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ABSTRACT

Background: Knee osteoarthritis is a common disease that causes disability and loss of independence in middle-
aged and older adults, and may interact with frailty through shared pathways. Understanding their bidirectional
relationship is clinically meaningful for early intervention. This study aimed to investigate the associations
between knee osteoarthritis and frailty among middle-aged and older adults in China.

Methods: The data for this study came from three waves (baseline 2011, follow-up 2013 and 2015) of the China
Health and Retirement Longitudinal Study (CHARLS). A total of 3560 participants were included. Frailty was
assessed with the Frailty Index. Knee osteoarthritis was defined as physician-diagnosed arthritis with self-
reported knee pain. Longitudinal bidirectional relationships were found using cross-lagged panel models and
random-intercept cross-lagged panel models.

Results: A longitudinal bidirectional relationship between knee osteoarthritis and frailty was observed, with a
stronger effect of frailty on subsequent knee osteoarthritis (Wald 3> = 11.416, P < 0.001). At the between-person
level, individuals with knee osteoarthritis also tend to have a higher risk of frailty (= 0.454, P < 0.001). At the
within-person level, the predictive effect of knee osteoarthritis on frailty was significant only in the long term
($=0.055, P < 0.05). Subgroup analyses showed that this longitudinal bidirectional relationship was particularly
strong among females as well as those with low education levels.

Conclusions: This study reveals a longitudinal bidirectional relationship between knee osteoarthritis and frailty in
middle-aged and older adults. In particular, the dominant role of frailty in the development of knee osteoarthritis
was found, as well as the negative impact of knee osteoarthritis accumulation on frailty over time. This result
suggests that targeting frailty early interventions in an ageing society may help to interrupt the vicious cycle of
knee osteoarthritis and reduce the risk of disability. It provides a scientific basis for public health strategies.

1. Introduction

osteoarthritis (KOA) as a common musculoskeletal disease in
middle-aged and older adults, is characterized by articular cartilage

As global ageing accelerates, frailty, as an important clinical syn-
drome associated with aging, has become one of the world’s most sig-
nificant challenges [1]. Frailty is a geriatric syndrome characterized by
declining physiological reserves, multi-system dysfunction, and reduced
stress capacity [2]. Frailty is commonly associated with a range of
adverse health consequences, including falls, disability, hospitalization,
and mortality [3]. Research has shown that frailty is dynamically
reversible [4]. Therefore, early identification and targeted interventions
can effectively prevent the occurrence of frailty in older people and
achieve healthy aging.

Frailty is closely related to musculoskeletal health [5]. Knee
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destruction and subchondral bone hyperplasia, with joint pain as the
main symptom [6]. According to the Global Burden of Disease study [7],
the number of KOA patients worldwide has reached 303 million and is
expected to exceed 594 million by 2050. In China, the prevalence of
KOA in middle-aged and older adults is as high as 36.4 percent, and the
total number of KOA cases in China is expected to increase by 74.9
percent by 2050. Meanwhile, KOA is the fourth most disabling disease,
with nearly 100 million people worldwide disabled by it [8]. The years
lived with disability (YLD) of KOA is 18.9 million person-years and ac-
counts for 2.2 percent of the global burden of all diseases. The high
prevalence, disability, and disease burden of KOA have a great impact on
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both human health and quality of life [9].

There is an association between KOA and frailty. From KOA to
frailty, chronic joint pain and mobility limitations not only directly
reduce physical activity (aligning with the key criteria of Fried’s frailty
phenotype) but also trigger systemic functional decline through pro-
longed disuse [10-13]. Moreover, KOA-related local inflammation
(elevated IL-6/TNF-a) may release these cytokines into systemic circu-
lation, exacerbating age-related inflammaging via NF-xB activation,
which disrupts muscle protein balance, accelerating sarcopenia devel-
opment and ultimately leading to frailty [14].

Meanwhile, frailty status significantly exacerbates KOA progression,
with physical frailty playing a particularly prominent role. Sarcopenia, a
core component of frailty, not only reduces lower limb muscle strength
but also alters knee joint biomechanical stability and increases joint
loading, directly supporting the "muscle-joint functional unit" theory
emphasized in OARSI guidelines [15,16]. Furthermore, the "metabol-
ic-inflammatory" axis plays a crucial role in osteoarthritis progression:
frailty-associated metabolic disorders, including insulin resistance and
vitamin D deficiency, may promote joint degeneration by disrupting
cartilage metabolism and bone remodeling processes [17].

Taken together, most studies focus on the unidirectional association
between KOA and frailty, with limited exploration of their long-term
bidirectional dynamics [10-13,15,16]. Elucidating the bidirectional
frailty-chronic disease relationship captures their vicious cycle,
providing more comprehensive insights than unidirectional models [18,
19]. Although Mendelian randomization studies have provided evidence
for bidirectional causal relationships between KOA and frailty, these
have primarily involved European populations and focused on genetic
predisposition, with limited consideration of non-genetic factors, thus
restricting their clinical applicability [20,21]. Thus, while KOA and
frailty are linked, their bidirectional reinforcement needs confirmation
through multi-wave longitudinal studies.

China is one of the countries with the largest older population and
the fastest aging speed in the world [22]. As the population ages, the
burden of KOA and frailty will increase further. Clarifying the bidirec-
tional relationship between KOA and frailty in the Chinese population
can help to reveal their complex causal interplay. The findings also
provide a scientific basis for early identification of people at high risk of
frailty and the development of comprehensive intervention strategies
[23]. This has important public health implications for achieving
healthy ageing and reducing the healthcare burden. In addition, this
study can reflect the mechanism between KOA and frailty under the
Chinese medical system and family support model, providing a new
perspective for global public health practice and a reference for other
developing countries.

Therefore, we utilized data from the China Health and Retirement
Longitudinal Study (CHARLS) to examine bidirectional KOA-frailty re-
lationships at both between-person and within-person levels. This
approach provides novel insights into the chronic disease-frailty cycle
while addressing key limitations of previous unidirectional or cross-
sectional analyses.

2. Methods
2.1. Data sources and study population

This study uses data from the CHARLS, a nationally representative
survey of Chinese residents aged 45 and above conducted by the Na-
tional School of Development at Peking University. CHARLS employs a
multistage probability sampling design, encompassing over 10,000
households across 150 counties and 450 villages in 28 provinces, and
including assessments of the social, economic, and health circumstances
of community residents. Following the 2011 baseline survey, partici-
pants were followed biennially, in 2013 (wave 2), 2015 (wave 3), and
2018 (wave 4). Data from 2011 (wave 1) to 2015 (wave 3) were selected
for this study. Participants were considered eligible for this study if they
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met the following criteria: (1) aged 45 years or older; (2) provided three
repeated measures of KOA and frailty from wave 1 to wave 3; and (3)
had no missing covariate data. Ultimately, 3560 participants were
included in this study (see supplementary eFig. 1).

2.2. Assessment of KOA

According to the definitions used in several previous CHARLS-based
studies [24-27], KOA was defined as the presence of
physician-diagnosed arthritis and pain in one or both knees. A diagnosis
of symptomatic KOA can be confirmed if a participant answers "Yes" to
the following two questions and specifies "knee" as the affected body
part in response to the third question: (1) Have you been diagnosed with
arthritis or rheumatism by a doctor? (2) Do you frequently experience
physical pain? (3) On what part of your body do you feel pain? (Please
list all parts of body you are currently feeling pain).

2.3. Assessment of frailty

In the present study, we used the Frailty Index (FI) to assess frailty,
which is defined as the accumulation of age-related health problems.
Drawing on previous research whilst considering data availability [28,
29], we selected 32 items encompassing diseases, disabilities, physical
functions, depressive symptoms, and cognitive measures, with detailed
variable specifications provided in Supplementary eTable 1. Except item
32, each item was categorized as 0 or 1 according to specific criteria,
where 0 means no defects and 1 means defects. Item 32 (cognitive
function) was derived from questionnaire assessments by normalizing
the sum of memory test score (immediate and delayed word recall, range
0-10) and orientation test score (range 0-4) to a 0-1 scale (total/14),
with higher scores indicating poorer cognitive ability. In addition, to
balance data completeness with quality control, we allowed up to 20 %
missing items (<6 items) in the FI calculation. If a participant has more
than 6 missing items on these indicators, their FI will be considered
missing and excluded [30]. FI is a continuous variable ranging from 0 to
1. Higher values indicate more severe frailty, and the frailty state is
defined as a value of 0.25 or higher [29].

2.4. Covariates

In wave 1, covariates such as sociodemographic characteristics and
health-related indicators were collected [31,32]. Sociodemographic
characteristics included age (categorized as 45-59 years and >60 years),
gender (male/female), education level (primary school or below, jun-
ior/senior high school, and junior college or above), marital status
(married and unmarried [including separated, divorced, widowed, and
never married]), and residence (urban/rural). Health-related indicators
included sleep duration (continuous, self-reported nightly hours), sar-
copenia (defined per AWGS 2019 criteria as low muscle mass [estimated
by anthropometric equation], low muscle strength [estimated by
handgrip strength] or poor physical performance [5-time chair stand
test]), visual impairment (yes/no), and hearing impairment (yes/no).

2.5. Statistical analysis

The study used R 4.4.2 for data cleaning and collation, SPSS 27.0 for
descriptive statistics and cross-sectional analysis, and Mplus 8.3 for
longitudinal modelling.

Continuous variables were expressed as mean + standard deviation
(SD), and t-test was used for comparison between groups. Categorical
variables were expressed as N (%), and then the X2 test was used to check
the statistical differences between the groups.

2.5.1. Cross-sectional correlation analysis
Binary logistic regression was used to explore the covariates affecting
KOA and frailty at wave 1. Chi-square test was used to explore the



Z. Tian et al.

correlation between KOA and frailty at three time points. Immediate
relationships can be understood to provide a basis for subsequent dy-
namic model analysis.

2.5.2. Longitudinal bidirectional analyses

The cross-lag panel model (CLPM) and the random-intercept cross-
lag panel model (RI-CLPM) were used to investigate the differences
between-person effects and within-person effects.

First, we used the CLPM to examine the interconnections of KOA and
frailty between-person. The CLPM analysis was estimated using the
mean and variance-adjusted weighted least squares estimator (WLSMV),
resulting in the construction of four different models [33]. Checking the
fit indices of the model: Comparative Fit Index (CFI) >0.90,
Tucker-Lewis Index (TLI) >0.90, Standardized Root Mean Square Re-
sidual (SRMR) <0.05, and Root Mean Square Error of Approximation
(RMSEA) <0.05 indicate a good model fit [34].

In addition, to distinguishing between-person stable differences and
within-person dynamic changes, we performed RI-CLPM analyses using
the same CLPM variables. The RI-CLPM introduces a random intercept
latent variable to the CLPM, capturing stable between-person differ-
ences in the study variable across all time points [34]. All factor loadings
were fixed to 1, and residual variances of observed variables were set to
zero. Subsequently, two arbitrary intercepts (one for KOA and the other
for frailty) were merged. The correlation between random intercepts
indicates the stable, trait-like differences between-person on KOA and
frailty [34].

2.5.3. Subgroups and sensitivity analyses

To assess potential effects, we performed subgroup analyses. We
stratified participants by: age (45-59 years/>60 years), gender (male/
female), and education level (low education level/high education).
Participants with an education level below primary school belonged to
the “low education” group, while those with an education level of lower
secondary school and above were categorized as the “higher education”
group. All p-values were two-sided, and statistical significance set at
0.05. We conducted supplementary CLPM analyses using the wave 1-
wave 2 complete-case population. This approach evaluated whether
the observed associations persisted over shorter time intervals.
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Furthermore, we stratified the FI into three domains (physiological,
physical functional, and cognitive-social) and analyzed their differential
predictive effects on frailty progression.

3. Results
3.1. Characteristics of the participants

In 2011 (wave 1), among 3560 middle-aged and older adults, 1064
(29.89 %) suffered from KOA and 1676 (47.10 %) from frailty. The
prevalence of KOA differed significantly across multiple sociodemo-
graphic and health-related factors (all P < 0.05), including age, gender,
residence, education level, visual and hearing impairments, sleep
duration, and sarcopenia (see Table 1). Similarly, frailty showed com-
parable associations with these factors, with additional significant as-
sociations observed for marital status.

3.2. Correlation analysis between KOA and frailty at three time points

Binary logistic regression analysis showed that the prevalence of
KOA was higher in females, older age, hearing impairment, and sarco-
penia(P < 0.05). Age, gender, residence, marital status, visual and
hearing impairment, sarcopenia, and sleep duration influenced the
prevalence risk of frailty (P < 0.05). (see Supplementary eTable2)

Correlation analyses showed that KOA was significantly and posi-
tively correlated with frailty at the three time points. The variables
showed significant temporal stability and cross wave correlation,
providing preliminary support for cross-lagged panel modeling to
examine their dynamic interplay (see Table 2).

3.3. The CLPM analysis between KOA and frailty

The study investigated the correlation between KOA and frailty using
CLPM. Various covariates were adjusted for at the start of the study, and
the relationships between variables and the accuracy of the model
remained largely consistent (see Table 3). The standardized path co-
efficients for the final model (Model 4) were shown in Fig. 1. Model fit
CLPM was acceptable: CFI = 0.987, TLI = 0.954, RMSEA = 0.040 (90 %

Table 1
Baseline characteristics of different knee osteoarthritis and frailty in 2011.
Characteristics N Knee osteoarthritis Frailty
Yes No P Yes No P
Age (years) <0.001 <0.001

45-59 years 1896 506(26.69 %) 1390(73.31 %) 698(36.81 %) 1198(63.19 %)
>60 years 1664 558(33.53 %) 1106(66.47 %) 978(58.77 %) 686(41.23 %)
Gender <0.001 <0.001
Male 1364 349(25.6 %) 1015(74.4 %) 578(42.4 %) 786(57.6 %)
Female 2196 715(32.56 %) 1481(67.44 %) 1098(50 %) 1098(50 %)
Residence 0.020 <0.001
Urban 3395 1028(30.3 %) 2367(69.7 %) 1623(47.8 %) 1772(52.2 %)
Rural 165 36(21.8 %) 129(78.2 %) 53(32.1 %) 112(67.9 %)
Marital status 0.101 <0.001
Married 3108 914(29.4 %) 2194(70.6 %) 1385(44.6 %) 1723(55.4 %)
Unmarried 452 150(33.2 %) 302(66.8 %) 291(64.4 %) 161(35.6 %)
Education level 0.003 <0.001
Primary school or below 2802 875(31.2 %) 1927(66.8 %) 1423(50.8 %) 1379(49.2 %)
Junior/senior high school 740 186(25.1 %) 554(74.9 %) 249(33.6 %) 491(66.4 %)
Junior college or above 18 3(16.7 %) 15(83.3 %) 4(22.2 %) 14(77.8 %)
Visual impairment 0.009 <0.001
Yes 3109 953(30.7 %) 2156(69.3 %) 1543(49.6 %) 1566(50.4 %)
No 451 111(24.6 %) 340(75.4 %) 133(29.5 %) 318(70.5 %)
Hearing impairment <0.001 <0.001
Yes 2420 788(32.6 %) 1632(67.4 %) 1287(53.2 %) 1133(46.8 %)
No 1140 276(24.2 %) 864(75.8 %) 389(34.1 %) 751(65.9 %)
Sleep duration 5.60+2.08 6.01+2.02 <0.001 6(4.5,7.5) 6(4.5,7.5) <0.001
Sarcopenia <0.001 <0.001
Yes 865 341(39.42 %) 524(60.58 %) 498(57.57 %) 367(42.43 %)
No 2695 723(26.83 %) 1972(73.17 %) 1178(43.71 %) 1517(56.29 %)
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Table 2
Cross-wave bivariate associations between knee osteoarthritis and frailty: Phi coefficients from three waves (2011, 2013, 2015).

KOA (wave 1) Frailty (wave 1) KOA (wave 2) Frailty (wave 2) KOA (wave 3) Frailty (wave 3)

KOA (wave 1)

Frailty (wave 1) 1
KOA(wave 2) 0.253 %% 1
Frailty (wave 2) 0.413%%* 0.238%%%* 1

KOA(wave 3)
Frailty (wave 3)

0.245%** 1
0.492%* 0.239%%* 1

Note: KOA= knee osteoarthritis, Phi coefficients were used for associations between binary variables. ***P < 0.001, **P < 0.01, *P < 0.05.

Table 3
Model fit indices and standardized path coefficients for cross-lagged models between knee osteoarthritis and frailty, CHARLS (n = 3560), 2011-2015.
Paths Model 1 Model 2 Model 3 Model 4
p SE p SE p SE B SE

Autoregressive paths

KOA1 — KOA2 0.012 0.018 0.018 0.698%** 0.017
KOA2 — KOA3 0.016 0.017 0.017 0.77 0.017
Frailtyl — Frailty2 0.014 0.024 0.636%** 0.025 0.628* 0.024
Frailty2 — Frailty3 0.710%** 0.018 0.019 0.029%** 0.024 0.667*** 0.020
Cross-lagged paths

KOA1 - Frailty2 0.099%** 0.018 0.035 0.028 0.041 0.028 0.056* 0.027
Frailtyl — KOA2 0.177%%* 0.018 0.131%** 0.028 0.150%** 0.029 0.181%** 0.028
KOA2 — Frailty3 0.117%** 0.025 0.112%** 0.025 0.110%** 0.025 0.112%** 0.024
Frailty2 — KOA3 0.124%** 0.023 0.119%** 0.024 0.117%%* 0.025 0.12]%** 0.025
Residual correlations

KOAL1 with Frailty1 0.258%** 0.014 0.388%** 0.025 0.369%** 0.026 0.344x#* 0.026
KOA2 with Frailty2 0.177%%* 0.030 0.100% 0.044 0.089 0.045 0.049 0.045
KOA3 with Frailty3 0.010 0.051 0.016 0.051 0.021 0.051 0.004 0.051
Model fit indices

CFI 0.987 0.992 0.992 0.987

TLI 0.951 0.973 0.971 0.954

SRMR 0.024 0.024 0.023 0.037

RMSEA 0.090 0.039 0.036 0.040

Note: Model 1 was constructed without any modifications; Model 2 controlled for age, gender, residence, education level, and marital status; Model 3 was adjusted to
account for vision and hearing impairments; Model 4 adds sleep duration and sarcopenia based on Model 3. KOA1, KOA2, and KOA3 = knee osteoarthritis at waves 1,
2, and 3; Frailty1, Frailty2, and Frailty3 = frailty at waves 1, 2, and 3. ***P < 0.001, **P < 0.01, *P < 0.05.

wave 1 wave 2 wave3
0.698°(0.017) 0.771"°(0.017)
KOA1 KOA2 KOA3 -
\\
I N
0.056'(0.027) | 0.121°(0.025) \
| \
I \
0.344°(0.026) : 0.004(0.051)
I 0.049(0.045) [
I ]
I I
I /
| /
/
0.1817(0.028) : 0.112(0.024) J
/
K/
Frailtyl 0628 0.03%) Frailty2 0.667(0.020) Frailty3

Fig. 1. Standardized path diagram of cross-lagged panel models between knee osteoarthritis and frailty, CHARLS (n = 3560), 2011-2015.

Note: For brevity, all covariates and residuals were estimated in the analysis but are not shown in the diagram. Models were adjusted for age, gender, residence,
education level, marital status, visual impairment, hearing impairment, sleep duration, and sarcopenia. KOA1, KOA2, and KOA3 = knee osteoarthritis at waves 1, 2,
and 3; Frailty1, Frailty2, and Frailty3 = frailty at waves 1, 2, and 3. Non-effective paths were represented with dotted lines and significant paths with solid lines. ***P
< 0.001; **P < 0.01; *P < 0.05.

CI: 0.034 - 0.047), SRMR = 0.037. estimates showed consistent stability for both KOA (0.698-0.771) and
Both KOA and frailty showed statistically significant autoregressive frailty (0.628-0.667). Cross-lagged analysis showed that wave 1 KOA
effects across all three time points (all P < 0.001). Standardized path significantly predicted wave 2 frailty (8 = 0.056, P < 0.05), while higher
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wave 1 frailty predicted increased wave 2 KOA ($=0.181, P < 0.001).
Similarly, bidirectional relationships were observed between wave 2
and wave 3 (all P < 0.001).

The study further compared standardized path coefficients to eval-
uate the relative strength of bidirectional relationships between KOA
and frailty across waves. Wald tests demonstrated that wave 1 frailty
had significantly stronger predictive effects on wave 2 KOA than wave 1
KOA on wave 2 frailty (Waldy? (1) = 11.416, P < 0.001). No significant
differences were found between wave 2 and wave 3 pathways.

3.4. The RI-CLPM analysis between KOA and frailty

This study examined the dynamic relationships between KOA and
frailty using RI-CLPM. The model demonstrated good fit indices. As
presented in Table 3 and Supplementary eTable3, the model fit indices
demonstrated superior performance of RI-CLPM (CFI = 0.996, TLI =
0.950, SRMR = 0.012, RMSEA = 0.033) compared to CLPM (CFI =
0.987, TLI = 0.954, SRMR = 0.037, RMSEA = 0.040).

The longitudinal relationship between KOA and frailty operated at
both within-person and between-person levels. At the within-person
level, autoregressive effects indicated that the variables are somewhat
stable at the within-person level, that is, the value at the previous point
in time is predictive of the value at the subsequent point in time. This
stability was significant at all three time periods in KOA, whereas frailty
was significant only from wave 2 to wave 3. The RI-CLPM results
revealed bidirectional but asymmetric relationships between KOA and
frailty. Frailty consistently showed stronger predictive effects on sub-
sequent KOA across all waves. In contrast, KOA only significantly pre-
dicted frailty from wave 2 to wave 3 (8 = 0.055, P < 0.05). KOA and
frailty are significantly and positively correlated (P < 0.05) at each time
point. Complete RI-CLPM results are presented in Fig. 2.

At the between-person level, the random intercepts of KOA and
frailty showed a strong positive correlation (§ = 0.454, SE = 0.039, P <

wave 1

KOAIl

L
/

Centered-KOA1

01417 (0.034)

~

~
~
~
~

~

0.092"" (0.028)

™

0454 (0.039)

Frailtyl

< _-0.005 €0.030)

-0.001 (0.032)
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0.001). This suggests a positive correlation between initial levels of KOA
and frailty. Individuals also differed significantly in baseline levels of
KOA and frailty, which were positively correlated, suggesting that in-
dividuals at high risk of KOA prevalence also tended to be at higher risk
of frailty.

3.5. Subgroups and sensitivity analyses

No significant age-group differences were observed (P = 0.5098) (see
supplementary eFig. 2). Gender-stratified analyses revealed significant
between-group differences in path coefficients (P = 0.0031) (see sup-
plementary eFig. 3). Males showed balanced bidirectional relationships,
whereas stronger effects were shown in the bidirectional relationship
between both KOA and frailty in females. Education level-stratified
analyses revealed significant between-group differences in path co-
efficients (P = 0.004) (see supplementary eFig. 4). Those with low levels
of education showed stronger effects in the bidirectional relationship
between both in KOA and frailty. The protective effect of those with high
levels of education was mainly characterized by lower frailty stability
and non-significant partial pathways.

In supplementary CLPM analyses using complete cases from waves
1-2 (N = 3863), the results showed: (1) significant short-term prediction
from KOA to frailty (§ = 0.105, P < 0.001); and (2) stronger short-term
prediction from frailty to KOA (f = 0.183, P < 0.001). This is consistent
with the findings of the main results (see supplementary eFig. 5). The
results showed that among the three dimensions of frailty, physical
dysfunction (8 = 0.233, P < 0.05) significantly positively predicted the
progression of frailty, while physiological and cognitive dimensions had
weaker predictive effects.

wave 2 wave 3

KOA2 KOA3

0349 (0.025)

Centered-KOA2 Centered-KOA3
0.055" (0.025)
0098 (0.028) 0.052" (0.021)

0.049" (0.022)

Centered-Frailty3

wen

0.148" (0.028)

—

Frailty3

Frailty2

Fig. 2. Random-intercept cross-lagged panel model results for the knee osteoarthritis and frailty, CHARLS (n = 3560), 2011-2015.

Note: For brevity, all covariates and residuals were estimated in the analysis but are not shown in the diagram. Models were adjusted for age, gender, residence,
education level, marital status, visual impairment, hearing impairment, sleep duration, and sarcopenia. KOA1, KOA2, and KOA3 = knee osteoarthritis at waves 1, 2,
and 3; Frailtyl, Frailty2, and Frailty3 = frailty at waves 1, 2, and 3; RI = random intercepts. Non-effective paths were represented with dotted lines and significant

paths with solid lines. ***P < 0.001; **P < 0.01; *P < 0.05.
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4. Discussion
4.1. Principal findings

This study established a longitudinal bidirectional relationship be-
tween KOA and frailty for the first time. We found a positive correlation
between KOA and frailty. Moreover, the effect of frailty on KOA was
more significant than that of KOA, suggesting that frailty plays a
dominant role in the bidirectional relationship between KOA and frailty
among people. Third, at the within-person level, the prediction of frailty
by KOA was only significant in later stages.

The results of the cross-lag panel model suggest a potential correla-
tion between KOA and frailty. Previous studies have mostly examined
unidirectional relationships between KOA and frailty, and our findings
may provide new insights [10,12,14]. The study found that frailty was a
stronger predictor of KOA than the effect of KOA on frailty. This view is
supported by a 9-year prospective cohort, which suggests that frailty can
predict the long-term trajectory of knee pain, with the main drivers
likely to be exhaustion and slow gait speed [35]. There are several po-
tential mechanisms by which frailty predicts KOA. Frail patients often
develop sarcopenia, which may lead to decreased joint stability,
resulting in abnormal joint load and increased susceptibility to biome-
chanical damage [36]. In addition, a previous study showed that frailty
is often accompanied by chronic low-grade inflammation [37].
Pro-inflammatory cytokines (e.g., IL-6, CRP, TNF-a) may accumulate in
joints, promoting low-grade inflammation and cartilage degradation
[38]. This also confirms that early functional impairment may be the
core factor driving long-term frailty in the results of this study, sug-
gesting that clinical intervention should prioritize the functional status
of KOA patients.

Stratified results showed that the longitudinal bidirectional rela-
tionship between frailty and KOA showed a stronger effect in women.
This may reflect women’s heightened pain sensitivity in KOA, promot-
ing activity avoidance and accelerated muscle loss [39]. Moreover, the
decline in estrogen in women after menopause accelerates muscle loss
and exacerbates frailty [40]. Within the educational level subgroup, low
educational level showed a stronger effect. It may be that low educators
are less likely to receive standardized treatment, leading to poor control
of KOA and frailty [41]. And the chronic stress faced promotes muscle
breakdown and inflammation through elevated cortisol, accelerating
KOA and frailty [42]. In contrast, a high level of education level as a
protective factor, with health awareness and counterpart resources, and
is more likely to adopt a healthy diet and regular exercise to slow the
progression of frailty [43]. This result suggests targeting women and
low-education KOA patients for early intervention and prioritizing
prevention of frailty.

To the best of our knowledge, the study is the first to utilize RI-CLPM
to investigate the longitudinal bidirectional relationship between KOA
and frailty. The results of the RI-CLPM also show a dynamic interaction
between KOA and frailty. The stronger effect of frailty on KOA corrob-
orates the CLPM results. However, some differences remain. The RI-
CLPM revealed a positive and strong association between KOA and
frailty at the baseline level in the population. This has been confirmed by
several studies, suggesting that attention needs to be paid to early
intervention in high-risk groups [44,45].

KOA showed significant time persistence within individuals and the
effect was stronger at later ages, suggesting that the progression of KOA
may accelerate with age. The results are highly consistent with the
biological mechanisms of aging [46], suggesting that clinical attention
needs to be focused on early intervention in elderly patients. This was
mentioned in a longitudinal cohort study where age was a significant
risk factor for KOA and the incidence and severity of KOA increased
significantly with age [26]. However, age subgroups were not signifi-
cantly different at the time of subgroup analyses in this study. It is
possible that KOA progression accelerates significantly after 60-70 years
of age, but the difference is smaller before 60 years of age, and the
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subgroups mask the thresholds to bias [26].

Another notable current finding was that the KOA’s prediction of
frailty was only significant in the later stages, which was not reflected in
the CLPM. Possibly due to the cumulative effects of KOA, such as
reduced activity due to chronic pain, it takes longer to affect the frailty.
Our findings are supported by a longitudinal survey involving 3053
participants from multiple centers, which suggests that unilateral knee
pain gradually shifts to bilateral knee pain over time, and that bilateral
knee pain is strongly associated with an increased risk of a debilitating
state [10]. On the other hand, the Kellgren-Lawrence (K-L) classification
plays arole in this, with frailty being more pronounced in patients with a
higher K-L classification [44]. This result is similarly confirmed by a
longitudinal study in the UK, which showed that knee pain at baseline
was not significantly associated with future debilitating states in the
short term and became more significant in the long term [47].

Our findings indicate that frailty positioning it not merely as a
consequence, but as a modifiable upstream driver of KOA. With rapid
population aging, multidisciplinary collaboration across rheumatology,
geriatrics and rehabilitation medicine, along with integrating frailty into
national disease prevention programs, is crucial for maintaining func-
tional ability and quality of life in older adults.

These findings provide important preventive medicine insights
across three levels. First, primary prevention through routine frailty
screening in middle-aged and older adults (particularly women and less-
educated individuals) could enable early interventions like nutrition and
exercise programs to prevent KOA onset [48]. Second, secondary pre-
vention for early KOA patients should focus on holistic functional
optimization through tailored exercise programs that simultaneously
improve strength, balance, and joint loading [49]. Third, tertiary pre-
vention requires preoperative frailty assessment in advanced KOA cases,
with prehabilitation programs combining protein supplementation and
resistance training to improve surgical outcomes and maintain inde-
pendence [50]. This multilevel approach highlights the need to integrate
frailty management throughout KOA care.

4.2. Strengths and limitations

The use of a representative national sample in this study allows our
results to be generalized to the Chinese middle-aged and older adults.
Moreover, we used CLPM and RI-CLPM to examine longitudinal re-
lationships between KOA and frailty, looking at both between-person
and within-person levels, which is an innovative aspect of the article.
Evidence can be provided for subsequent studies of debilitating in-
terventions in patients with KOA.

However, we also recognize that there are some inherent limitations.
Firstly, this study was observational, which could lead to biased re-
lationships due to confounding factors. To address this issue, we
considered various covariates based on previous studies. Second, the
information weakened in CHARLS is only available at the first three time
points (2011, 2013, and 2015). Therefore, the follow-up period of this
study was limited to four years. In addition, our definition of KOA, based
on patient-reported physician diagnoses combined with knee pain, may
underestimate the true prevalence of the disease. Future studies incor-
porating objective assessment methods (such as imaging or physical
examination) are needed to validate these findings. Finally, it is worth
noting that this study only focuses on Chinese individuals, and further
research is needed to verify the applicability of our findings to different
nationalities.

5. Conclusions

Our study demonstrates, for the first time, a reciprocal and facilita-
tive association between KOA and frailty at the between-person level in
middle-aged and older Chinese adults. Furthermore, frailty plays a
prominent role in this bidirectional relationship. Patients with KOA are
at higher risk of developing frailty later in life. Based on these findings,
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we suggest that frailty management should be incorporated early into
the routine treatment of patients with KOA, as well as timely control of
the disease and delay of progression in patients with KOA. This study
provides an empirical basis for the clinical development of targeted
preventive and comprehensive interventions. In particular, it highlights
the importance of focusing on both joint health and functional mainte-
nance in an ageing society. It provides a new perspective on the man-
agement of chronic disease co-morbidities in an ageing society
worldwide. Future validation is needed in different healthcare settings
and socio-cultural contexts.
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