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Abstract
Background  Daily physical activity (PA) has been gaining attention for the management and prevention of knee osteoar-
thritis (OA).
Aims  This study aimed to compare the effects of various hypothetical daily PA regimens on the incidence of knee replace-
ment (KR) surgery using a targeted learning approach.
Methods  We analyzed data from the Osteoarthritis Initiative on adults in the US with symptomatic knee OA or at risk. Daily 
PA was measured by the Physical Activity Scale for the Elderly (PASE) score. Seven hypothetical daily PA treatment regi-
mens were developed based on the baseline PASE scores. The outcome was the incidence of KR surgery over a 96-month 
follow-up period. The effects of the PA interventions were estimated using a doubly robust targeted minimum loss–based 
estimator.
Results  Maintaining the baseline PASE score resulted in a KR surgery incidence ratio of 4.71% (95% CI: 4.37% to 5.05%). 
Reducing the PASE scores to 200 only for those with scores > 242 decreased the incidence ratio to 2.98% (95% CI: 2.39% to 
3.57%). Increasing the PASE scores by 10% and 20% among those with low baseline scores further reduced the risk of KR 
surgery, whereas increasing them by 30%–50% diminished the additional benefit.
Discussion  Optimizing daily PA levels, particularly by reducing excessive PA to optimal levels, was beneficial for reducing 
the risk of KR surgery in older adults with or at risk for knee OA.
Conclusion  Our results suggest that tailoring daily PA to an optimal level is most beneficial.

Significance and Innovations
	● Increasing physical activity by 10% in those who were inactive further reduced the risk.
	● Reducing physical activity to optimal levels reduced the risk of knee replacement.
	● Optimizing physical activity is beneficial for preventing knee replacement.

Keywords  Knee osteoarthritis · machine learning · modified treatment policy · Physical Activity Scale for the Elderly · 
total knee arthroplasty
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Which matters more for preventing knee replacements: reducing 
overactivity or combating inactivity?
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Introduction

Osteoarthritis (OA), which primarily affects the knee and 
hip joints, has been a major cause of pain and disability 
worldwide [1]. In fact, a study examining the global health 
burden of knee OA estimated that around 654.1 million indi-
viduals (40 years and older) suffered from knee OA in 2020 
worldwide [2]. The prevalence of knee OA has increased 
in recent years [3], corresponding with a rise in the num-
ber of patients undergoing total knee arthroplasty (TKA) 
[4]. Some contributing factors include the aging population 
and increase in obesity rates [4, 5]. Consequently, the US 
Evidence-Based Clinical Practice Guideline recommends 
sustained weight loss to decrease pain and improve func-
tion among overweight and obese individuals with knee 
OA [6]. Simultaneously, the guideline recommends engag-
ing in exercise, a subset of physical activity (PA), to reduce 
pain and improve physical functioning among patients with 
OA [6]. Recently, daily PA has been gaining attention for 
the management and potential prevention of OA [7]. For 
example, the recently updated The European Alliance of 
Associations for Rheumatology recommendations for OA 
management emphasized the importance of incorporating 
exercise programs into individual PA plans while consid-
ering pain and other symptoms, even among patients with 
advanced knee OA [8].

Several studies have suggested that daily PA is benefi-
cial in preventing and treating knee OA, reducing pain, and 
improving function [9, 10]. However, whether greater daily 
PA lowers the risk of knee replacement (KR) surgery has 
been investigated, with mixed findings. According to the 
Singapore Chinese Health Study, prolonged daily PA was 
associated with an elevated risk of undergoing knee replace-
ment [11]. In contrast, Master et al., in the US Osteoarthri-
tis Initiative (OAI) cohort, found that greater daily walking 
volume and intensity did not increase 5-year KR risk and 
may be protective [12]. The inconsistency between studies 
might stem from differences in the duration of the follow-
up period or the characteristics of the participants (general 
older population vs. individuals with knee OA). Further-
more, previous studies measured daily PA only at baseline, 
omitting the time-varying nature of PA. Generally, omitting 
time-varying exposure is reported to lead to an underesti-
mation of its effect on the outcome [13]. In fact, PA levels 
generally decrease with the progression of symptoms, such 
as pain [14, 15]. Using baseline values as exposure in obser-
vational studies is also problematic for estimating causal 
effects, as measurements from the baseline survey are com-
monly used to assess eligibility for hypothetical trials [16].

The main purpose of this study was to explore strate-
gies that optimize daily PA tailored to the characteristics of 
participants with knee OA. Specifically, this study aimed 

to examine whether increasing daily PA among those who 
were physically inactive, and reducing daily PA among 
those who were excessively active, could prevent KR sur-
gery in participants at risk for knee OA and those with knee 
OA without severe pain symptoms.

Materials and methods

Study design

Data for this study were derived from the OAI, a National 
Institutes of Health–sponsored multicenter longitudinal 
cohort study [17]. The OAI enrolled community-dwelling 
adults in the US aged 45–79 years who are at high-risk for 
knee OA or are currently suffering from symptomatic knee 
OA. Baseline measurements were obtained from September 
2008 to December 2010, and follow-up data were obtained 
from surveys conducted 12, 24, and 96 months after the 
baseline.

Participants

Participants were selected from the publicly accessible 
OAI database. Among the 4,796 men and women the OAI 
cohort who were eligible to participate in this study, those 
with a Western Ontario and McMaster Universities Osteo-
arthritis Index (WOMAC) pain score ≥ 5 points (n = 1,497) 
and without WOMAC pain scores (n = 2) were excluded. 
The cut-off value was determined based on previous stud-
ies that defined none-to-mild pain as a WOMAC pain score 
≤ 4 [18, 19]. Consequently, our primary analysis included 
4,858 knees from 2,729 participants (Fig. 1). Participants 
who were lost to follow-up (e.g., died) were not excluded 
but were treated as censoring events in the analysis.

Exposure and treatment regimens

The exposure of this study was the Physical Activity Scale 
for the Elderly (PASE) score assessed at 12 and 24 months 
from the baseline. The PASE is a validated self-reported 
daily PA measurement comprising occupational, household, 
and leisure activities during a 1-week period, with higher 
scores indicating greater PA levels [20]. In this study, we 
conceptualized as daily PA is a compound treatment consist-
ing of leisure activity, household activity, and work-related 
activity domains of the PASE [21]. The hypothetical treat-
ment strategy involved participants receiving an individu-
alized PA education program based on their baseline PA 
levels.

To ensure internal validity, we referred to a previous 
study using the same OAI data that evaluated knee cartilage 
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T2 progression over a 4-year period based on the PA levels 
measured using the PASE score [22]. In the previous study, 
a U-shaped relationship was observed between PASE score 
and knee OA progression, with both higher (PASE > 242) 
and lower PASE scores (PASE < 120) having been associ-
ated with an increased risk of knee OA progression com-
pared to middle scores. Additionally, the previous study 
reported that a PASE score of 200 points was associated 
with the lowest OA progression [22]. Based on the findings, 
we defined the following seven treatment regimens (see Fig. 
2):

(A)	Maintain the baseline PASE score (for the reference 
scenario);

(B)	If the baseline PASE score was > 242, reduce it to 200. 
Otherwise, maintain the baseline;

(C)	If the baseline PASE score was > 242, reduce it to 200. 
If the baseline PASE score was < 124, increase it by 
10%. Otherwise, maintain the baseline;

(D)	If the baseline PASE score was > 242, reduce it to 200. 
If the baseline PASE score was < 124, increase it by 
20%. Otherwise, maintain the baseline;

Fig. 2  Hypothetical physical 
activity intervention strategies
 

Fig. 1  Flow chart diagram for the 
study participants
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model) are applied to obtain unbiased results. This is because 
robust estimation of either model provides a consistent esti-
mate of the treatment effect [24]. Furthermore, this meth-
odology addresses time-varying confounding and selection 
bias arising from loss to follow-up [25]. To enhance the 
robustness of our exposure and outcome models against 
potential model misspecification, we used the SuperLearner 
algorithm [26]. Generalized linear models, multivariate 
adaptive regression splines [27], random forests [28], and 
extreme gradient-boosted trees [29] were used as candidate 
algorithms for the SuperLearner. To reduce overfitting and 
obtain asymptotically valid estimates, we applied cross-
fitting with 5 folds. To handle missing values, we imple-
mented multiple imputations using the chained equations 
approach with a random forest algorithm [30].

For our analysis, we initially estimated the outcomes for 
each hypothetical PASE score scenario outlined previously. 
These regimens were implemented analytically using the 
observed data to estimate counterfactual outcomes under 
each intervention strategy. Subsequently, we compared the 
computed outcomes for each exposure scenario against the 
reference exposure scenario to derive the risk and incidence 
ratios, accompanied by their respective 95% CIs. Standard 
errors were clustered at the participant level. For compari-
son, we conducted additional analyses in which we modi-
fied the treatment regimen for participants with a baseline 
PASE score > 242. In the main analysis, we set the PASE 
score for those with scores > 242 to 200. However, given 
that individuals with knee OA are generally less active than 
the PA levels recommended by the US guidelines [31], we 
redefined the regimen for this subgroup by maintaining their 
original baseline PASE score. We also conducted two types 
of sensitivity analyses. First, we calculated the E-value to 
assess the potential impact of unmeasured confounding 
[32]. Second, we re-estimated the models after exclud-
ing variables that could plausibly act as mediators, given 
that the exposure (daily PA) might influence them within 
the same survey wave (e.g., higher daily PA could lead to 
greater pain intensity). Specifically, we excluded the follow-
ing variables: time-invariant covariates (400-m walk time 
and total distance in the 400-m walk test) and time-variant 
covariates (K/L grade, WOMAC pain score, chair stand 
time, and 20-m walk test). All statistical analyses were per-
formed using R software (version 4.2.2).

Results

Table 1 presents the baseline characteristics of the partici-
pants categorized according to KR status. The number and 
percentage of missing values in our study are presented in 
Supplementary Table (1) The distributions of PASE scores 

(E)	 If the baseline PASE score was > 242, reduce it to 200. 
If the baseline PASE score was < 124, increase it by 
30%. Otherwise, maintain the baseline;

(F)	 If the baseline PASE score was > 242, reduce it to 200. 
If the baseline PASE score was < 124, increase it by 
40%. Otherwise, maintain the baseline;

(G)	If the baseline PASE score was > 242, reduce it to 200. 
If the baseline PASE score was < 124, increase it by 
50%. Otherwise, maintain the baseline.

Covariates

We considered both time-invariant and time-varying vari-
ables as covariates. Time-invariant covariates included age 
(continuous), sex (men or women), race (white, African 
American, Asian, or others), education level (less than high 
school graduate, high school graduate, some college, col-
lege graduate, some graduate school, or graduate degree), 
income level (<$10,000 $10,000–<$25,000, $25,000–
<$50,000, $50,000–<$100,000, or ≥$100,000), marital 
status (married, widowed, divorced, separated, or never 
married), alignment (neither, varus, or valgus), Charlson 
Comorbidity Index (continuous), 400-m walk time (con-
tinuous), total distance in 400-m walk test (continuous), and 
family history of knee/hip replacement (no or yes).

Time-variant covariates included Kellgren/Lawrence 
(K/L) grade (0–4), the WOMAC pain/stiffness/disability 
scores (continuous), chair stand time (continuous), 20-m 
walk test (continuous), Center for Epidemiologic Studies 
Depression score (continuous), body mass index (BMI; 
continuous), history of a knee injury with walking difficulty 
for ≥ 2 days (no or yes), hip pain, aching, or stiffness in 
the past 12 months (no or yes), regular user of NSAIDs or 
COX-2 inhibitor prescription in the past 12 months (no or 
yes), and regular use of prescription opioids in the past 12 
months (no or yes).

Outcome

The primary outcome was the occurrence of KR (either total 
or partial) as documented in the OAI via medical reports 
or radiographic adjudication, with the follow-up period 
extending until 96 months from the baseline assessment.

Statistical analysis

After descriptive analyses, the targeted minimum loss-based 
estimator, one of the targeted learning approaches, along 
with a longitudinal modified treatment policy was used to 
investigate the per-protocol effect of the PA regimens [23]. 
In this approach, both the outcome model (G-computation 
model) and exposure model (inverse probability weighting 
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Baseline characteristics All Did not undergo knee 
surgery

Under-
went knee 
surgery

n = 6,598 n = 6,471 n = 127
Age, years 61.3 (9.2) 61.3 (9.2) 64.8 (9.0)
Sex, no. (%)
  Men 2874 (43.6%) 2,822 (43.6%) 52 (40.9%)
  Women 3724 (56.4%) 3,649 (56.4%) 75 (59.1%)
Race, no. (%)
  Other 94 (1.4%) 91 (1.4%) 3 (2.4%)
  White 5,670 (86.0%) 5,555 (85.9%) 115 (90.6%)
  African American 762 (11.6%) 753 (11.6%) 9 (7.1%)
  Asia 68 (1.0%) 68 (1.1%) 0 (0.0%)
Education level, no (%)
  Less than high school graduate 132 (2.0%) 131 (2.0%) 1 (0.8%)
  High school graduate 656 (10.0%) 636 (9.9%) 20 (15.9%)
  Some college 1,350 (20.6%) 1,326 (20.6%) 24 (19.0%)
  College graduate 1,526 (23.3%) 1,503 (23.4%) 23 (18.3%)
  Some graduate school 560 (8.5%) 548 (8.5%) 12 (9.5%)
  Graduate degree 2,328 (35.5%) 2,282 (35.5%) 46 (36.5%)
Income level, no. (%)
 <$10K 102 (1.7%) 99 (1.6%) 3 (2.6%)
   $10K to <$25K 500 (8.1%) 497 (8.2%) 3 (2.6%)
  $25K to <$50K 1,452 (23.6%) 1,420 (23.5%) 32 (27.4%)
  $50K to <$100K 2,424 (39.4%) 2,380 (39.4%) 44 (37.6%)
  ≥$100K 1,676 (27.2%) 1,641 (27.2%) 35 (29.9%)
Marital status, no. (%)
  Married 4,560 (69.6%) 4,466 (69.5%) 94 (74.6%)
  Widowed 490 (7.5%) 480 (7.5%) 10 (7.9%)
  Divorced 856 (13.1%) 842 (13.1%) 14 (11.1%)
  Separated 90 (1.4%) 89 (1.4%) 1 (0.8%)
  Never married 556 (8.5%) 549 (8.5%) 7 (5.6%)
Body mass index, kg/m2 27.9 (4.6) 27.9 (4.6) 29.2 (4.1)
Kellgren/Lawrence scale, no. (%)
  0 2,724 (43.5%) 2,718 (44.3%) 6 (4.8%)
  1 1,173 (18.8%) 1,165 (19.0%) 8 (6.4%)
  2 1,528 (24.4%) 1,498 (24.4%) 30 (24.0%)
  3 705 (11.3%) 660 (10.8%) 45 (36.0%)
  4 126 (2.0%) 90 (1.5%) 36 (28.8%)
Alignment, no. (%)
  Neither 1,864 (29.3%) 1,839 (29.5%) 25 (19.7%)
  Varus 1,731 (27.2%) 1,688 (27.0%) 43 (33.9%)
  Valgus 2,773 (43.5%) 2,714 (43.5%) 59 (46.5%)
Charlson comorbidity index 0.3 (0.8) 0.3 (0.8) 0.3 (0.7)
WOMAC Pain Score 0.9 (1.2) 0.9 (1.2) 2.0 (1.6)
WOMAC Stiffness Score 0.9 (1.2) 0.9 (1.2) 1.6 (1.6)
WOMAC Disability Score 3.6 (5.3) 3.5 (5.2) 8.2 (7.5)
Chair stand time, seconds 10.8 (3.0) 10.7 (3.0) 11.9 (2.9)
20-meter walk test, meter/second 1.4 (0.2) 1.4 (0.2) 1.3 (0.2)
400-meter walk time, seconds 298.8 (48.4) 298.5 (48.3) 313.6 (50.5)
Total walked distance in 400-meter walk test, meters 399.3 (12.3) 399.3 (12.2) 398.4 (17.9)
Center for Epidemiologic Studies Depression Scale score 5.6 (6.0) 5.6 (6.0) 4.5 (3.9)
Physical Activity Scale for the Elderly score 163.7 (81.4) 163.7 (81.2) 161.3 (91.6)
< 124 2,260 (34.4%) 2,213 (34.4%) 47 (37.0%)
124–242 3,148 (48.0%) 3,087 (48.0%) 61 (48.0%)
> 242 1,154 (17.6%) 1,135 (17.6%) 19 (15.0%)

Table 1  Baseline characteristics of the study participant according to the knee surgery status during the follow-up period
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Table 2 presents our key findings. In the reference sce-
nario (Scenario A), the incidence ratio of KR surgery was 
4.71% (95% CI: 4.37% to 5.05%). Scenario B, where only 
participants with PASE scores > 242 had their scores reduced 
to 200, whereas others had their baseline scores maintained, 
showed a lower incidence ratio of 2.98% (95% CI: 2.39% 

across questionnaire items and subdomains are shown in 
Supplementary Table (2) Overall, participants with higher 
PASE scores exhibited relatively higher values across 
all PASE domains. In particular, participants with PASE 
scores > 242 demonstrated markedly higher scores in the 
work-related activity domain.

Table 2  Estimated knee-level risk of knee replacement under various hypothetical daily physical activity intervention strategies
Maintain the baseline PASE score Risk ratio 95% 

confidence 
intervals

Inci-
dence 
ratio

95% 
confidence 
intervals

Reference 4.71 4.37 5.05
If the baseline PASE score was > 242, reduce it to 200. Otherwise, maintain the baseline score. 0.66 0.42 0.89 2.98 2.39 3.57
If the baseline PASE score was > 242, reduce it to 200. If the baseline PASE score was < 124, 
increase it by 10%. Otherwise, maintain the baseline score.

0.60 0.37 0.84 2.71 2.11 3.30

If the baseline PASE score was > 242, reduce it to 200. If the baseline PASE score was < 124, 
increase it by 20%. Otherwise, maintain the baseline score.

0.58 0.37 0.80 2.71 2.17 3.24

If the baseline PASE score was > 242, reduce it to 200. If the baseline PASE score was < 124, 
increase it by 30%. Otherwise, maintain the baseline score.

0.74 0.49 0.998 3.37 2.57 4.17

If the baseline PASE score was > 242, reduce it to 200. If the baseline PASE score was < 124, 
increase it by 40%. Otherwise, maintain the baseline score.

0.79 0.63 0.94 3.51 3.00 4.03

If the baseline PASE score was > 242, reduce it to 200. If the baseline PASE score was < 124, 
increase it by 50%. Otherwise, maintain the baseline score.

0.77 0.63 0.91 3.54 3.10 3.98

Abbreviations: PASE, Physical Activity Scale for the Elderly
The model was adjusted for the following time-invariant covariates: Age, sex, race, education level, income level, marital status, alignment, 
Charlson Comorbidity Index, 400-m walk time, total distance in 400-m walk test, and family history of knee/hip replacement. The model was 
also adjusted for the following time-variant covariates: Kellgren/Lawrence (K/L) grade, the Abbreviations: WOMAC, The Western Ontario and 
McMaster Universities Arthritis Index (WOMAC) pain/stiffness/disability scores, chair stand time, 20-m walk test, Center for Epidemiologic 
Studies Depression score, body mass index, history of a knee injury with walking difficulty for ≥ 2 days, hip pain, aching, or stiffness in the 
past 12 months, regular user of NSAIDs or COX-2 inhibitor prescription in the past 12 months, and regular use of prescription opioids in the 
past 12 months

Baseline characteristics All Did not undergo knee 
surgery

Under-
went knee 
surgery

n = 6,598 n = 6,471 n = 127
History of a knee injury with walking difficulty for ≥ 2 days, no. (%)
  No 4,910 (75.2%) 4,831 (75.5%) 79 (62.2%)
  Yes 1,615 (24.8%) 1,567 (24.5%) 48 (37.8%)
Hip pain, aching, or stiffness in past 12 months, no. (%)
  No 4,125 (62.7%) 4,050 (62.8%) 75 (59.1%)
  Yes 2,456 (37.3%) 2,404 (37.2%) 52 (40.9%)
Family history of knee replacement, no. (%)
  No 5,590 (85.9%) 5,486 (86.0%) 104 (83.2%)
  Yes 916 (14.1%) 895 (14.0%) 21 (16.8%)
Family history of hip replacement, no. (%)
  No 5,886 (90.4%) 5,774 (90.4%) 112 (88.9%)
  Yes 628 (9.6%) 614 (9.6%) 14 (11.1%)
Regular user of prescription NSAIDs or COX-2 inhibitors in past 12 months, 
no. (%)
  No 6,392 (96.9%) 6,275 (97.0%) 117 (92.1%)
  Yes 206 (3.1%) 196 (3.0%) 10 (7.9%)
Regular prescription opioids use in past 12 months, no. (%)
  No 6,594 (99.9%) 6,468 (100.0%) 126 (99.2%)
  Yes 4 (0.1%) 3 (< 1%) 1 (0.8%)
WOMAC, The Western Ontario and McMaster Universities Arthritis Index. Several values may not sum to 100% due to rounding

Table 1  (continued) 
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that used objectively measured daily steps as their daily PA 
measurement [33]. This discrepancy could be attributed to 
the differences in the measurement of daily PA used among 
the studies. In particular, one study found that the correla-
tion between the PASE score and daily steps was modest 
[34]. Therefore, future studies are warranted to investigate 
the effectiveness of optimizing daily steps in preventing KR 
surgery.

The possible mechanism by which reducing (optimizing) 
the daily PA in participants who were excessively active 
prevents KR surgery was as follows. Reducing and opti-
mizing daily PA levels, particularly activities that involve 
repetitive or high-impact movements, could potentially 
decrease the mechanical load on the knee joint [35, 36]. This 
reduction in stress may be expected to slow the progres-
sion of joint degeneration and alleviate pain symptoms [37], 
potentially delaying the need for KR surgery. Furthermore, 
incorporating home-based exercise, such as low-impact 
exercises, strength training, and flexibility exercises, into 
a patient’s routine could possibly improve joint stability, 
muscle strength, and range of motion [37, 38]. This can 
help support the knee joint, reduce the risk of injury, and 
enhance overall joint function, thereby reducing the like-
lihood of requiring KR surgery in excessively active par-
ticipants. Notably, participants with PASE scores > 242 had 
markedly higher scores in the work-related activity domain 
(Supplementary Table 2). Thus, interventions focusing on 
optimizing work-related PAs may be particularly effective 
in reducing excessive mechanical stress on the knee joint 
among highly active individuals.

Compared to the effects of the intervention that opti-
mized daily PA among those who were excessively active 
at baseline, the effects of the intervention that increase daily 
PA among those who were inactive at baseline was modest, 
despite the significant difference in the proportion of inac-
tive (34.4%) and excessively active (17.6%) participants. 
Furthermore, the effect was diminished in the intervention 
scenario wherein the baseline PASE score was increased by 
30% to 50%. In addition, our supplementary analysis, in 
which the original baseline PASE score was maintained for 
participants who were excessively active, showed a higher 
incidence ratio compared to our main regimen, in which 
their PASE scores were optimized to an adequate level. 
These findings suggest that participants who were exces-
sively active are the primary target for interventions aimed 
at preventing KR surgery through the optimization of daily 
PA levels. In particular, for individuals at high risk for knee 
OA or those with knee OA who experience little pain, rather 
than promoting the daily PA levels recommended by current 
guidelines [39–41], it may be more appropriate to focus on 
correcting excessive daily PA.

to 3.57%) compared with that of Scenario A. Although inci-
dence rates in Scenarios C and D (Scenario B plus interven-
tions to increase PASE scores to 10% and 20%) decreased to 
2.71%, such rates increased in Scenarios E through G (Sce-
nario E: 3.37%, Scenario F: 3.51%, Scenario G: 3.54%).

Regarding the risk ratios in relation to the reference 
group (Scenario A), Scenario B showed a risk ratio of 0.66 
(95% CI: 0.42 to 0.89), indicating significantly reduced the 
risk of KT surgery. Scenario D reported the lowest risk ratio 
among all scenarios, with a risk ratio of 0.58 (95% CI: 0.37 
to 0.80). In Scenarios E to G, the risk ratios ranged from 
0.74 to 0.79 [Scenario E: 0.74 (95% CI: 0.49 to 0.998), Sce-
nario F: 0.79 (95% CI: 0.63 to 0.94), Scenario G: 0.77 (95% 
CI: 0.63 to 0.91)].

The results of our additional analysis are shown in 
Supplementary Table 3. Overall, the analyses in which we 
modified the treatment regimen by maintaining the origi-
nal baseline PASE score for participants with a score > 242 
showed a higher incidence ratio compared to our main regi-
men, in which PASE scores > 242 were reduced to 200. The 
calculated E-values are presented in Supplementary Table 
4. The E-values from our main analysis indicate modest 
robustness to unmeasured confounding. We also showed 
another type of sensitivity analysis in which we excluded 
possible mediators (Supplementary Table 5). The results of 
this analysis were more likely to be toward the null com-
pared with our main analysis.

Discussion

Through a multisite longitudinal cohort of community-
dwelling older participants with knee OA or at risk of OA 
without severe pain, the current study examined whether 
increasing daily PA for those who were physically inactive 
and decreasing daily PA for those who were excessively 
active would prevent KR surgery. We found that reducing 
the PASE score to optimal levels over 2 years in participants 
who were excessively active at baseline reduced the risk of 
KR surgery. Additionally, increasing PASE scores by 10% 
and 20% over 2 years in participants who were inactive at 
baseline further reduced the risk of KR surgery compared 
to maintaining their PASE scores. However, this additional 
effect diminished when the PASE scores were increased by 
30% to 50%.

The current study found that interventions capable of 
reducing PASE scores among participants with excessive 
active at baseline to optimal values (i.e., 200 points) were 
beneficial in reducing the risk of KR replacement. This result 
was consistent with that presented in a previous study that 
used subjectively measured daily PA (PASE, same as our 
study) [11, 22] but was inconsistent with a previous study 

1 3

Page 7 of 10    104 



Aging Clinical and Experimental Research          (2026) 38:104 

Author contributions  Access to data and responsibility for data integ-
rity: Drs. Kanai and Ikeda had full access to all study data. Dr. Ikeda 
takes responsibility for the integrity of the data and the accuracy of the 
data analysis.Concept and design: All authors.Acquisition, analysis, or 
interpretation of data: All authors.Drafting of the manuscript: Drs. Ka-
nai and Ikeda. Critical revision of the manuscript for important intel-
lectual content: All authors.Statistical analysis: Dr. Ikeda.Supervision: 
Drs. Murakami and Osaka.

Funding  This work was supported by the Japan Society for the Pro-
motion of Science (JSPS) Grant Number (22K17648 & 25K02836, 
Ikeda). The funder had no role in study design, data collection and 
analysis, decision to publish, or preparation of the manuscript. There 
are no conflict of interest to be declared.

Data availability  The data are available upon request from the OAI 
(https:/​/dataar​chive.n​imh.n​ih.gov/oai/).

Declarations

Competing interests  The authors declare no competing interests.

Ethics approval  The institutional review boards at all OAI clini-
cal sites and the OAI coordinating center (University of California, 
San Francisco) approved the OAI study (10–00532). All participants 
signed the written informed consent form.

Open Access   This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and 
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if you modified the licensed 
material. You do not have permission under this licence to share 
adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to 
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit ​
h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​r​g​​/​l​i​​c​e​n​​s​e​s​/​​b​y​​-​n​c​-​n​d​/​4​.​0​/.

References

1.	 Safiri S, Kolahi A-A, Smith E et al (2020) Global, regional and 
national burden of osteoarthritis 1990–2017: a systematic analy-
sis of the Global Burden of Disease Study 2017. Ann Rheum Dis 
79:819–828. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​6​​/​a​n​​n​r​h​​e​u​m​​d​i​s​-​​2​0​​1​9​-​2​1​6​5​1​5

2.	 Cui A, Li H, Wang D et al (2020) Global, regional prevalence, 
incidence and risk factors of knee osteoarthritis in population-
based studies. EClinicalMedicine 29–30. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​
j​.​​e​c​l​i​n​m​.​2​0​2​0​.​1​0​0​5​8​7

3.	 Spitaels D, Mamouris P, Vaes B et al (2020) Epidemiology of 
knee osteoarthritis in general practice: a registry-based study. 
BMJ Open 10:e031734. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​6​​/​b​m​​j​o​p​e​n​-​2​0​1​9​-​0​
3​1​7​3​4

4.	 Nagira K, Hagino H, Enokida M et al (2022) Total knee arthro-
plasty in the past three decades: Trends in patient characteristics 
and implant survivorship. Mod Rheumatol 32:432–437. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​4​​3​9​7​​5​9​5​​.​2​0​2​​1​.​​1​9​1​3​8​2​3

The current study has several limitations worth noting. 
First, the generalizability of our findings to other cohorts 
may be limited, as we assumed treatment-variation irrel-
evance across all versions of the intervention. The overall 
effect was estimated while keeping the original distribution 
of activity domains (leisure, household, and work-related) 
among those exposed to the daily PA program. Therefore, 
our findings mainly apply to populations with similar char-
acteristics and domain compositions in hypothetical PA 
interventions (Supplementary Table 2). Second, we did not 
use pathological information (e.g., K/L grade) for the inclu-
sion criteria but instead used symptomatic information (i.e., 
WOMAC pain score). This approach was based on the clini-
cal recommendation that engaging in PA is important even 
for participants with advanced knee OA [8], reflecting real-
world clinical settings. Third, we did not use objectively 
measured daily PA level but instead relied on self-reported 
PASE scores to determine daily PA levels. Therefore, future 
studies will need to use objectively measured PA in rela-
tion to KR surgery. Fourth, our results might still have 
been affected by unmeasured confounders despite vigor-
ous adjustment. For example, a previous study revealed 
that relationships with health professionals are key factors 
in the decision to undergo KR surgery [42]. However, the 
calculated E-values from our main analysis indicate moder-
ate robustness to unmeasured confounding. Fifth, although 
the time-variant variables were considered in our statistical 
model, we did not account for correlations between vari-
ables at the same time point. In other words, we possibly 
underestimating the effect of daily PA on the KR surgery 
owing to the adjustment of possible mediators at the same 
time point. To address this potential bias, we conducted a 
sensitivity analysis excluding variables that might act as 
mediators. The estimates tended to move toward the null 
compared with the main analysis, suggesting that these vari-
ables likely functioned as confounders rather than media-
tors. Sixth, we did not consider the PA score after the 2-year 
intervention given that we assessed the effects of 2-year PA 
program on KR surgery. RCTs are generally 1–2 years in 
duration, which can be considered short in terms of assess-
ing KR as an outcome [43–45].

In conclusion, our findings showed that optimizing daily 
PA is beneficial for preventing KR surgery among older 
participants at risk for or already suffering from knee OA 
without severe pain symptoms. Rather than simply reduc-
ing daily PA, our results suggest that tailoring daily PA to 
an optimal level—by moderately reducing activity among 
excessively active individuals and appropriately increasing 
it among inactive individuals—is most beneficial.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​0​5​2​0​-​0​
2​6​-​0​3​3​6​0​-​0.

1 3

  104   Page 8 of 10

https://dataarchive.nimh.nih.gov/oai
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1136/annrheumdis-2019-216515
https://doi.org/10.1016/j.eclinm.2020.100587
https://doi.org/10.1016/j.eclinm.2020.100587
https://doi.org/10.1136/bmjopen-2019-031734
https://doi.org/10.1136/bmjopen-2019-031734
https://doi.org/10.1080/14397595.2021.1913823
https://doi.org/10.1080/14397595.2021.1913823
https://doi.org/10.1007/s40520-026-03360-0
https://doi.org/10.1007/s40520-026-03360-0


Aging Clinical and Experimental Research          (2026) 38:104 

22.	 Lin W, Alizai H, Joseph GB et al (2013) Physical activity in rela-
tion to knee cartilage T2 progression measured with 3 T MRI over 
a period of 4 years: data from the Osteoarthritis Initiative. Osteo-
arthr Cartil 21:1558–1566. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​o​c​a​.​2​0​1​3​.​0​6​
.​0​2​2

23.	 Díaz I, Williams N, Hoffman KL, Schenck EJ (2023) Nonpara-
metric Causal Effects Based on Longitudinal Modified Treatment 
Policies. J Am Stat Assoc 118:846–857. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​0​
1​​6​2​1​​4​5​9​​.​2​0​2​​1​.​​1​9​5​5​6​9​1

24.	 Schuler MS, Rose S (2017) Targeted maximum likelihood esti-
mation for causal inference in observational studies. Am J Epide-
miol 185:65–73. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​a​j​​e​/​k​w​w​1​6​5

25.	 Lendle SD, Schwab J, Petersen ML, Van Der Laan MJ (2017) 
ltmle: An R Package Implementing Targeted Minimum Loss-
Based Estimation for Longitudinal Data. J Stat Soft 81. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​8​6​3​​7​/​j​​s​s​.​v​0​8​1​.​i​0​1

26.	 Polley E, LeDell E, van der Laan M (2017) Package SuperLearner
27.	 Friedman JH (1991) Multivariate Adaptive Regression Splines. ​h​

t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​4​​/​a​o​​s​/​1​1​7​6​3​4​7​9​6​3. Ann Statist 19:
28.	 Wright MN, Ziegler A (2017) ranger: A Fast Implementation of 

Random Forests for High Dimensional Data in C + + and R. J Stat 
Soft 77. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​8​6​3​​7​/​j​​s​s​.​v​0​7​7​.​i​0​1

29.	 Chen T, Guestrin C (2016) XGBoost: A scalable tree boosting 
system. Proceedings of the 22nd ACM SIGKDD International 
Conference on Knowledge Discovery and Data Mining 785–794

30.	 Shah AD, Bartlett JW, Carpenter J et al (2014) Comparison of 
random forest and parametric imputation models for imputing 
missing data using MICE: A CALIBER study. Am J Epidemiol 
179:764–774. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​a​j​​e​/​k​w​t​3​1​2

31.	 Dunlop DD, Song J, Semanik PA et al (2011) Objective physical 
activity measurement in the osteoarthritis initiative: Are guide-
lines being met? Arthr Rhuem 63:3372–3382. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​0​2​​/​a​r​​t​.​3​0​5​6​2

32.	 Haneuse S, Vanderweele TJ, Arterburn D (2019) Using the 
E-Value to Assess the Potential Effect of Unmeasured Confound-
ing in Observational Studies. JAMA - J Am Med Association 
321:602–603. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​1​​/​j​a​​m​a​.​2​0​1​8​.​2​1​5​5​4

33.	 Doré DA, Winzenberg TM, Ding C et al (2013) The association 
between objectively measured physical activity and knee struc-
tural change using MRI. Ann Rheum Dis 72:1170–1175. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​6​​/​a​n​​n​r​h​​e​u​m​​d​i​s​-​​2​0​​1​2​-​2​0​1​6​9​1

34.	 Hagiwara A, Ito N, Sawai K, Kazuma K (2008) Validity and reli-
ability of the Physical Activity Scale for the Elderly (PASE) in 
Japanese elderly people. Geriatr Gerontol Int 8:143–151. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​4​4​​7​-​0​​5​9​4​.​​2​0​​0​8​.​0​0​4​6​3​.​x

35.	 Maly MR (2008) Abnormal and cumulative loading in knee 
osteoarthritis. Curr Opin Rheumatol 20:547–552. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​9​7​​/​B​O​​R​.​0​b​0​1​3​e​3​2​8​3​0​7​f​5​8​c

36.	 Logerstedt DS, Ebert JR, MacLeod TD et al (2022) Effects of 
and Response to Mechanical Loading on the Knee. Sports Med 
52:201–235. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​0​2​7​9​-​0​2​1​-​0​1​5​7​9​-​7

37.	 Zeng C-Y, Zhang Z-R, Tang Z-M, Hua F-Z (2021) Benefits and 
Mechanisms of Exercise Training for Knee Osteoarthritis. Front 
Physiol 12:794062. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​h​y​s​.​2​0​2​1​.​7​9​4​0​6​2

38.	 Suzuki Y, Iijima H, Tashiro Y et al (2019) Home exercise therapy 
to improve muscle strength and joint flexibility effectively treats 
pre-radiographic knee OA in community-dwelling elderly: a ran-
domized controlled trial. Clin Rheumatol 38:133–141. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​0​6​7​-​0​1​8​-​4​2​6​3​-​3

39.	 US Department of Health and Human Services (2018) Physical 
activity guidelines for Americans. Washington (DC)

40.	 Haskell WL, Lee IM, Pate RR et al (2007) Physical activity 
and public health: Updated recommendation for adults from the 
American College of Sports Medicine and the American Heart 
Association. Med Sci Sports Exerc 39:1423–1434. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​2​4​9​​/​m​s​​s​.​0​b​0​1​3​e​3​1​8​0​6​1​6​b​2​7

5.	 Hunter DJ, March L, Chew M (2020) Osteoarthritis in 2020 and 
beyond: a Lancet Commission. Lancet 396:1711–1712. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​1​4​0​-​6​7​3​6​(​2​0​)​3​2​2​3​0​-​3

6.	 Brophy RH, Fillingham YA (2022) AAOS Clinical Practice 
Guideline Summary: Management of Osteoarthritis of the 
Knee (Nonarthroplasty), Third Edition. J Am Acad Orthop Surg 
30:e721–e729. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​4​3​5​​/​J​A​​A​O​S​-​D​-​2​1​-​0​1​2​3​3

7.	 2018 Physical Activity Guidelines Advisory Committee (2018) 
2018 Physical Activity Guidelines Advisory Committee Scien-
tific Report. Department of Health and Human Services, Wash-
ington, DC

8.	 Fernandes L, Hagen KB, Bijlsma JWJ et al (2013) EULAR rec-
ommendations for the non-pharmacological core management of 
hip and knee osteoarthritis. Ann Rheum Dis 72:1125–1135. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​6​​/​a​n​​n​r​h​​e​u​m​​d​i​s​-​​2​0​​1​2​-​2​0​2​7​4​5

9.	 Kraus VB, Sprow K, Powell KE et al (2019) Effects of Physical 
Activity in Knee and Hip Osteoarthritis: A Systematic Umbrella 
Review. Med Sci Sports Exerc 51:1324–1339. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​2​4​9​​/​M​S​​S​.​0​0​0​0​0​0​0​0​0​0​0​0​1​9​4​4

10.	 Restuccia R, Ruggieri D, Magaudda L, Talotta R (2022) The pre-
ventive and therapeutic role of physical activity in knee osteoar-
thritis. Reumatismo 74. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​4​​0​8​1​​/​r​e​​u​m​a​t​i​s​m​o​.​2​0​2​2​
.​1​4​6​6

11.	 Leung YY, Razak HRBA, Talaei M et al (2018) Duration of 
physical activity, sitting, sleep and the risk of total knee replace-
ment among Chinese in Singapore, the Singapore Chinese Health 
Study. PLoS ONE 13:e0202554. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​7​1​​/​j​o​​u​r​n​a​l​.​
p​o​n​e​.​0​2​0​2​5​5​4

12.	 Master H, Thoma LM, Neogi T et al (2021) Daily Walking and 
the Risk of Knee Replacement Over 5 Years Among Adults With 
Advanced Knee Osteoarthritis in the United States. Arch Phys 
Med Rehabil 102:1888–1894. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​p​m​r​.​2​0​2​
1​.​0​5​.​0​1​4

13.	 Ikeda T, Tsuboya T (2021) Effects of changes in depressive symp-
toms on handgrip strength in later life: A four-year longitudinal 
study in England. J Affect Disord 299:67–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​1​6​​/​j​.​​j​a​d​.​2​0​2​1​.​1​1​.​0​5​7

14.	 Balogun S, Scott D, Cicuttini F et al (2020) Longitudinal study 
of the relationship between physical activity and knee pain and 
functional limitation in community-dwelling older adults. Arch 
Gerontol Geriatr 90:104101. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​r​c​​h​g​e​​r​.​2​0​​
2​0​​.​1​0​4​1​0​1

15.	 De Groot IB, Bussmann JB, Stam HJ, Verhaar JAN (2008) Actual 
everyday physical activity in patients with end-stage hip or knee 
osteoarthritis compared with healthy controls. Osteoarthr Cartil 
16:436–442. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​o​c​a​.​2​0​0​7​.​0​8​.​0​1​0

16.	 Hernán MA, Wang W, Leaf DE (2022) Target Trial Emulation: 
A Framework for Causal Inference From Observational Data. 
JAMA 328:2446. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​1​​/​j​a​​m​a​.​2​0​2​2​.​2​1​3​8​3

17.	 Faiza F-E (2004) The osteoarthritis initiative: an overview. Med 
Health R I 87:169–171

18.	 Wu R, Ma Y, Li M et al (2023) Baseline Knee Pain Predicts 
Long-Term Response of Intra-Articular Steroid Injection in 
Symptomatic Knee Osteoarthritis: Data from OAI. CARTILAGE 
14:144–151. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​7​​/​1​9​​4​7​6​0​3​5​2​2​1​1​4​4​7​4​5

19.	 Wang Y, Teichtahl AJ, Abram F et al (2018) Knee pain as a pre-
dictor of structural progression over 4 years: data from the Osteo-
arthritis Initiative, a prospective cohort study. Arthritis Res Ther 
20:250. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​3​0​7​5​-​0​1​8​-​1​7​5​1​-​4

20.	 Washburn RA, Smith KW, Jette AM, Janney CA (1993) The 
physical activity scale for the elderly (PASE): Development and 
evaluation. J Clin Epidemiol 46:153–162. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​
/​0​8​​9​5​-​4​3​5​6​(​9​3​)​9​0​0​5​3​-​4

21.	 Hernán MA, VanderWeele TJ (2011) Compound Treatments and 
Transportability of Causal Inference. Epidemiology 22:368–377. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​E​D​​E​.​0​b​0​1​3​e​3​1​8​2​1​0​9​2​9​6

1 3

Page 9 of 10    104 

https://doi.org/10.1016/j.joca.2013.06.022
https://doi.org/10.1016/j.joca.2013.06.022
https://doi.org/10.1080/01621459.2021.1955691
https://doi.org/10.1080/01621459.2021.1955691
https://doi.org/10.1093/aje/kww165
https://doi.org/10.18637/jss.v081.i01
https://doi.org/10.18637/jss.v081.i01
https://doi.org/10.1214/aos/1176347963
https://doi.org/10.1214/aos/1176347963
https://doi.org/10.18637/jss.v077.i01
https://doi.org/10.1093/aje/kwt312
https://doi.org/10.1002/art.30562
https://doi.org/10.1002/art.30562
https://doi.org/10.1001/jama.2018.21554
https://doi.org/10.1136/annrheumdis-2012-201691
https://doi.org/10.1136/annrheumdis-2012-201691
https://doi.org/10.1111/j.1447-0594.2008.00463.x
https://doi.org/10.1111/j.1447-0594.2008.00463.x
https://doi.org/10.1097/BOR.0b013e328307f58c
https://doi.org/10.1097/BOR.0b013e328307f58c
https://doi.org/10.1007/s40279-021-01579-7
https://doi.org/10.3389/fphys.2021.794062
https://doi.org/10.1007/s10067-018-4263-3
https://doi.org/10.1007/s10067-018-4263-3
https://doi.org/10.1249/mss.0b013e3180616b27
https://doi.org/10.1249/mss.0b013e3180616b27
https://doi.org/10.1016/S0140-6736(20)32230-3
https://doi.org/10.1016/S0140-6736(20)32230-3
https://doi.org/10.5435/JAAOS-D-21-01233
https://doi.org/10.1136/annrheumdis-2012-202745
https://doi.org/10.1136/annrheumdis-2012-202745
https://doi.org/10.1249/MSS.0000000000001944
https://doi.org/10.1249/MSS.0000000000001944
https://doi.org/10.4081/reumatismo.2022.1466
https://doi.org/10.4081/reumatismo.2022.1466
https://doi.org/10.1371/journal.pone.0202554
https://doi.org/10.1371/journal.pone.0202554
https://doi.org/10.1016/j.apmr.2021.05.014
https://doi.org/10.1016/j.apmr.2021.05.014
https://doi.org/10.1016/j.jad.2021.11.057
https://doi.org/10.1016/j.jad.2021.11.057
https://doi.org/10.1016/j.archger.2020.104101
https://doi.org/10.1016/j.archger.2020.104101
https://doi.org/10.1016/j.joca.2007.08.010
https://doi.org/10.1001/jama.2022.21383
https://doi.org/10.1177/19476035221144745
https://doi.org/10.1186/s13075-018-1751-4
https://doi.org/10.1016/0895-4356(93)90053-4
https://doi.org/10.1016/0895-4356(93)90053-4
https://doi.org/10.1097/EDE.0b013e3182109296
https://doi.org/10.1097/EDE.0b013e3182109296


Aging Clinical and Experimental Research          (2026) 38:104 

with Knee Osteoarthritis. Obesity 14:1219–1230. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​3​8​​/​o​b​​y​.​2​0​0​6​.​1​3​9

45.	 Jenkinson CM, Doherty M, Avery AJ et al (2009) Effects of 
dietary intervention and quadriceps strengthening exercises on 
pain and function in overweight people with knee pain: ran-
domised controlled trial. BMJ 339:b3170–b3170. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​
1​0​​.​1​1​​​3​6​/​​​b​m​j​.​b​3​1​7​0

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

41.	 Stanner S (2004) At least five a week - A summary of the report 
from the Chief Medical Officer on physical activity. Nutr Bull 
29:350–352. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​4​6​​7​-​3​​0​1​0​.​​2​0​​0​4​.​0​0​4​5​5​.​x

42.	 O’Neill T, Jinks C, Ong BN (2007) Decision-making regarding 
total knee replacement surgery: A qualitative meta-synthesis. 
BMC Health Serv Res 7:52. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​1​4​​7​2​-​6​9​6​3​-​
7​-​5​2

43.	 Bliddal H, Leeds AR, Stigsgaard L et al (2011) Weight loss as 
treatment for knee osteoarthritis symptoms in obese patients: 
1-year results from a randomised controlled trial. Ann Rheum Dis 
70:1798–1803. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​6​​/​a​r​​d​.​2​0​1​0​.​1​4​2​0​1​8

44.	 Miller GD, Nicklas BJ, Davis C et al (2006) Intensive Weight 
Loss Program Improves Physical Function in Older Obese Adults 

1 3

  104   Page 10 of 10

https://doi.org/10.1038/oby.2006.139
https://doi.org/10.1038/oby.2006.139
https://doi.org/10.1136/bmj.b3170
https://doi.org/10.1136/bmj.b3170
https://doi.org/10.1111/j.1467-3010.2004.00455.x
https://doi.org/10.1186/1472-6963-7-52
https://doi.org/10.1186/1472-6963-7-52
https://doi.org/10.1136/ard.2010.142018

	﻿Which matters more for preventing knee replacements: reducing overactivity or combating inactivity?
	﻿Abstract
	﻿Significance and Innovations
	﻿Introduction
	﻿Materials and methods
	﻿Study design
	﻿Participants
	﻿Exposure and treatment regimens
	﻿Covariates
	﻿Outcome
	﻿Statistical analysis

	﻿Results
	﻿Discussion
	﻿References


