE

® 10,203 participants aged > 50 years from MHAS ® 4247 participants aged > 50 years from MHAS

Exclude 19.048 participants with arthritis at

. Exclude 11.912 participants with arthritis at
baseline or loss to follow-up

second survey or loss to follow-up

48,480 participants for baseline frailty status analyses 18,820 participants for changes in frailty status analyses
® 38,390 participants from CHARLS ® 4847 participants fom CHARLS

® 6,697 participants from ELSA ® 5401 participants from ELSA

® 26,195 participants aged > 50 years from SHARE ® 5,699 participants aged > 50 years from SHARE

® 7,198 participants aged > 50 years from MHAS ® 2873 participants aged > 50 years from MHAS

Figure 2 Flowchart of participant selection across four ageing cohorts (CHARLS, ELSA, SHARE, and MHAS).
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To assess changes in FI, we further excluded: 1) participants with missing FI assessments at the follow-up wave (n =
17,748), and 2) participants who were diagnosed with arthritis at the follow-up visit or lost to subsequent follow-up
(n=11,912). The remaining 18,820 participants were included in the final analysis.

Assessment of Frailty

Frailty was assessed using the FI, which was calculated by the accumulation of age-related health deficits present in
everyone, following established standard procedures.zz’23 In CHARLS, ELSA, and SHARE, the FI was constructed from
20 items, including diseases (excluding frailty itself), symptoms, disabilities, physical function, depression, and cogni-
tion. In MHAS, the FI was calculated based on 17 deficits, as items related to chronic lung disease, psychiatric problems,
and memory-related diseases were not available. (see Appendix Table Al). Although the number of deficits and specific

items varied slightly across cohorts, this approach aligns with recent methodological consensus that the FI is a robust and
flexible measure, where the proportion of deficit accumulation remains a consistent indicator of health status across
diverse datasets.”*

For the first 19 items, each deficit was scored as 1 if present and 0 if absent. Depression was measured using cohort-
specific CESD or EURO-D scales and dichotomized based on validated cut-off values: CESD-10 > 10 in CHARLS,
CESD-8 > 4 in ELSA, EURO-D > 4 in SHARE, and CESD-9 > 5 in MHAS. The 20th item, cognition, was represented
as a continuous score ranging from 0 to 1, with a higher score indicating poorer cognition. The cognitive score was
calculated as the sum of memory test scores and orientation test scores divided by 14. For each participant, the FI was
calculated as the total number of deficits present divided by the total number of items. Participants were classified into
three categories: robust (FI < 0.10), pre-frail (0.10 < FI < 0.25), or frail (FI > 0.25). To capture the dynamic nature of
frailty, two continuous measures were computed: total FI (the sum of baseline and follow-up FI scores) and changes in FI
(AFI, defined as follow-up FI scores minus baseline FI scores).

Covariates

The covariates included in this analysis comprised age, sex, marital status, educational attainment, smoking status,
alcohol consumption, and physical activity. Marital status was dichotomized as married/partnered versus other (sepa-
rated, divorced, unmarried, or widowed). Educational attainment was harmonized into three categories: below high
school, high school, and college or above. Physical activity was defined as engaging in moderate or vigorous activity at
least once per week, and physical inactivity as less frequent activity.”> Smoking and drinking states were each classified
as never versus ever. Notably, information on physical activity was not available in MHAS, and data on educational
attainment were largely missing in this cohort; therefore, these variables were excluded from the MHAS analyses. All
covariates were included in the multivariable Cox regression models. Adjusted hazard ratios (HRs) were reported in the
main tables, while unadjusted HRs were provided in the. Supplementary Tables 1-6.

Outcome Ascertainment and Follow-Up

The primary outcome was incident arthritis, identified through self-reported physician diagnosis. In CHARLS, ELSA,
and SHARE, participants were asked whether they had ever been diagnosed with arthritis by a doctor. In MHAS,
participants were asked, “Has a doctor or medical personnel ever told you that you have arthritis?”’; affirmative responses
were classified as incident arthritis. Although the exact wording differed slightly across cohorts, all items captured
a physician-diagnosed condition and thus provided. Participants were followed from baseline (or from the second survey
in analyses of frailty changes) until the first occurrence of any of the following events: self-reported arthritis diagnosis,
death, or the end of follow-up (censoring at the most recent available wave in each cohort: 2018 for CHARLS and
MHAS, 2018-2019 for ELSA, and 2019-2020 for SHARE).

Statistical Analysis

Descriptive statistics were presented as mean (standard deviation, SD) or median (interquartile range, IQR) for
continuous variables and as frequencies (percentages) for categorical variables. Cox proportional hazards regression
models were employed to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for the association between
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frailty and incident arthritis. Robust participants served as the reference group in all models. Two models were fitted:
a crude model (Model 1) and a multivariable-adjusted model (Model 2) that included all covariates.

Missing covariate data were handled using multiple imputations by chained equations, with the imputation model
including the frailty index, incident arthritis outcome, and all covariates used in the main analyses. Complete case (CC)
analyses were conducted as a sensitivity check.

To examine the impact of frailty transitions on incident arthritis, we defined mutually exclusive transition categories
between baseline and the second survey wave (stable robust, robust to pre-frail/frail, stable pre-frail, pre-frail to robust,
pre-frail to frail, stable frail, frail to robust/pre-frail). Given that these transitions are conditional on baseline status,
stratified Cox models were fitted with each baseline frailty stratum (robust, pre-frail, frail) with the corresponding stable
group in each stratum (stable robust, stable pre-frail, stable frail) serving as the reference category.

We further examined the association between changes in frailty status and incident arthritis. Both total FI and AFI
were categorized into tertiles for analysis. In AFI analyses, baseline FI was additionally included as a covariate. Linear
trends across tertiles were tested by treating the median value of each tertile as a continuous variable. The proportional
hazards assumption was verified using Schoenfeld residuals. Several sensitivity analyses were conducted to assess the
robustness of the findings. First, we applied two alternative FI cut-off schemes commonly used in previous studies:
1) frail >0.21, pre-frail 0.10-0.21, robust <0.10; and 2) frail >0.25, pre-frail 0.08-0.24, robust <0.08. Second, we repeated
the primary analyses using complete-case data (excluding participants with missing covariates) and compared the results
with those from the multiply imputed datasets. All analyses were conducted using R version 4.1.2 (R Foundation for
Statistical Computing, Vienna, Austria). A two-sided p-value < 0.05 was considered statistically significant.

Results

Baseline Characteristics
Following the application of inclusion and exclusion criteria, 8390 participants from CHARLS (47.1% female; mean age
58.1 years), 6697 from ELSA (49.8% female; mean age 64.0 years), 26,195 from SHARE (52.6% female; mean age 63.7
years), and 7198 from MHAS (53.3% female; mean age 63.3 years) were included in the baseline frailty status analyses.
Baseline characteristics of the included participants are presented in Table 1. Across all the cohorts, frail participants
were generally older and less likely to be married or partnered compared to their robust Counterparts. The prevalence of
frailty was higher among women in CHARLS, SHARE, and MHAS. In ELSA, however, the proportion of women was
slightly lower in the frail group (46.5%) than in the robust group (49.5%). Educational disparities were evidently
observed in CHARLS and SHARE, with frail participants being more concentrated in lower educational categories;
a similar, though less pronounced, trend was also observed in ELSA. With respect to physical activity, frail participants in
CHARLS, ELSA, and SHARE reported lower levels of vigorous activity and higher levels of light physical activity,
reflecting a graded decline in physical engagement with worsening frailty.

The baseline characteristics of participants included in the two-wave analysis of frailty change were largely consistent
with those observed in the full baseline sample. Frail participants were again older, more likely to be female, less frequently

married or partnered, and less physically active than robust participants across all cohorts (Supplementary Table S1).

Frailty Transitions Between Baseline and Follow-Up

Table 2 summarizes the changes in frailty status between baseline and the second survey across the four cohorts. Frailty
status was moderately dynamic over approximately two years of follow-up. Among participants who were robust at
baseline, 18.0% in CHARLS, 20.1% in ELSA, 22.5% in SHARE, and 44.5% in MHAS progressed to pre-frail or frail
states. In contrast, 59.8% of frail participants in CHARLS, 37.2% in ELSA, 46.1% in SHARE, and 41.1% in MHAS
transitioned to pre-frail or robust states. Among those who were pre-frail at baseline, the proportion progressing to frailty
ranged from 5.1% in ELSA to 14.4% in MHAS, while reversion to robust status ranged from 14.3% in SHARE to 33.1%

in CHARLS, indicating substantial bidirectional transitions across all the cohorts during the follow-up period.
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Table | Baseline Characteristics of Participants According to Frailty Status Across Four Cohorts (CHARLS, ELSA, SHARE, MHAS)

Variables CHARLS (n = 8390) ELSA (n = 6697) SHARE (n = 26195) MHAS (n = 7198)

Robust Pre-frail Frail Robust Pre-frail Frail Robust Pre-frail Frail Robust Pre-frail Frail
Number (%) 5453 (65.0) 2576 (30.7) 361 (4.3) 3761 (56.2) 2691 (40.2) 245 (3.6) 17,181 (65.6) 7855 (30.0) 1159 (4.4) 3756 (52.2) 3060 (42.5) 382 (5.3)
Age, mean (SD), years 56.5 (8.7) 60.4 (9.6) 65.6 (9.7) 62.3 (8.3) 65.9 (9.6) 70.0 (11.4) 61.9 (9.1) 66.4 (9.9) 714 (11.3) 63.1 (8.5) 62.8 (8.5) 69.7 (11.3)
Sex, n (%)
Male 2975 (54.6%) 1300 (50.5%) 162 (44.9%) 1897 (50.4%) 1334 (49.6%) 131 (53.5%) 8278 (48.1%) 3624 (46.1%) | 521 (44.9%) 2114 (56.3%) 1132 (37.0%) 117 (30.6%)
Female 2478 (45.4%) 1276 (49.5%) 199 (55.1%) 1864 (49.5%) 1357 (50.4%) 114 (46.5%) 8903 (51.9%) 4231 (53.9%) | 638 (55.1%) 1642 (43.7%) 1928 (63.0%) | 265 (69.4%)
Marital status, n (%)
Married or partnered 5001 (91.7%) 2205 (85.6%) 281 (77.8%) 2806 (74.6%) 1798 (66.8%) 128 (52.2%) 12,464 (72.5%) | 5186 (66.0%) | 662 (57.1%) 2720 (72.4%) | 2023 (66.1%) | 223 (56.5%)
Other marital status 452 (8.3%) 371 (14.4%) 80 (22.2%) 955 (25.4%) 893 (33.2%) 117 (47.8%) 4712 (27.5%) 2666 (34.0%) | 497 (42.9%) 1036 (27.6%) 1037 (33.9%) 172 (43.5%)
Education, n (%)
Below high school 4475 (82.0%) 2218 (86.1%) 333 (92.3%) 1097 (29.2%) 937 (34.8%) 111 (45.3%) 5286 (30.8%) 3534 (45.0%) | 636 (54.9%) NA NA NA
High school 620 (11.4%) 213 (8.3%) 12 (3.3%) 1828 (48.6%) 1162 (43.2%) 72 (29.4%) 7614 (44.3%) 3109 (39.6%) 387 (33.4%) NA NA NA
College or above 358 (6.6%) 145 (5.6%) 16 (4.4%) 836 (22.3%) 592 (22.0%) 62 (25.3%) 4281 (24.9%) 1212 (15.4%) 136 (11.7%) NA NA NA
Smoking status, n (%)
Ever smokers 2337 (42.9%) 1078 (41.8%) 158 (43.8%) | 2134 (56.7%) 1646 (61.2%) 187 (76.3%) 7929 (46.2%) 3683 (49.6%) | 488 (42.1%) 1795 (47.8%) 1193 (39.0%) 140 (36.6%)
Never smokers 3116 (57.1%) 1498 (58.2%) 203 (56.2%) 1627 (43.3%) 1045 (38.8%) 58 (23.7%) 9218 (53.8%) 4134 (53.1%) | 636 (57.9%) 1961 (52.2%) 1867 (61.0%) | 242 (63.4%)
Drinking_status
Ever drinkers 2272 (41.7%) 1059 (41.1%) 140 (38.8%) 3460 (81.4%) 2023 (82.6%) 137 (76.5%) 14,823 (86.3%) | 6381 (81.6%) | 866 (74.7%) 2553 (68.0%) 2322 (75.9%) 332 (86.1%)
Never drinkers 3181 (58.3%) 1517 (58.9%) 221 (61.2%) 701 (18.6%) 468 (17.4%) 42 (23.5%) 2324 (13.7%) 1434 (18.4%) | 293 (25.3%) 1203 (32.0%) 738 (24.1%) 50 (13.1%)
Physical activity
Light 1745 (32.0%) 1060 (41.3%) 249 (69.0%) 302 (8.0%) 363 (13.5%) 163 (66.5%) 801 (4.7%) 1075 (13.7%) | 661 (57.0%) NA NA NA
Moderate 1691 (31.0%) 773 (30.2%) 69 (19.1%) 1520 (40.4%) 1241 (46.1%) 62 (25.3%) 4371 (25.3%) 2933 (37.3%) 336 (28.9%) NA NA NA
Vigorous 2017 (37.0%) 743 (28.6%) 43 (11.9%) 1939 (51.6%) 1087 (40.4%) 20 (8.2%) 11,976 (70.0%) 3847 (49.0%) 162 (14.1%) NA NA NA
BMI 245 (4.5) 24.0 (4.3) 23.4 (4.0) 28.8 (5.8) 28.0 (5.2) 28.8 (5.8) 26.2 (4.2) 28.0 (4.9) 282 (6.0) 26.9 (4.8) 279 (5.7) 27.3 (5.7)

Notes: Values are n (%) or mean (SD). Percentages are calculated within each frailty group. NA indicates not available. Education and physical activity were not available in MHAS. Variables were harmonized across cohorts where
possible.
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Table 2 Transitions in Frailty Status Between Baseline and the second Survey Across
Four Cohorts (CHARLS, ELSA, SHARE, MHAS)

Baseline | Second Survey CHARLS ELSA SHARE MHAS
Frail Frail 70 (40.2%) 86 (62.8%) 136 (54.0%) 53 (58.9%)
Pre-frail 71 (40.8%) 48 (35.0%) 105 (41.7%) 30 (33.3%)
Robust 33 (19.0%) 3 (2.2%) 11 (4.4%) 7 (7.8%)
Pre-frail Frail 93 (5.3%) 110 (5.1%) 289 (9.7%) 232 (14.4%)
Pre-frail 1083 (61.6%) | 1704 (79.4%) | 2263 (76.0%) | 1048 (65.2%)
Robust 581 (33.1%) 332 (15.5%) | 427 (14.3%) 328 (20.4%)
Robust Frail 55 (1.4%) 19 (0.6%) 91 (1.1%) 122 (5.6%)
Pre-frail 640 (16.6%) 609 (19.5%) | 1721 (21.4%) | 841 (38.9%)
Robust 3162 (82.0%) | 2490 (79.9%) | 6216 (77.4%) | 1199 (55.5%)

Notes: Values are presented as number (percentage). Frailty transition was classified as frail, pre-frail, or robust
according to the frailty index categories.

Association Between Baseline Frailty Index Tertiles and Incident Arthritis

Table 3 presents the multivariable-adjusted associations between total FI tertiles and incident arthritis. Compared with
participants in the lowest tertile, those in the highest tertile had significantly increased risks of developing arthritis in
CHARLS (HR = 1.26, 95% CI 1.10-1.44; P < 0.001), SHARE (HR = 1.36, 95% CI 1.18-1.57; P < 0.001), and MHAS
(HR =1.71, 95% CI 1.31-2.23; P < 0.001), but not in ELSA (HR = 1.12, 95% CI 0.95-1.32; P = 0.178). Tests for linear
trend across FI tertiles were significant in CHARLS, SHARE, and MHAS, but not in ELSA (P = 0.177). The direction of
these associations was consistent in unadjusted analyses (Supplementary Table S2), although the associations were

generally stronger and larger before covariate adjustment.

Association Between Changes in Frailty Status and Incident Arthritis

Table 4 presents the multivariable-adjusted associations between changes in frailty status and incident arthritis across the
four cohorts. Among participants who were robust at baseline, progression to pre-frail or frail status was associated with
a significantly increased risk of incident arthritis in CHARLS (HR = 1.23, 95% CI 1.03—1.46) and SHARE (HR = 1.26,
95% CI 1.09-1.46). For those who were pre-frail at baseline, transition to frailty was associated with increased arthritis
risk in ELSA (HR = 1.73, 95% CI 1.07-2.81), SHARE (HR = 1.45, 95% CI 1.08-1.95), and MHAS (HR = 2.06, 95% CI
1.42-2.98). In contrast, improvements in frailty status, either from pre-frail to robust or from frail to pre-frail or robust,
were not associated with a significant reduction in arthritis risk in any cohort. A similar pattern of associations was
observed in the crude models (Supplementary Table S3).

Association Between AFI Tertiles and Incident Arthritis

Table 5 shows the multivariable-adjusted associations between cohort-specific tertiles of change in the frailty index (AFI)
and incident arthritis. Within each cohort, AFI was divided into cohort-specific tertiles with the lowest tertile (T1)
representing the most favorable trajectory (greatest improvement or least worsening) and serving as the reference group.
The highest tertile (T3) represented the upper end of the distribution, comprising participants with the greatest increase in
the frailty index (indicating the greatest worsening of frailty). Across most cohorts, compared to T1, larger increases in
AFI were not significantly associated with higher arthritis risk in most cohorts. An exception was observed in the SHARE
cohort, where T3 was marginally associated with increased risk (HR = 1.13, 95% CI 1.00-1.28; P = 0.058), with
a significant linear trend across tertiles (P 0.045). Conversely, participants in the intermediate tertile (T2) of AFI showed
a significantly reduced risk of arthritis in CHARLS (HR=0.83, 95% CI 0.73-0.95; P=0.008). The direction of these
associations between AFI tertiles and incident arthritis was consistent with that in the unadjusted analyses
(Supplementary Table S4), with generally stronger associations before covariate adjustment.
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Table 3 Association Between Total Frailty Index Tertiles and Incident Arthritis Across Four Cohorts (CHARLS, ELSA, SHARE, MHAS)

Frailty Transition

CHARLS (n=4847)

ELSA (n=5401)

SHARE (n=5699)

MHAS (n=2873)

Events/n HR2 (95% CI) P Events/n HR2 (95% CI) P Events/n HR2 (95% CI) P Events/n HR2 (95% CI) P
T1 of total FI 417/1603 Ref. - 283/1732 Ref. - 370/1897 Ref. - 90/958 Ref. -
T2 of total FI 411/1624 | 0.98 (0.85-1.12) 0.749 285/1851 0.95 (0.81-1.12) | 0.566 | 468/1887 1.17 (1.02-1.34) 0.028 116/956 1.22 (0.92-1.61) 0.160
T3 of total FI 509/1620 1.26 (1.10-1.44) | <0.001 312/1818 1.12 (0.95-1.32) | 0.178 616/1915 1.36 (1.18-1.57) | <0.001 1731959 1.71 (1.31-2.23) | <0.001
P for trend test 0.003 0.177 <0.001 <0.001

Notes: Ref. = reference group (T1, lowest tertile of frailty index). HR2 adjusted for age, sex, marital status, education, smoking, drinking, and physical activity.
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Table 4 Association Between Changes in Frailty Status and Incident Arthritis Across Four Cohorts (CHARLS, ELSA, SHARE, MHAS)

:sdyyy

Frailty Transition CHARLS (n=4847) ELSA (n=5401) SHARE (n=5699) MHAS (n=2873)
Events/n | HR2 (95% CI) P Events/n | HR2 (95% CI) P Events/n | HR2 (95% CI) P Events/n | HR2 (95% CI) P
Stable robust 666/2708 Ref. 388/2490 Ref. 688/3293 Ref. 86/914 Ref.
Robust — pre-frailffrail | 165/555 | 1.23 (1.03-1.46) | 0.019 | 97/628 | 1.04 (0.83-1.30) | 0.742 | 238/906 | 1.26 (1.09-1.46) | 0.002 | 92/690 | 1.29 (0.96-1.74) | 0.096
Stable pre-frail 269/882 Ref. 279/1704 Ref. 339/1083 Ref. 119/822 Ref.
Pre-frail — robust 152/494 | 0.94 (0.76-1.15) | 0.547 | 71/332 | 1.25 (0.96-1.62) | 0.102 | 56/210 | 0.94 (0.70-1.25) | 0.672 | 29/242 | 0.85 (0.56-1.28) | 0.434
Pre-frail — frail 24/68 121 (0.79-1.86) | 0380 | 19/110 | 1.73 (1.07-2.81) | 0.025 | 50/110 | 1.45(1.08-1.95) | 0.013 | 41/144 | 2.06 (1.42-2.98) | <0.001
Stable frail 25/52 Ref. 17/86 Ref. 23/51 Ref. 5/29 Ref.
Frail — robust/pre-frail 36/88 0.83 (0.48-1.43) | 0.487 9/51 0.56 (0.22-1.46) | 0216 18/46 1.34 (0.63-2.87) | 0.432 7132 1.50 (0.25-8.87) | 0.553

Note: Ref. = reference group within each baseline frailty stratum (stable robust, stable pre-frail, or stable frail, as appropriate).
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Table 5 Association Between Tertiles of Changes in Frailty Index (AFI) and Incident Arthritis Across Four Cohorts (CHARLS, ELSA, SHARE, MHAS)

AFI Tertiles CHARLS (n=4847) ELSA (n=5401) SHARE (n=5699) MHAS (n=2873)

Events/n HR2 (95% CI) P Events/n HR2 (95% CI) P Events/n HR2 (95% CI) P Events/n HR2 (95% CI) P
Tl of AFI 472/1600 Ref. 292/1775 Ref. 437/1759 Ref. 121/952 Ref.
T2 of AFI 397/1626 0.83 (0.73-0.95) 0.008 283/1818 0.93 (0.79-1.09) 0.364 447/2040 0.91 (0.80-1.04) 0.177 105/955 0.87 (0.67-1.13) 0.288
T3 of AFI 468/1621 0.98 (0.86—1.12) 0.802 305/1808 1.07 (0.91-1.25) 0.442 570/1900 1.13 (1.00-1.28) 0.058 153/966 1.22 (0.96-1.55) 0.109
P for trend test 0.778 0.444 0.045 0.095

Notes: Ref. = reference group (T| of AFl, ie, the lowest tertile of frailty index change). HR2 = multivariable-adjusted hazard ratios.
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Sensitivity Analyses

Overall, the associations were robust across sensitivity analyses. Using two alternative FI cut-off schemes to define
baseline frailty (cut-off 1: frail > 0.21; cut-off 2: frail > 0.25), we repeated the analyses of the associations between
baseline frailty status and incident arthritis (Supplementary Table S5). The pattern of associations was broadly consistent

with the main analysis based on FI tertiles (Table 3). Across all the cohorts, participants classified as frail exhibited
consistently higher risks of incident arthritis than those classified as robust under both alternative definitions, although the
magnitude of the hazard ratios and confidence intervals varied by cohort. Wider confidence intervals in SHARE and
MHAS reflected smaller frail group sizes. Complete case (CC) analyses yielded estimates that were consistent in
direction and similar in magnitude to those obtained from the multiply imputed datasets (Supplementary Table S6).

Discussion

In this large, multi-cohort study comprising more than 45,000 older adults from China, England, continental Europe, and
Mexico, we demonstrated that both baseline frailty and subsequent progression in frailty status were prospectively
associated with an increased risk of incident arthritis. Specifically, a higher frailty level at baseline predicted a greater risk
of developing arthritis, and those whose frailty status worsened during follow-up faced the highest risk. In contrast,
transitions indicating improvement in frailty status were not consistently associated with a reduced risk of arthritis.
Overall, the direction of association was generally consistent across cohorts, although the magnitude of effects and
statistical significance of the estimates varied in different population contexts.

Previous research has consistently reported an association between frailty and a higher prevalence of arthritis and
other musculoskeletal disorders. However, the majority of this evidence stems from cross-sectional designs or is limited
to single national cohorts.'®*® For instance, cross-sectional analyses from population-based studies in China and Europe
have shown that both frailty and pre-frailty were significantly associated with osteoarthritis and joint pain burden,
supporting the view that frailty may represent a state of systemic vulnerability to musculoskeletal decline.®’ Our findings
reinforce this evidence by showing that higher frailty levels at baseline were prospectively associated with a greater risk
of developing arthritis.

A key contribution of this study lies in its longitudinal examination of frailty transitions across four internationally
diverse ageing cohorts, advancing our understanding beyond static associations to a dynamic perspective on the
relationship between frailty progression and arthritis development. Unlike previous cross-sectional studies and single-
cohort longitudinal analyses, this design allows us to disentangle the differential effects of frailty worsening versus
improvement on subsequent arthritis risk. Importantly, the multi-cohort framework enables assessment of whether these
dynamic associations are consistent across populations with distinct healthcare systems and sociocultural contexts,
thereby strengthening the generalizability of the findings. Consistent with this dynamic framework, our analyses revealed
that participants whose frailty status worsened during follow-up, particularly those progressing from robust or pre-frail to
frail, had the highest risk of developing arthritis, whereas recovery from frailty did not confer statistically significant
protection within the observed follow-up period. This asymmetry suggests that frailty progression may exert faster or
more sustained adverse effects on joint health than can be reversed by short-term improvement.

In addition to categorical frailty transitions, we examined tertiles of continuous change in the frailty index (AFI) to
provide a complementary perspective. The non-linear associations observed in some AFI tertile analyses, exemplified by
the intermediate tertile (T2) in CHARLS, likely represent a stability benefit among individuals who avoided rapid
progression, rather than a protective effect of active frailty reversal. Unlike frailty transition analyses, which are
explicitly conditioned on baseline frailty status and capture clinically meaningful threshold crossings, AFI tertiles
aggregate heterogeneous patterns of change and do not account for initial frailty level. Consequently, associations across
AFI tertiles may appear attenuated or non-monotonic and should be interpreted as descriptive and supportive rather than
as primary estimates of risk.

Although the overall direction of associations between frailty and incident arthritis was broadly consistent across
cohorts, the magnitude and statistical significance of the effect varied by population. Such cross-cohort heterogeneity is
not unexpected given differences in cohort composition, disease detection practices, and measurement characteristics
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across studies. Importantly, however, the observed heterogeneity was largely quantitative rather than qualitative: higher
baseline frailty and frailty worsening were consistently associated with increased arthritis risk across cohorts, even when
effect sizes differed.

One potential source of heterogeneity relates to differences in the underlying composition of arthritis captured by self-
reported physician diagnosis across countries. Although the available data did not permit differentiation between
osteoarthritis and inflammatory arthritis, variation in the relative prevalence of these conditions across populations
may partly contribute to cross-cohort differences in effect magnitude. Nevertheless, frailty represents a global vulner-
ability state characterized by reduced physiological reserve, systemic inflammation, and musculoskeletal decline, which
is biologically relevant to both degenerative and inflammatory joint diseases.”’ >° Therefore, such variation is unlikely to
alter the direction of the observed associations.

Notably, a higher proportion of participants classified as frail at baseline in the MHAS cohort transitioned to pre-frail
or robust states compared with other cohorts. This pattern may reflect methodological and cohort-specific factors rather
than a true biological difference in frailty reversibility. Possible explanations include selective attrition of the most
severely frail individuals between waves, cultural differences in self-reported health deficits, and the use of a frailty index
constructed from fewer items, which may increase the likelihood of category transitions near threshold values. Despite
these differences, the association between frailty progression and increased arthritis risk in MHAS was directionally
consistent with that observed in other cohorts, supporting the robustness of the main findings.

Beyond biological mechanisms, behavioral and functional pathways may further reinforce the frailty—arthritis
association. Frailty is closely associated with sarcopenia, reduced muscle strength, and metabolic dysregulation.®' 3¢
In turn, frailty is linked to physical inactivity, fatigue, balance impairment, and an increased risk of falls, all of which
may contribute to altered joint loading, cumulative microtrauma, and accelerated musculoskeletal decline.’”*° In
addition, individuals with frailty are more likely to experience multimorbidity and socioeconomic disadvantage, which
may limit access to timely diagnosis and optimal management of joint conditions, thereby amplifying observed

associations across populations.*!'*?

The Asymmetry of Risk and the Legacy Effect
Our most novel finding is that arthritis risk increased with worsening frailty but did not decline following short-term
improvement in frailty status. This asymmetric pattern may in part reflect a legacy effect of accumulated physiological
vulnerability, although alternative and complementary explanations should also be considered. First, the transition into
a frail state marks a period of sustained systemic inflammation, sarcopenia, and metabolic dysregulation that produces
cumulative damage to cartilage and periarticular tissues. Once such changes have occurred, modest short-term improve-
ments in the frailty status observed over the relatively brief follow-up period may not be sufficient to alter the subsequent
trajectory toward clinical arthritis.>'?* In this context, the absence of a protective association for frailty improvement
may reflect a latency or induction period rather than irreversible damage. Second, measured improvement in the frailty
status may not coincide with full recovery of the specific components of musculoskeletal reserve and behavior that
protect joints. Individuals whose frailty improves may experience better symptom control or fewer deficits without
regaining muscle strength, neuromuscular control, or habitual physical activity to levels that meaningfully reduce joint
loading. Third, early pain and mobility limitation can trigger a rapid downward spiral of inactivity, muscle loss, and
further frailty. Conversely, short-term improvements in frailty scores may not be sufficient on their own to drive the
sustained engagement in exercise and rehabilitation required to protect joints.**

Our most novel finding is that arthritis risk increased with worsening frailty but did not decline with short-term frailty
improvement. This asymmetric pattern may reflect a legacy effect of accumulated physiological vulnerability, but
alternative explanations should also be considered.

Strengths and Limitations

This study has several strengths. First, our analyses draw on large, well-characterized samples from four internationally
established ageing cohorts across China, England, continental Europe, and Mexico, representing diverse socioeconomic
and healthcare contexts and enabling an assessment of the consistency of associations across different populations.
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Second, frailty was operationalized using a harmonized frailty index based on a comprehensive set of age-related health
deficits that excluded arthritis-related items, thereby minimizing diagnostic circularity between the exposure and outcome
and allowing a clearer assessment of the prospective association. Third, by incorporating both baseline frailty status and
subsequent frailty transitions, our analyses provide a dynamic perspective on the frailty arthritis relationship, distinguish-
ing the effects of initial vulnerability from those of subsequent deterioration. Finally, multiple sensitivity analyses,
including alternative frailty index cut-off schemes and complete-case analyses, yielded results that were largely
consistent with the primary findings, supporting the robustness of the observed associations.

Several limitations should be considered when interpreting these results. First, incident arthritis was based on self-
reported physician diagnosis in follow-up surveys, without validation against clinical records or imaging data, and
without detailed information on arthritis subtype, such as osteoarthritis vs inflammatory arthritis, joint site, disease
severity, or treatments, which limits mechanistic insight. In addition, differences in healthcare access, health-seeking
behavior, and diagnostic practices across countries may have led to differential ascertainment of arthritis. Second, the
frailty index in MHAS was constructed from 17 items rather than the 20 used in other cohorts. While this difference may
affect frailty classification near threshold values, prior methodological work and recent reviews suggest that frailty
indices constructed using a moderate number of items (>15), provided that they span multiple physiological systems,
retain comparable validity.”>*> Nevertheless, these factors may have introduced outcome misclassification or measure-
ment heterogeneity, potentially influencing effect estimates and contributing to observed cross-cohort variation. Third,
although we adjusted for a range of demographic and behavioral covariates, residual confounding remains possible due to
the lack of detailed data on specific dimensions of physical activity, occupational joint loading, dietary patterns, and use
of analgesic or anti-inflammatory medications. Fourth, although the overall sample size was large, the subgroup of
participants demonstrating frailty improvement was relatively small after stratification by cohort and baseline frailty
category. Finally, the observational design precludes firm causal inference. Future studies with larger intervention
cohorts, more frequent frailty assessments, and complementary study designs are needed to determine whether sustained
reversal of frailty can reduce the risk of incident arthritis.

Implications and Future Directions
The present findings have several implications for clinical practice and public health.

First, our findings support the incorporation of frailty assessment into routine primary care, geriatric evaluation, and
rheumatology practice to identify older adults at increased risk for developing arthritis. Both baseline frailty status and its
changes over time appear prognostically informative, suggesting that serial assessments could help clinicians identify
patients whose worsening frailty signals heightened vulnerability to subsequent joint disease.

Second, interventions aimed at preventing or slowing deterioration in frailty may help reduce vulnerability to arthritis
in older adults. Multicomponent strategies that combine resistance and balance training, weight management, optimiza-
tion of comorbidities, and support for regular physical activity may help preserve musculoskeletal reserve and reduce
joint loading in older adults. Taken together, these findings highlight the importance of early and sustained efforts to
prevent frailty progression.

Finally, future research should employ randomized or quasi-experimental designs to examine whether targeted frailty
interventions can effectively reduce the incidence of arthritis or delay its onset. Studies with more frequent frailty
measurements, extended follow-up periods, and detailed characterization of joint outcomes, including imaging and
biomarkers, are needed to clarify temporal relationships and potential causal pathways. Additional work should also
explore how sex, obesity, multimorbidity, socioeconomic disadvantage, and healthcare utilization patterns modify the
frailty-arthritis association and identify which components of frailty are most amenable to intervention for preserving
joint health.

Conclusion

In this large, multi-cohort study of more than 45,000 older adults from China, England, continental Europe, and Mexico,
we found that frailty was prospectively associated with an increased risk of incident arthritis across diverse ageing
populations. Higher baseline frailty levels predicted a greater subsequent risk of incident arthritis, while individuals
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whose frailty worsened over time had the highest risk, indicating that frailty progression is a particularly salient marker
of vulnerability. In contrast, improvement in frailty status was not clearly associated with a lower risk of developing
arthritis within the observed follow-up period. Taken together, these findings suggest that serial monitoring of frailty,
with attention to both initial status and subsequent deterioration, helps to identify older adults at elevated risk of arthritis.
They further highlight the importance of preventing or slowing frailty progression as an integral component of strategies
to preserve joint health in later life.
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