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Abstract: Objective: To investigate the performance of a predictive model for worsening knee osteoarthritis (KOA)
pain that integrates baseline clinical characteristics, gait biomechanical parameters and wearable device-derived
daily activity monitoring data and to evaluate the incremental predictive value of each module. Methods: A total of
984 KOA patients who visited the Department of Orthopedics, Pudong New Area People’s Hospital between January
2018 and December 2023 were retrospectively included and randomly split into a training set (n = 689) and a test
set (n =295) at a 7:3 ratio. The primary outcome was a composite endpoint defined as an increase of > 2 points in
the WOMAC pain subscale score within 12 months after enrollment, accompanied by subjective patient-reported
pain worsening (incidence, 28.0%). In the training set, candidate variables were initially screened by univariate anal-
ysis (P < 0.05) and final predictors were selected using LASSO regression with 10-fold cross-validation (lambda.1se
= 0.012253). Four logistic regression models (clinical model, clinical + gait model, clinical + wearable model and
fusion model) were constructed using a stepwise modular incremental strategy. Model discrimination was assessed
using the area under the receiver operating characteristic curve (AUC), calibration using the Brier Score and calibra-
tion curves, incremental predictive value using integrated discrimination improvement (IDI) and net reclassification
improvement (NRI) and clinical utility using decision curve analysis (DCA). Variable importance was assessed us-
ing multivariable logistic regression and SHAP method. Results: A total of 17 variables were selected by LASSO (7
clinical variables, 4 gait-related variables and 6 wearable-derived variables). In the test set, the AUCs of the clinical
model, clinical + gait model, clinical + wearable model and fusion model were 0.673 (95% Cl: 0.605-0.740), 0.753
(95% Cl: 0.695-0.811), 0.756 (95% Cl: 0.695-0.816) and 0.815 (95% CI: 0.761-0.869), respectively. The fusion
model achieved a Brier score of 0.144, a calibration intercept of -0.261 and a calibration slope of 0.856. Compared
with the clinical model, the IDIs of the clinical + gait, clinical + wearable and fusion models were 0.056, 0.123 and
0.217, respectively and the continuous NRIs were 0.606, 0.614 and 0.697, respectively (all P < 0.05). Multivari-
able logistic regression identified baseline WOMAC stiffness score (OR = 1.912, 95% Cl: 1.583-2.331, P < 0.001),
analgesic use (OR = 1.753, P = 0.009) and daytime activity fragmentation index (per O0.1-unit increase, OR = 1.948,
95% Cl: 1.597-2.402, P < 0.001) as independent variables risk factors for worsening pain. Regular exercise habits
(OR=0.630, P=0.033), 20-m walk speed (per 0.1 m/s increase, OR = 0.748, 95% Cl: 0.647-0.859, P < 0.001) and
sedentary break frequency (OR = 0.780 per break/hour, P = 0.023) were independently associated with decreased
odds of pain worsening. SHAP analysis showed that baseline WOMAC stiffness score (mean |SHAP| = 0.101) and
daytime activity fragmentation index (mean |SHAP| = 0.098) were the two most important predictors in terms of
global contribution. DCA indicated that the fusion model yielded the highest net benefit within a risk threshold prob-
ability range of 0.05-0.35. Subgroup sensitivity analyses confirmed the robustness of the fusion model (AUC > 0.79
across all subgroups). Conclusion: An integrated predictive model incorporating baseline clinical characteristics,
gait biomechanics and wearable device-derived activity data can markedly enhance discrimination and risk clas-
sification of worsening KOA pain. These findings suggest that assessment of the biomechanical gait and monitoring
of activity through wearable devices may provide additional predictive value beyond traditional clinical variables in
identifying KOA patients at higher risk of pain worsening.

Keywords: Knee osteoarthritis, pain worsening, gait biomechanics, wearable devices, prediction model, LASSO
regression, SHAP analysis
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Introduction

Knee osteoarthritis (KOA) is the most prevalent
form of degenerative joint disease worldwide,
affecting an estimated 650 million individuals
aged = 40 years. KOA is also a leading cause of
chronic pain and functional limitation among
middle-aged and older adults [1]. Epidemio-
logical surveys in China have reported that the
prevalence of KOA is approximately 21.7% in
individual aged > 55 years. Furthermore,
among KOA patients, pain worsening occurs in
approximately 30%-40% of cases, manifesting
as acute exacerbations characterized by a
sharp increase in pain intensity and a marked
decline in daily functional capacity over a short
period of time [2]. Pain exacerbation is the pri-
mary reason for seeking healthcare help and
represents a key contributor to loss of joint
function and deterioration in quality of life.
However, the pathophysiology of KOA pain dete-
riorations is complex, involving multidimension-
al interaction among structural joint degenera-
tion, biomechanical abnormalities, central sen-
sitization and psychosocial factors. At present,
clinical practice lacks reliable tools for prospec-
tive identification of patients at high risk of pain
deterioration.

Current risk assessment of KOA pain aggravat-
ing mainly relies on baseline pain severity,
radiographic Kellgren-Lawrence (KL) grade and
Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) [3], which are
static clinical indicators. Although longitudinal
cohort studies have established moderately
strong associations between these traditional
indicators and pain worsening, their predictive
performance remains limited; models based
solely on clinical variables typically achieve an
AUC of <0.70 [4].

Gait biomechanical parameters (e.g., walking
speed, chair stand time and single-leg stance
time) as well as wearable device-derived daily
activity indicators (e.g., step count and activity
fragmentation index) have received increasing
attention [5]. Alteration in load distribution
resulting from gait abnormalities has been
assumed to exacerbate pain, creating a vicious
cycle of ‘pain-gait abnormality-pain worsening’
[6]. Meanwhile, continuous monitoring via
wearable devices can provide ecologically valid,
real-world activity data that cannot be obtained
in lab settings [7]. However, few studies have
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jointly incorporated gait biomechanics and
wearable device-derived activity parameters to
predict KOA pain worsening. Thus, it remains
unclear whether these two objectively mea-
sured indicators can provide incremental pre-
dictive value for worsening pain beyond tradi-
tional clinical variables.

The limitations of existing studies are as fol-
lows. First, most studies have exclusively exam-
ined either gait or wearable parameters and
their cross-sectional association with KOA pain
and have rarely validated their predictive utility
within a unified longitudinal framework. Second,
gait biomechanical parameters and wearable
activity measures reflect different dimensions
of functional status: while the former captures
maximal exercise capacity under controlled
settings, the latter reflects habitual activity pat-
terns in free-living settings. The potential com-
plementarity between these two has not been
sufficiently evaluated. Third, modern variable
selection methods such as least absolute
shrinkage and selection operator (LASSO)
regression remain underutilized in KOA pain
worsening prediction, limiting the ability to effi-
ciently identify optimal predictor combination
from high-dimensional candidate variables [8].

Based on this background, the present single-
center retrospective cohort study enrolled KOA
patients and systematically collected baseline
clinical characteristics, laboratory-based gait
biomechanical parameters and 7-day wearable
device-derived activity monitoring data. Pre-
dictive variables were selected using LASSO
regression and predictive models integrating
clinical, gait and wearable modules were con-
structed. The incremental predictive value of
each module for 12-month worsening KOA pain
was further evaluated, aiming to determine
whether the integration of multidimensional
objective assessment tools can improve early
risk stratification in KOA.

Methods
Study design and sample size calculation

This study was a retrospective analysis based
on a previously established KOA longitudinal
follow-up database. Between January 2018
and December 2023, KOA patients who visited
the Department of Orthopedics and the De-
partment of Rehabilitation Medicine at Pudong
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New Area People’s Hospital were prospectively
and consecutively enrolled into the database.
All participants underwent standardized clinical
evaluation, gait biomechanical assessment
and 7-day wearable device-based activity moni-
toring according to a unified protocol. Follow-up
assessments were completed 12 months later.

For the present analysis, a retrospective extrac-
tion of data was performed from patients meet-
ing the predefined inclusion and exclusion crite-
ria. The primary objective was the development
of a predictive model for KOA pain worsening,
which guided the sample size considerations.
Among 984 patients, 276 (28.0%) experienced
a pain worsening event during the 12-month
follow-up. A total of 33 candidate variables
were initially considered; after expansion of cat-
egorical variables (including Kellgren-Lawrence
grade and affected knee laterality), the final
number of features was 35. Accordingly, the
events-per-variable (EPV) ratio was approxi-
mately 7.9. According to the traditional EPV >
10 rule, this is considered insufficient. To miti-
gate overfitting during variable selection and
model construction, LASSO regression with
10-fold cross-validation was adopted. Previous
simulation studies have demonstrated that
penalized regression methods can provide rela-
tively stable variable selection and coefficient
estimation, even at EPV levels between 5 and
10, provided that the regularization parameter
is tuned via cross-validation. Furthermore, mo-
del performance was evaluated using an inde-
pendent held-out test set and further internally
validated using 1,000 bootstrap resamples to
obtain optimism-corrected estimates of dis-
crimination and calibration. This study was
approved by the Medical Ethics Committee of
Pudong New Area People’s Hospital and
adhered to the principles of the Declaration of
Helsinki [9].

Inclusion and exclusion criteria

Inclusion criteria: (1) age > 45 years; (2) diagno-
sis of KOA according to the 1986 American
College of Rheumatology (ACR) revised clinical
criteria [10]; (3) KL grade 1-3; (4) completion of
the WOMAC scale, gait biomechanical testing
and wearable device monitoring (valid wear
days > 4 days) at both baseline and 12-month
follow-up; and (5) availability of complete clini-
cal and follow-up data. Exclusion criteria: (1) KL
grade 4 (end-stage KOA); (2) receipt of knee
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arthroplasty or other lower-limb orthopedic sur-
gery during the 12-month follow-up; (3) comor-
bid rheumatoid arthritis, gouty arthritis, or
other inflammatory joint diseases; (4) severe
neurological disease (e.g., post-stroke sequel-
ae, Parkinson’s disease) or inability to ambu-
late independently; (5) severe cardiopulmonary
insufficiency, malignancy, or other major sys-
temic diseases with an expected survival of <
12 months; and (6) lower-limb fracture or acute
knee trauma during the 12-month follow-up.

Clinical data collection

Baseline data were collected using an electron-
ic medical record system and standardized
questionnaires. (1) Demographic and general
clinical characteristics: age, sex, body mass
index (BMI). (2) KOA disease characteristics:
disease duration (years), affected knee lateral-
ity (left knee/right knee/bilateral), KL grade
(independently assessed by two senior radiolo-
gists, with discrepancies resolved by consen-
sus) [11], prior knee injury history and prior
knee surgery history. (3) Comorbidities and
medication history: hypertension, diabetes,
coronary artery disease, smoking history, alco-
hol consumption, regular exercise habit (defined
as engagement in moderate-intensity exercise
> 3 times per week, > 30 min per session) and
baseline analgesic use. (4) Self-reported out-
come measures: WOMAC subscale scores
(pain, stiffness and function), Visual Analogue
Scale (VAS) pain score and Center for Epi-
demiologic Studies Depression Scale (CES-D)
score [12]. (5) Gait biomechanical parameters:
20-m walking speed (m/s), 5-times chair stand
time (s), single-leg stance time (s), 400-m walk-
ing time (s) and gait speed coefficient of varia-
tion (CV, %). (6) Wearable device activity param-
eters: daily step count (steps/day), daily step
count variability (CV, %), proportion of moder-
ate-to-vigorous physical activity (MVPA, %),
total sedentary time (h/day), sedentary break
frequency (breaks/hour), daytime activity frag-
mentation index, sleep duration (h/night) and
number of valid wearable device wear days.

Measurement methods

Gait function tests (hereafter referred to as
generalized gait biomechanical performance
indicators, encompassing spatiotemporal gait
parameters and functional mobility tests, rath-
er than three-dimensional kinematic/kinetic
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measurements) were performed using the
Zeno electronic walkway system (ProtoKinetics
LLC, Havertown, PA, USA). The walkway had a
length of 6.1 m, a width of 0.9 m and a sam-
pling frequency of 120 Hz. Participants were
instructed to walk 20 m at a self-selected com-
fortable speed across the walkway. Each ass-
essment was repeated three times and the
mean value was used for analysis.

The 5-times chair stand test was conducted
using a standard armless chair with a seat
height of 43 cm. Participant were instructed to
rise from a seated position and sit down five
consecutive times as quickly as possible and
the total completion time was recorded.

The single-leg stance test required participants
to stand on their dominant leg with eyes open
and hands on hips. The maximum duration of
independent standing was recorded (upper
limit: 60 s). The test was repeated three times
and the best value was taken.

The 400-m walk test was conducted in a
straight, level 20-m corridor. Participants were
instructed to complete 20 round trips (equiva-
lent to 400 m) at their fastest tolerable walking
speed and the total completion time was
recorded.

The ActiGraph wGT3X-BT triaxial accelerometer
(ActiGraph LLC, Pensacola, FL, USA) was used
to measure physical activity. The device was
worn on the non-dominant hip for 7 consecu-
tive days (daytime and nighttime) at a sampling
frequency of 30 Hz. Raw accelerometer data
were processed using ActilLife software (ver-
sion 6.13.4) and activity intensity was classi-
fied using the Freedson algorithm [13]. Spe-
cifically, sedentary behavior was defined as <
100 counts/min. Participants were included in
the analysis if they had at least four valid wear
days, defined as > 10 hours of wear time per
day. The daytime activity fragmentation index
was defined as the probability of transition
between sedentary bouts (= 30 min of consec-
utive < 100 counts/min) and active bouts (= 1
min of consecutive > 100 counts/min) during
waking hours. The transition probability was
calculated as: transition probability = (number
of sedentary-to-active transitions + number of
active-to-sedentary transitions)/(total number
of sedentary bouts + total number of active
bouts). The index ranges from O to 1, with great-
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er values implying a more fragmented activity
pattern. Sleep periods were identified using the
built-in Cole-Kripke algorithm in ActiLife and
were excluded from the analysis. Data from
valid wear days (= 10 h/day) were included,
whereas invalid wear days were entirely
excluded.

KL grade was assessed using standard antero-
posterior and lateral knee radiographs. The
Chinese version WOMAC scale was adopted
(Likert 0-4 scoring system) [14], with a
Cronbach’s o coefficient of 0.85-0.95 [15]. All
functional tests and questionnaire assess-
ments were conducted by uniformly trained
research personnel according to standardized
protocols.

Outcome measures

The primary outcome was worsening KOA pain
within 12 months after enroliment, defined as a
composite binary endpoint (yes/no) requiring
the presence of both of the following criteria: (1)
an increase of > 2 points in the WOMAC pain
subscale score (range 0-20, with higher scores
indicating more severe pain) from baseline to
12-month follow-up. This threshold was select-
ed based on the minimal clinically important
difference (MCID) values for the WOMAC pain
subscale in KOA patients, which have been
reported to range from 0.5 to 2.5 points based
on study population, type and method of esti-
mation (anchor-based vs. distribution-based
approaches). A threshold of > 2 points was
selected to reduce the likelihood of measure-
ment error and to increase the probability of
capturing clinically meaningful change. How-
ever, MCID values have not been specifically
validated in this cohort and the selected thresh-
old may affect event classification; (2) a subjec-
tive patient-reported pain worsening at stan-
dardized follow-up, collected through a stru-
ctured interview conducted by trained research
staff, in response to the question: “In the past
month, has your joint pain gotten worse?” (yes/
no). This composite endpoint was employed to
incorporate both objective changes in validated
symptom scales and patient-perceived deterio-
ration, thereby increasing clinical relevance.
Notably, this approach prioritizes specificity
over sensitivity, aiming to capture clinically
meaningful and perceptible pain worsening.
Patients who fulfiled WOMAC-based criterion
but did not report subjective worsening were
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classified as non-worsening cases. Sensitivity
analyses were performed using alternative
endpoints, including WOMAC pain increase > 2
points alone and WOMAC pain increase > 30%
from baseline.

Secondary outcome measures were prespeci-
fied in the study protocol, including absolute
changes in WOMAC pain, WOMAC function and
VAS pain scores; however, these outcomes
were not reported in the present analysis,
which focused on development and validation
of a binary prediction model for pain worsen-

ing.

Statistical analysis

All statistical analyses were performed using R
software (version 4.5.1) and SPSS software
(version 27.0, IBM Corp., Armonk, NY, USA). All
tests were two-sided and a P < 0.05 was con-
sidered statistically significant.

Continuous variables were first assessed for
normality using the Shapiro-Wilk test. Variables
conforming to a normal distribution were pre-
sented as mean * standard deviation and were
compared using Welch’s t-test; non-normally
distributed variables were presented as medi-
an and interquartile range and were compared
using the Wilcoxon rank-sum test, with the
standardized Z statistic reported where appro-
priate. Categorical variables were presented as
frequencies and percentages and between-
group comparisons were performed using the
x° test. Baseline balance between the training
and test sets was assessed using standardized
mean difference (SMD), with SMD < 0.2 indi-
cating acceptable balance (< 0.1 excellent, 0.1-
0.2 acceptable).

The total cohort was randomly split into training
and test sets in a 7:3 ratio. In the training set,
33 candidate variables were initially screened
using univariate analysis (P < 0.05), followed by
feature selection using LASSO regression with
10-fold cross-validation. The optimal penalty
parameter was determined using the lamb-
da.lse criterion. Based on the included vari-
ables, four binary logistic regression prediction
models were constructed using a stepwise
modular incremental strategy: a clinical model,
a clinical + gait model, a clinical + wearable
model and a fusion model incorporating all vari-
ables from the three modules. Model discrimi-
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nation was evaluated using the area under the
receiver operating characteristic curve (AUC).
Differences in AUC between models were com-
pared using the DelLong test. Calibration was
evaluated using the Brier Score, calibration
intercept, calibration slope and calibration
plots.

Predictive improvement was assessed using
integrated discrimination improvement (IDI)
and net reclassification improvement (NRI).
Clinical utility was evaluated using decision
curve analysis (DCA), with net benefit calculat-
ed across a predefined threshold probability
range of 0.05-0.35. Multivariable logistic re-
gression analysis was used to identify indepen-
dent risk factors associations with worsening
KOA pain, with results reported as odds ratios
(OR) with 95% confidence intervals (Cls). Con-
fidence intervals were calculated using the pro-
file-likelihood method. Internal model valida-
tion was conducted using 1,000 Bootstrap
resamples to obtain optimism-corrected esti-
mates of discrimination and calibration.

Subgroup analyses stratified by median base-
line WOMAC pain score, KL grade and median
BMI were conducted as sensitivity analyses to
assess the robustness of the fusion model
across diverse clinically relevant subgroups. To
assess variable contributions to the fusion
model, Shapley additive explanations (SHAP)
were applied [16]. SHAP values were computed
using the fastshap R package (version 0.1.1),
which estimates Shapley values via Monte
Carlo sampling. The explain() function was
used with 200 simulations per observation
(nsim = 200) and adjustment enabled (adjust =
TRUE) to ensure additivity with model predic-
tions. SHAP analysis was performed using all
689 observations in the training set.

In the SHAP summary plot, continuous vari-
ables were rescaled to the [O, 1] range using
min-max normalization for visualization purpos-
es only; however, all SHAP calculations were
performed on the original untransformed fea-
ture scale. Since the fusion model involved con-
tinuous, binary and heterogeneous-scale vari-
ables, SHAP was used to provide a unified
framework for interpreting relative feature con-
tributions to individual predicted probabilities.
SHAP analysis was conducted as a supplemen-
tary interpretive tool to regression coefficients
rather than as a replacement for inferential sta-
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tistical analysis. Throughout the manuscript,
the terms “predictor” and “prediction” refer
solely to variables included in prognostic mod-
els and the estimation of outcome probabili-
ties, respectively and do not imply causal rela-
tionships. All associations derived from logistic
regression models represent adjusted statisti-
cal associations conditional on included covari-
ates and should not be interpreted as causal
effects.

Results

Baseline characteristics of the training and
test sets

A total of 984 patients with KOA were included
in this study, of whom 276 (28.0%) experienced
pain worsening during the 12-month follow-up.
After 7:3 stratified random splitting, the training
set comprised 689 patients (200 events,
29.0%) and the test set comprised 295 patients
(76 events, 25.8%).

The two sets were balanced in terms of age,
BMI, disease duration, WOMAC scores, VAS
pain score, CES-D depression score, gait
parameters, wearable device parameters and
comorbidities, with most SMD < 0.21. However,
KL grade showed a marginal imbalance (SMD =
0.205), slightly exceeding the prespecified
threshold. All other variables demonstrated
SMDs < 0.21.

Although statistically significant differences
were observed in 20-m walk speed (P = 0.047),
total sedentary time (P = 0.036), sex distribu-
tion (P = 0.018), KL grade (P = 0.013) and alco-
hol consumption (P = 0.047), the magnitude of
these differences was small (maximum SMD =
0.205 for KL grade). Given the large sample
size, minor between-group differences are ex-
pected to reach statistical significance; there-
fore, overall balance between the two datasets
was considered acceptable indicating that the
two sets were generally comparable (Table 1).

Comparison of baseline characteristics
between pain worsening and non-worsening
groups in the training set

In the training set, patients in the pain worsen-
ing group (n = 200) showed significantly worse
baseline symptom severity compared with the
non-worsening group (n = 489). In addition,
higher baseline WOMAC pain, function and
stiffness scores were observed in the worsen-
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ing group, along with a higher VAS pain score
(all P < 0.001). The CES-D depression score
was also significantly elevated in the worsening
group (P = 0.006).

In terms of gait biomechanical parameters, the
worsening group had reduced 20-m walk
speed, prolonged 5-times chair stand time,
shortened single-leg stance duration and pro-
longed 400-m walk time (all P < 0.001).

Regarding wearable device-derived parame-
ters, the worsening group exhibited lower daily
step count, reduced proportion of MVPA, fewer
sedentary breaks, higher activity fragmenta-
tion index, increased step count variability and
longer total sedentary time (all P < 0.01).

In addition, the proportions of KL grade 3
(46.0% vs. 31.3%, P = 0.001) and patient-
reported baseline analgesic use (44.5% vs.
32.7%, P = 0.005) were significantly higher in
the worsening group compared with the non-
worsening group. No significant differences
were observed between the two groups in age
(P=0.057), BMI (P = 0.237), or sex (P = 0.075)
(Table 2).

Correlation and collinearity analysis of candi-
date variables

Correlation and collinearity analyses were per-
formed on 19 continuous and binary candidate
variables (excluding KL grade and affected
knee laterality) that showed baseline between-
group differences of P < 0.05. Spearman cor-
relation analysis showed that all pairwise cor-
relation coefficients were below 0.7, indicating
no evidence of strong collinearity. Among
WOMAC subscales, the Spearman correlation
coefficients for pain-stiffness, pain-function
and stiffness-function pairs were 0.359, 0.560
and 0.403, respectively, consistent with the
expected conceptual overlap among these
domains. Variance inflation factor (VIF) analysis
further confirmed the absence of substantial
multicollinearity, with all variables showing VIF
values < 5 (range: 1.05-2.74) (Figure 1).

Variable selection and final model construction

LASSO regression was subsequently performed
for variable selection using the optimal tuning
parameter determined by 10-fold cross-valida-
tion. Variables with P < 0.05 in at least one
comparison in the univariate analysis were ini-
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Table 1. Baseline characteristics of the training and test sets

Variable Training (n = 689) Test (n = 295) Statistic P SMD
Age, years 63.00 [59.00, 68.00] 63.00 [58.00, 69.00] Z=-0.166 0.869 0.018
BMI, kg/m? 27.98 [25.22, 30.39] 28.11[25.75, 30.90] t=1389 0.250 0.095
Disease duration, years 7.00 [4.00, 9.00] 6.00 [4.00, 9.00] Z=-1.206 0.228 0.074
Baseline WOMAC Pain score 5.00 [3.00, 7.00] 6.00 [4.00, 7.00] Z=1391 0.164 0.070
Baseline WOMAC Function score 20.00 [13.00, 27.00] 20.00 [14.00, 27.00] Z=0.302 0.763 0.010
Baseline WOMAC Stiffness score 2.00 [2.00, 3.00] 3.00 [2.00, 4.00] Z=0.905 0.365 0.064

VAS Pain score
CES-D score
20-m walk speed, m/s

4.00 [3.00, 5.00]
10.00 [7.00, 14.00]
1.13 [1.00, 1.25]
13.00 [11.00, 15.00]
20.00 [13.00, 27.00]

5-times chair stand, s
Single-leg stance, s
400-m walk time, s
Gait speed CV, %

Daily steps, steps/day
Step count CV, %
MVPA proportion, %
Sedentary time, h/day

9.11[6.75, 11.70]

32.35[25.19, 39.79]
9.77 [6.93, 13.44]
8.00 [7.00, 10.00]

Sedentary breaks, /h 3.00 [3.00, 4.00]
Activity fragmentation index 0.46 [0.37, 0.54]
Sleep duration, h/night 7.00 [6.00, 8.00]
Female sex, n (%) 435 (63.1)
KL grade, n (%)

Grade 1 162 (23.5)

Grade 2 282 (40.9)

Grade 3 245 (35.6)
Hypertension, n (%) 270 (39.2)
Diabetes, n (%) 108 (15.7)
Coronary artery disease, n (%) 47 (6.8)
Smoking history, n (%) 104 (15.1)
Alcohol use, n (%) 124 (18.0)
Analgesic use, n (%) 249 (36.1)
Knee injury history, n (%) 204 (29.6)
Prior knee surgery, n (%) 52 (7.5)
Regular exercise, n (%) 282 (40.9)
Valid wear days > 6, n (%) 510 (74.0)

323.00 [283.00, 370.00]

6055.00 [4467.00, 7780.00]

Z=0.620 0.535 0.026
Z=1.093 0.274 0.056
t=2103 0.047 0.145
Z=-0.360 0.719 0.036
Z=0.837 0.403 0.051
322.00[275.00,368.00] Z=-1.078 0.281 0.097
9.42[7.12, 11.88] Z=0.869 0.385 0.041
6067.00 [4622.00, 7623.00] Z=0.064 0.949 0.005
32.85 [24.95, 40.20] Z=-0.091 0.928 0.014
10.02 [6.59, 12.65] Z=-0.975 0.329 0.069
9.00 [7.00, 10.00] Z=2.096 0.036 0.122

4.00 [3.00, 5.00]
11.00 [7.00, 15.00]
1.15 [1.02, 1.29]
13.00 [11.00, 15.00]
21.00 [15.00, 27.00]

3.00 [3.00, 4.00] Z=-0287 0.774 0.021
0.46 [0.38, 0.54] Z=0.736 0.462 0.045
7.00 [6.00, 7.50] Z=0.162 0871 0.017
210 (71.2) xX*=558 0.018 0.172
X*=8.75 0.013 0.205

55 (18.6)

106 (35.9)

134 (45.4)
112 (38.0) x2=0.08 0.773 0.025
38 (12.9) X°=1.06 0.302 0.080
30 (10.2) X°=2.76 0.096 0.120
33(11.2) =232 0128 0116
70 (23.7) X°=3.93 0047 0.141
119 (40.3) X>=1.38 0.240 0.086
74 (25.1) X*=1.87 0172 0.102
22 (7.5) x>=0.00 1.000 0.003
122 (41.4) X>=0.00 0.957 0.009
203 (68.8) =255 0110 0.115

Notes: SMD, standardized mean difference; BMI, body mass index; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; VAS,
Visual Analogue Scale; CES-D, Center for Epidemiologic Studies Depression Scale; KL, Kellgren-Lawrence; MVPA, moderate-to-vigorous physical

activity.

tially considered. A total of 33 candidate vari-
ables (35 features after dummy-variable encod-
ing of KL grade and affected knee laterality)
were included in the LASSO procedure. Most of
the candidate features were measured as cat-
egorical and were transformed using one-hot
(dummy) encoding.

The analysis produced collusion data in con-
trast to standardized data with no collinearity
problem. The optimal penalty parameter (lamb-
da.lse = 0.012253) resulted in the selection of
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17 variables with non-zero coefficients (Figure
2).

The variables selected for the clinical module
included disease duration, baseline WOMAC
pain score, baseline WOMAC function score,
baseline WOMAC stiffness score, analgesic
use, regular exercise habit and KL grade. The
gait biomechanics module included 20-m walk
speed, 5-times chair stand time, single-leg
stance time and 400-m walk time. The wear-
able device module included daily step count
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Table 2. Comparison of baseline characteristics between pain worsening and non-worsening groups

in the training set

. Non-worsenin Worsenin .
Variable Gro0h (n = 485) 100 (n = 2%0) Statistic P SMD
Age, years 63.00 [58.00, 68.00] 64.50 [60.00, 69.00] Z=-1902 0.057 0.163
BMI, kg/m? 27.89 [25.01, 30.38] 28.24 [25.57, 30.43] t=-1.628 0.237 0.138
Disease duration, years 6.00 [4.00, 9.00] 7.00 [5.00, 9.00] Z=-2.054 0.040 0.165
Baseline WOMAC Pain score 5.00 [3.00, 7.00] 6.00 [4.00, 8.00] Z=-3.301 0.001 0.303
Baseline WOMAC Function score 19.00 [12.00, 25.00] 23.00 [17.00, 30.00] Z=-5413 <0.001 0.471
Baseline WOMAC Stiffness score 2.00 [1.00, 3.00] 3.00[2.00, 4.00] Z=-4538 <0.001 0.412
VAS Pain score 4.00 [2.00, 5.00] 4.00 [3.00, 6.00] Z=-4100 <0.001 0.347
CES-D score 10.00 [6.00, 14.00] 11.50 [8.00, 15.00] Z=-2.759 0.006 0.231
20-m walk speed, m/s 1.16 [1.04, 1.27] 1.02[0.88, 1.19] t=6.824 <0.001 0.590

5-times chair stand, s 13.00[11.00, 15.00]

Single-leg stance, s 21.00 [14.00, 27.00]
400-m walk time, s
Gait speed CV, %
Daily steps, steps/day
Step count CV, %
MVPA proportion, %

8.84[6.67, 11.34]

31.61 [24.99, 38.88]
10.68 [7.55, 14.30]

Sedentary time, h/day 8.00[7.00, 9.00]
Sedentary breaks, /h 4.00 [3.00, 4.00]
Activity fragmentation index 0.43[0.36, 0.51]
Sleep duration, h/night 7.00 [6.00, 8.00]
Female sex, n (%) 298 (60.9)
KL grade, n (%)

Grade 1 128 (26.2)

Grade 2 208 (42.5)

Grade 3 153 (31.3)
Hypertension, n (%) 191 (39.1)
Diabetes, n (%) 78 (16.0)
Coronary artery disease, n (%) 31(6.3)
Smoking history, n (%) 76 (15.5)
Alcohol use, n (%) 92 (18.8)
Analgesic use, n (%) 160 (32.7)
Knee injury history, n (%) 136 (27.8)
Prior knee surgery, n (%) 32 (6.5)
Regular exercise, n (%) 212 (43.4)
Valid wear days > 6, n (%) 366 (74.8)

314.00 [276.00, 358.00]

Z=-4.214 <0.001 0.356
Z=4.103 <0.001 0.368

14.00 [12.00, 16.00]
17.50 [11.75, 24.00]

348.00 [304.50, 404.25] Z=-5.479 <0.001 0.484

9.83[7.44, 12.52] Z=-2.887 0.004 0.250

6584.00 [4904.00, 8356.00] 5121.00 [3698.25, 6547.75] t=8.322 <0.001 0.670

34.64 [26.26, 42.66] =-2.678 0.007 0.233
8.08 [6.05, 10.85] Z=6.602 <0.001 0.595
9.00 [7.00, 10.00] Z=-3.148 0.002 0.269

3.00 [2.00, 4.00] Z=6.280 <0.001 0.560
0.52[0.44, 0.62] t=-8.589 <0.001 0.747
7.00 [6.00, 7.00] Z=1798 0072 0.165
137 (68.5) =317 0.075 0.159
x>=14.79 0.001 0.325

34 (17.0)

74 (37.0)

92 (46.0)
79 (39.5) x*=0.00 0.983 0.009
30 (15.0) X°=0.04 0.844 0.026
16 (8.0) X*=0.38 0.536 0.064
28 (14.0) x2=0.16 0.692 0.043
32 (16.0) X2=0.58 0.445 0.074
89 (44.5) X*=8.03 0.005 0.244
68 (34.0) X*=2.32 0128 0.134
20 (10.0) =196 0162 0.126
70 (35.0) X*=3.76 0.053 0.172
144 (72.0) X2=0.46 0498 0.064

Notes: SMD, standardized mean difference; BMI, body mass index; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; VAS,
Visual Analogue Scale; CES-D, Center for Epidemiologic Studies Depression Scale; KL, Kellgren-Lawrence; MVPA, moderate-to-vigorous physical

activity.

coefficient of variation, MVPA proportion, total
sedentary time, sedentary break frequency and
daytime activity fragmentation index.

Based on these variables, four logistic regres-
sion models were sequentially constructed
using a modular incremental strategy: a clinical
model, a clinical + gait model, a clinical + wear-
able model and a fusion model incorporating all
17 variables.
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Univariate and multivariable logistic regression
analysis

Univariate logistic regression analysis of the 17
LASSO-selected variables (Figure 3) showed
that most variables were significantly associat-
ed with 12-month KOA pain worsening. Among
clinical variables, KL grade 3, baseline WOMAC
stiffness, pain and function scores, analgesic
use and disease duration were associated with
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A Correlations B Variance Inflation Factor
WOMAC Pain . 002 ﬂ 039 . 028 -004 -003 -026 018 -0.18 029 024 -035 -0.06 -0.31 033 -034 027 Baseline WOMAC Function 1 .
1 .
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CES-D 028 -007 033 014 032 .—o.oz 001 -0.03 003 -004 007 004 -022 002 -024 -000 -004 020 .
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Figure 1. Correlation matrix and variance inflation factor analysis of candidate predictors. A. Spearman correlation heatmap showing the correlations among 19
continuous and binary candidate predictors with significant baseline differences between groups (P < 0.05). Red and blue indicate positive and negative correla-
tions and the values within each cell represent Spearman correlation coefficients. B. Variance inflation factor values of the same 19 candidate predictors. The
vertical reference lines indicate VIF = 5 and VIF = 10, representing commonly used thresholds for potential and severe multicollinearity, respectively. All predictors
had VIF values below 5, suggesting no substantial evidence of multicollinearity among the candidate variables. Notes: VIF, variance inflation factor; LASSO, least
absolute shrinkage and selection operator; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; VAS, visual analog scale; CES-D, Center for
Epidemiologic Studies Depression Scale; BMI, body mass index; CAD, coronary artery disease; CV, coefficient of variation; MVPA, moderate-to-vigorous physical
activity; SLS, single-leg stance; 20-m, 20-meter; 400-m, 400-meter; min, minutes; h/day, hours per day; Frag Index, activity fragmentation index. Correlation coef-
ficients were calculated using Spearman rank correlation. VIF analysis was conducted to assess multicollinearity among baseline-significant continuous and binary
predictors prior to model development.
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Figure 2. LASSO regression-based variable selection. A. Coefficient profiles of baseline-significant candidate vari-
ables plotted against log(A). The vertical dashed line indicates the optimal penalty parameter selected using the
1-standard-error criterion (A, . = 0.012253), resulting in the retention of 17 variables with non-zero coefficients. B.
Ten-fold cross-validation curve showing the relationship between log(\) and binomial deviance for variable selection.
The optimal A value was determined using the 1-standard-error rule. Notes: LASSO, least absolute shrinkage and
selection operator; A, regularization parameter; A.min, value of A giving the minimum cross-validated binomial devi-
ance; A\.1se, largest value of A within 1 standard error of the minimum cross-validated deviance. Numbers displayed
along the upper axis indicate the number of nonzero coefficients retained at each A value. Binomial deviance was
estimated using 10-fold cross-validation in the training set. A larger A imposes stronger coefficient shrinkage and

yields a more parsimonious model.

increased odds of pain worsening, whereas
regular exercise habit was associated with
reduced odds. Among gait-related variables,
slower 20-m walking speed, longer 5-times
chair stand time and prolonged 400-m walk
time were associated with higher odds of pain
worsening, while longer single-leg stance time
was associated with lower odds. Among wear-
able device-derived variables, lower sedentary
break frequency and MVPA proportion were
associated with reduced odds, while higher
total sedentary time, greater step count vari-
ability and higher daytime activity fragmenta-
tion index were associated with increased
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odds. Notably, the activity fragmentation index
demonstrated a strong association with the
outcome, with a univariate OR of 1.852 per 0.1-
unit increase (95% Cl: 1.602-2.156, P < 0.001).

In the multivariable logistic regression model
including all 17 variables, 12 variables re-
mained independently associated with KOA
pain worsening. Baseline WOMAC stiffness
score, analgesic use, 400-m walk time, step
count CV and daytime activity fragmentation
index were independently associated with
increased odds of pain worsening. In contrast,
regular exercise habit, 20-m walking speed,
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Univariate & Multivariable Logistic Regression — Predictors of 12-Month KOA Pain Worsening

Variable Forest Plot OR (95% Cl) & P
1
1
Activity Fragmentation per 0.1 unit ! [EE N E— 1.948 (1.597-2.402) <0.001
\ ———t 1.852(1.602-2.156)  <0.001
1
Baseline WOMAC Stiffness  per 1 point : —_— 1.912 (1.583-2.331) <0.001
! — 1374 (1213-1560)  <0.001
1
Analgesic Use Yes vs No : O 1649 (1.176-2.308) 0.004 1.753 (1.149-2.681) 0.008
o . X
1
| 1.563 (0.875-2.821) 0.134
KL Grade 3 Grade 3vs 1 | 2264 (1443-3614)  <0.001
i g
! 1.140 (0.655-2.004) 0.646
KL Grade 2 Grade 2 vs 1 ' 1.339 (0.849-2.144) 0.215
1
| 1.042 (0.962-1.129) 0.309
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—e—
! 1.034 (1.015-1.054) 0.001
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|
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-m Walk Time (s peris
,. 1.000 (1.000-1.000) <0.001
¢ 1.000 (1.000-1.000)  <0.001
Daily Steps per 1 step/day ®
0.964 (0.938-0.990) 0.008
_.J 0960 (0.942-0.978)  <0.001
Single-Leg Stance (s) perts . 0.930 (0.899-0.960) <0.001
| 1.050 (1.032-1.069)  <0.001 !
o |
Baseline WOMAC Function  per 1 point : P9 0.911 (0.859-0.965) 0.002
1 0.878(0.843-0.913)  <0.001
—— |
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Figure 3. Univariate and multivariate logistic regression plots for predictors of 12-month KOA pain worsening. Notes: OR, odds ratio; Cl, confidence interval; KOA,

knee osteoarthritis; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; MVPA, moderate-to-vigorous physical activity; KL, Kellgren-Lawrence;
CV, coefficient of variation; m, meter; s, seconds; h/day, hours per day.
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single-leg stance time, MVPA proportion and
sedentary break frequency were independently
associated with reduced odds. The daytime
activity fragmentation index remained signifi-
cant in the multivariable model, with an OR of
1.948 per 0.1-unit increase (95% Cl: 1.597-
2.402, P < 0.001). Several variables, including
KL grade 3, disease duration and 5-times chair
stand time, were no longer statistically signifi-
cant after adjustment, suggesting potential
confounding or shared variance with other
functional measures.

Changes in effect estimates were also observed
for WOMAC subscale scores after multivariable
adjustment, reflecting intercorrelations among
WOMAC domains (e.g., pain-stiffness p =
0.359; function-stiffness p = 0.403). Similarly,
the association between total sedentary time
and the outcome was substantially attenuated
after adjustment, suggesting that its crude
effect was largely explained by other activity-
related parameters. Therefore, the individual
ORs of these variables should not be interpret-
ed causally; their value lies in their joint contri-
bution to the discriminative performance of the
predictive model.

Comparison of discriminative performance
among different prediction models

In the test set, the four models exhibited pro-
gressively improved discriminative perfor-
mance (Figure 4; Table 3). The AUC of the clini-
cal model was 0.673 (95% Cl: 0.605-0.740),
the AUC of clinical + gait model was 0.753 (95%
Cl: 0.695-0.811), the AUC of clinical + wearable
model was 0.756 (95% CI: 0.695-0.816) and
the AUC of fusion model was 0.815 (95% CI:
0.761-0.869). DelLong tests showed that, com-
pared with the clinical model, all extended
models demonstrated statistically significant
improvements in discrimination (P = 0.002; P =
0.019; P < 0.001). The fusion model showed a
small decrease in performance from the train-
ing set (AUC = 0.842) to the test set (AUC =
0.815), suggesting good generalization without
obvious overfitting.

Calibration performance of different prediction
models

Calibration performance (Figure 5) showed that

the fusion model achieved the lowest Brier
score (0.144), outperforming the clinical model
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(0.180), the clinical + gait model (0.164) and
the clinical + wearable model (0.165). The
fusion model had a calibration intercept of
-0.261 and a calibration slope of 0.856, indi-
cating acceptable agreement between predict-
ed probabilities and observed outcomes.

Calibration plots showed that all models dem-
onstrated reasonable agreement between pre-
dicted and observed probabilities in both the
training and test sets, with curves generally fol-
lowing the 45-degree reference line.

Incremental predictive value of gait function
and wearable parameters

The incremental value of each model was
assessed using the clinical model as the refer-
ence (Table 4). Compared with the clinical
model, the clinical + gait model yielded an IDI of
0.057 (95% Cl: 0.029-0.085, P < 0.001) and a
continuous NRI of 0.606 (95% CI: 0.351-0.846,
P < 0.001); the clinical + wearable model dem-
onstrated greater improvement, with an IDI of
0.123 (95% CI: 0.071-0.174, P < 0.001) and a
continuous NRI of 0.614 (95% Cl: 0.366-0.835,
P < 0.001); the fusion model yielded the most
pronounced incremental predictive value, with
an IDI of 0.217 (95% CI: 0.151-0.279, P <
0.001) and a continuous NRI of 0.697 (95% CI:
0.446-0.932, P < 0.001).

Decision curve analysis

DCA (Figure 6) demonstrated that, in both the
training and test sets, the fusion model consis-
tently yielded the highest net benefit across a
risk threshold range of 0.05-0.35, suggesting
that clinical decisions based on the fusion
model can provide greater net benefit to pa-
tients across a wide range of risk thresholds.

Variable contribution and interpretability analy-
sis of the final model

SHAP analysis was further employed to inter-
pret the relative contribution of each predictor
in the fusion model to individual predictions of
12-month KOA pain worsening (Figure 7). In the
global feature importance ranking (Figure 7A),
baseline WOMAC stiffness score was identified
as the most influential predictor, with a mean
absolute SHAP value of 0.1006, accounting for
12.8% of the total explained contribution, fol-
lowed by daytime activity fragmentation index
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ROC Curves — Training vs. Test Set
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Figure 4. ROC curves for the four prediction models evaluated on training and test sets. A. Clinical model. B. Clinical
+ Gait model. C. Clinical + Wearable model. D. Fusion model. Notes: ROC, receiver operating characteristic; AUC,
area under the ROC curve; Cl, confidence interval; KOA, knee osteoarthritis.

(mean |SHAP| = 0.0977, 12.4%) and baseline
WOMAC function score (mean |SHAP| =
0.0753, 9.6%). Other important contributors
included 20-m walk speed, daily step count,
MVPA proportion, total sedentary time, step
count CV, baseline WOMAC pain score and sin-
gle-leg stance time, suggesting that symptom
burden, gait function and real-world activity col-
lectively contribute to model predictions.
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The SHAP summary plot (Figure 7B) illustrates
the directionality feature effects on predicted
risk. Higher baseline WOMAC stiffness score,
higher daytime activity fragmentation index,
higher daily step count variability, longer 400-m
walk time, higher KL grade, longer 5-times chair
stand time and longer disease duration were
generally associated with increased risk of pain
worsening. Conversely, higher 20-m walking
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Table 3. Discrimination and calibration performance of the four prediction models
Calib Int Calib Slp Calib Int Calib Slp

Model Train AUC (95% Cl) Test AUC (95% ClI) (Test) (Test) (Train) (Train) Sensitivity Specificity Accuracy PPV~ NPV
Clinical model (n=7) 0.679 (0.636-0.723) 0.673 (0.605-0.740) -0.2627 0.9922  0.0000 1.0000 70.3% 46.1% 64.1% 35.0% 79.0%
Clinical + Gait model (n = 11) 0.723 (0.681-0.764) 0.753(0.695-0.811) 0.0238 1.2563  0.0000 1.0000 64.4% 72.4% 66.4% 41.4% 87.0%
Clinical + Wearable model (n = 13) 0.794 (0.757-0.830) 0.756 (0.695-0.816) -0.3863 0.8159  0.0000 1.0000 66.7% 69.7% 67.5% 42.1% 86.4%
Fusion model (n = 17) 0.842 (0.810-0.874) 0.815 (0.761-0.869) -0.2614 0.8562  0.0000 1.0000 77.6% 65.8% 74.6% 50.5% 86.7%

Note: AUC, area under the receiver operating characteristic curve; Cl, confidence interval; DeLong P, P value for DeLong test comparing each model against the Clinical model on the test set; Brier, Brier Score;
Calib Int, calibration intercept; Calib Slp, calibration slope; Sens, sensitivity; Spec, specificity; Acc, accuracy; PPV, positive predictive value; NPV, negative predictive value. All models were built on the training
set (n = 689) and evaluated on the independent test set (n = 295). Classification thresholds were determined by maximizing Youden index on the training set and applied without modification to the test set.
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Calibration Curves — Training vs. Test Set
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Figure 5. Calibration curves for the four prediction models. A. Clinical model. B. Clinical + Gait model. C. Clinical +
Wearable model. D. Fusion model. Points represent decile-grouped observed proportions according to predicted
risk, with larger points indicating larger numbers of patients within the corresponding risk group. Solid curves rep-
resent LOESS-smoothed calibration curves and shaded areas indicate the corresponding confidence bands. The di-
agonal dashed line represents perfect calibration, where predicted probabilities equal observed event proportions.
Model-specific C-statistics, Brier Scores and Hosmer-Lemeshow test P values are annotated within each panel.
Notes: KOA, knee osteoarthritis; C, C-statistic, equivalent to the area under the receiver operating characteristic
curve; BS, Brier Score; HL, Hosmer-Lemeshow goodness-of-fit test; LOESS, locally estimated scatterplot smoothing.

speed, higher daily step count, higher MVPA
proportion, longer single-leg stance time and
higher sedentary break frequency were associ-
ated with lower predicted risk. Among binary
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variables, analgesic use was associated with
higher mean SHAP values, whereas regular
exercise habit was associated with lower mean
SHAP values, suggesting that these two vari-
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Table 4. Incremental predictive value of gait biomechanics and wearable-derived parameters in the
test set

Comparison IDI (95% ClI) IDIP  Continuous NRI (95% CI) NRIP Categorical NRI

+Gait vs. Clinical 0.057 (0.029-0.085) <0.001 0.606 (0.351-0.846) < 0.001 0.142 (0.024-0.268)
+Wearable vs. Clinical 0.123 (0.071-0.174) < 0.001 0.614 (0.366-0.835) < 0.001 0.280 (0.123-0.438)
Fusion vs. Clinical 0.217 (0.151-0.279) <0.001 0.697 (0.446-0.932) < 0.001 0.427 (0.261-0.599)

Note: IDI, integrated discrimination improvement; NRI, net reclassification improvement; Cl, confidence interval. All comparisons
are relative to the Clinical model.

Decision Curve Analysis — Training vs. Test Set
A  Training Set B  TestSet

Fusion max NB:
0.2529 at t=0.05

Fusion max NB:
0.2186 at t=0.05

0.2 02

Net Benefit
o

Net Benefit

0.0 0.0

00 X 02 03 04 05 00 X 02 03 04 05
Risk Threshold Risk Threshold

Strategy * * Treat All == Treat None === Clinical === Fusion Strategy * * Treat All == Treat None === Clinical === Fusion

Figure 6. Decision curve analysis comparing clinical and fusion models on training and test sets. A. Decision curve
analysis in the training set. B. Decision curve analysis in the independent test set. Notes: DCA, decision curve analy-
sis; KOA, knee osteoarthritis; NB, net benefit. Net benefit was calculated by weighing true-positive classifications
against false-positive classifications across different threshold probabilities. A higher net benefit indicates greater
clinical usefulness at a given risk threshold. The models were developed using the training set and evaluated in
both the training set and the independent test set.

ables contribute to risk prediction in opposite 0.510) was 0.2598 higher than that in the low
directions. fragmentation group (< 0.405). In contrast,
baseline WOMAC function score exhibited a
Dependence plots further illustrated the re- negative relationship with SHAP values (Spear-
lationships between the top three predictors man p = -0.986), with scores ranging from O to
and their SHAP values (Figure 7C-E). Baseline 55 points and SHAP values ranging from
WOMAC stiffness score showed a clear positive -0.2767 to 0.2392. The mean SHAP value in
relationship with SHAP values (Spearman p = the highest function score group (> 24 points)
0.971), with values ranging from 0 to 7 and cor- was 0.1923 lower than that in the lowest func-
responding SHAP values ranging -0.2806 to tion score group (< 16 points).
0.4964. The mean SHAP value in the high stiff-
ness group (highest tertile, > 3 points) was Nomogram or risk scoring tool construction
0.2013, higher than that in the low stiffness
group (lowest tertile, < 2 points). Similarly, the Based on the multivariable logistic regression
daytime activity fragmentation index showed a analysis of the fusion model, independent pre-
strong positive correlation with SHAP values dictors with P < 0.05 were incorporated into a
(Spearman p = 0.986), with observed values nomogram for individualized prediction of
ranging from 0.155 to 0.907 and SHAP values 12-month KOA pain worsening risk (Figure 8).
ranging from -0.2609 to 0.4722. The mean This nomogram integrates clinical symptoms,
SHAP value in the high fragmentation group (= gait functional performance and wearable
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SHAP Analysis — Fusion Logistic Regression Model (Training Set)
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Figure 7. SHAP analysis of the fusion logistic regression model for predicting 12-month KOA pain worsening. A. SHAP feature importance plot showing the mean
absolute SHAP value for each predictor, with higher values indicating greater overall contribution to model prediction. B. SHAP summary plot showing the distribu-
tion of SHAP values for each predictor across individuals; each point represents one patient and the color gradient indicates the relative feature value from low to
high. Positive SHAP values indicate an increased predicted probability of 12-month worsening KOA pain, whereas negative SHAP values indicate a decreased pre-
dicted probability. C-E. SHAP dependence plots for the top-ranked predictors, showing the relationship between individual predictor values and their corresponding
SHAP values. Note: SHAP, Shapley additive explanations; KOA, knee osteoarthritis; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; MVPA,
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moderate-to-vigorous physical activity. Mean |SHAP| represents the average absolute SHAP value and reflects the
overall importance of each predictor in the model. Feature values in the SHAP summary plot were scaled from O to
1 for visualization, where higher values indicate larger observed predictor values. SHAP values were derived from

the fusion logistic regression model using the training set.

device-derived daily activity metrics, including
baseline WOMAC pain, function and stiffness
scores, analgesic use, regular exercise habit,
20-m walking speed, single-leg stance time,
400-m walk time, daily step count, daily step
count CV, MVPA proportion, total sedentary
time, sedentary break frequency and daytime
activity fragmentation index.

Each predictor was assigned a weighted point
value based on its regression coefficient in the
multivariable model. In clinical practice, indi-
vidual patient values are located on each vari-
able axis to obtain corresponding scores, which
are then summed to obtain a total score. Next,
the total score is subsequently projected onto
the risk axis to estimate the individual probabil-
ity of 12-month KOA pain worsening. A higher
total score indicates a higher predicted risk.

The nomogram reflects the combined contribu-
tion of symptom burden, gait function limitation
and real-world physical activity patterns. Spe-
cifically, WOMAC subscale scores represent
baseline symptom severity and functional limi-
tations; gait performance measures (20-m
walking speed, single-leg stance time and
400-m walk time) reflect lower-limb functional
capacity; and wearable-derived metrics cap-
ture habitual activity behavior, including physi-
cal activity intensity, sedentary behavior and
activity fragmentation. This nomogram inte-
grates the above multidimensional information,
which can help clinicians rapidly identify KOA
patients at higher risk of potential pain worsen-
ing and provide a reference for early risk strati-
fication, follow-up management and individual-
ized intervention decision (Figure 8).

Sensitivity analysis

Sensitivity analyses were conducted to evalu-
ate the robustness of the fusion model across
prespecified clinical subgroups in the test set
(Figure 9). The fusion model maintained robust
discriminative performance across all sub-
groups. In analyses stratified by median base-
line WOMAC pain score, the AUC values were
comparable between the high-pain and low-
pain subgroups. When stratified by KL grade
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(grade 1-2 vs. grade 3), the model demonstrat-
ed consistent performance across radiographic
severity levels. Similarly, stratification by medi-
an BMI showed stable AUC values across BMI
subgroups. These results indicate that the pre-
dictive performance of the fusion model is not
substantially influenced by baseline pain sever-
ity, radiographic severity, or obesity status, sup-
porting its generalizability across diverse clini-
cal presentations of KOA.

Discussion

Drawing on a single-center retrospective cohort
study, baseline clinical characteristics [2, 4]
were integrated with gait biomechanical param-
eters and wearable device-derived daily activity
data. Using LASSO regression for feature selec-
tion, 4 prediction models for 12-month KOA
pain worsening were developed. The findings
showed that the inclusion of objective gait and
wearable device-derived parameters enhanced
model discrimination compared with clinical
variables alone, with both providing significant
incremental predictive value. Multivariable
regression and SHAP analyses jointly identified
baseline WOMAC stiffness score, 20-m walk
speed, daytime activity fragmentation index
and sedentary break frequency as the most
important contributors to model performance.

Among clinical variables, baseline WOMAC stiff-
ness score showed the strongest and most
consistent association with pain worsening in
the multivariable model and ranked first in
SHAP importance, consistent with prior studies
reporting its prognostic relevance in KOA func-
tional outcomes [3, 17]. The stiffness subscale
may reflect overall symptom burden and func-
tional limitation more sensitively than pain or
function scores alone. It is noteworthy that the
WOMAC pain score (univariate OR = 1.115 —
multivariable OR = 0.756) and function score
(1.050 — 0.834) exhibited changes in effect
estimates after multivariable adjustment. Mo-
derate correlations were observed among WO-
MAC subscales (Spearman p = 0.359-0.560),
suggesting shared variance among these mea-
sures. Therefore, the interpretation of individu-
al odds ratios should be restricted to statistical
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Nomogram — 12-Month KOA Pain Worsening Prediction

0 10 20 30 40 50 60 70 80 90 100

Points

Baseline WOMAC Pain

Baseline WOMAC Function T T T T T T T T T T T 1

1 3 5 7
Baseline WOMAC Stiffness r L T . T . T !
0 2 4 6
Yes
Analgesic Use —
No
No
Regular Exercise —
Yes
20-m Walk Speed (m/s) T T T T T T T T T T T T 1
1.7 1.6 15 1.4 1.3 12 1.1 1 09 08 0.7 0.6 05

Single-Leg Stance (s) e e e e e s m |
55 50 45 40 35 30 25 20 15 10 5 0

400-m Walk Time (s) r T T T T T T T 1
200 250 300 350 400 450 500 550 600

Daily Steps r T T T T T T T d
16000 14000 12000 10000 8000 6000 4000 2000 0

Step Count CV (%) | S S S e B S S S . . E H
5 10 15 20 25 30 35 40 45 50 55 60 65 70

MVPA (%) — T T 77T T T
28 26 24 22 20 18 16 14 12 10 & 6 4 2 0
Sedentary Time (h/day) —T T T T T

14 13 12 11 10 9 8 7 6 5 4

6 4 2
Sedentary Breaks (/h) T L T L T L 1
7 5 3 1
Activity Fragmentation T T T T T T T T T 1
0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 09 1
Total Points T T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450

03 05 07
Pred. Probability of Pain Worsening —_—
00501 02 04 06 08 09

Figure 8. A nomogram developed based on independent predictors. Note: KOA, knee osteoarthritis; WOMAC, West-
ern Ontario and McMaster Universities Osteoarthritis Index; MVPA, moderate-to-vigorous physical activity; 20-m,
20-meter; 400-m, 400-meter; min, minutes; s, seconds; h/day, hours per day; Pred., predicted.

association within the context of the full model speed is a global measure of lower-limb neuro-
rather than causal inference. Likewise, KL muscular function, joint stability and functional
grade 3 was significantly associated with pain capacity [20-22]. Reduced walking speed may
worsening in univariate analysis (OR = 2.264) reflect both pain-related functional limitation
but was no longer significant after multivariable and adaptive gait strategies aimed at minimiz-
adjustment (P = 0.134), suggesting that radio- ing joint loading. Over time, such adaptations
graphic structural damage severity may indi- may, in theory, be associated with reduced
rectly increase risk of pain worsening by caus- physical activity and altered joint loading pat-
ing decline in gait function and daily activities terns, which have been hypothesized to con-
[18, 19]. Analgesic use (multivariable OR = tribute to functional decline in KOA. The asso-
1.753) and regular exercise habit (multivariable ciations of single-leg stance time and 400-m
OR = 0.630) remained independently associat- walking time with pain worsening further sup-
ed with the outcome in the multivariable model. port the relevance of dynamic balance and

walking endurance-related functional capacity
The strongest independent association with in KOA. In contrast, the 5-times chair stand
reduced odds of worsening pain among gait time was significantly associated with pain
biomechanical parameters was observed for worsening in univariate analyses but did not
20 m walking speed. In the multivariable model, remain significant in the multivariable model (P
each 0.1 m/s increased in baseline walking = 0.309). This may suggest that its predictive
speed was associated with approximately 25% information overlaps with other functional mea-
lower odds of pain worsening. Clinically, walking sures, such as walking speed and WOMAC
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Sensitivity Analysis — Fusion Model AUC Across Subgroups

Test set evaluation stratified by baseline pain, KL grade, and BMI

Overall4
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Figure 9. Sensitivity analysis - fusion model AUC across subgroups on the test set. Notes: AUC, area under the re-
ceiver operating characteristic curve; Cl, confidence interval; WOMAC, Western Ontario and McMaster Universities
Osteoarthritis Index; KL, Kellgren-Lawrence; BMI, body mass index; N, number of patients; Ev, number of pain wors-
ening events. Median cutoffs for WOMAC pain score and BMI were determined from the training set and applied to
the independent test set. The fusion model was developed in the training set and evaluated in the independent test
set. Wider confidence intervals in some subgroups reflect smaller sample sizes or fewer events.

function score, which more comprehensively
capture lower-limb functional status.

Wearable device activity parameters constitut-
ed the most innovative predictive module in
this study [7]. Among wearable-derived vari-
ables, the daytime activity fragmentation index
showed the largest effect size and ranked sec-
ond in SHAP importance, indicating that dis-
rupted patterns of daily activity are strongly
associated with pain worsening. Activity frag-
mentation reflects the extent to which daily
physical activity is distributed across multiple
short bouts rather than sustained continuous
periods. Higher fragmentation may reflect
reduced tolerance for prolonged activity and a
tendency toward frequent rest periods. Al-
though this pattern may reduce short-term joint
loading, it may also be associated with declined
periarticular muscle function and insufficient
joint stability in the long term. However, these
interpretations require validation in longitudi-
nal mechanistic studies. Consistent patterns
were also observed for sedentary break fre-
quency and MVPA proportion, where more fre-
quent interruptions of sedentary behavior and
higher MVPA levels were independently asso-

7137

ciated with lower odds of pain worsening.
Whether interventions targeting these behav-
ioral patterns can reduce pain worsening risk
requires confirmation in prospective interven-
tional studies. Although daily step count was
statistically significant in both univariate and
multivariable analyses, its effect size was mini-
mal (OR = 1.000), suggesting limited incremen-
tal predictive value when considered alone. In
contrast, measures capturing variability and
temporal distribution of activity, including step
count variability (CV) and activity fragmentation
index, provided more informative behavioral
signals for prediction.

From the perspective of model performance,
the most critical finding of this study was that
objectively measured gait biomechanical and
wearable device-derived activity behavior
parameters provided substantial incremental
predictive value beyond conventional clinical
variables. Compared with the clinical model
alone, the fusion model improved discrimina-
tion by approximately 14%, representing a clini-
cally meaningful improvement in the context of
prognostic prediction models [23, 24]. The
SHAP interpretation added further evidence to
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this from a model-agnostic perspective. Gait
and wearable-derived parameters accounted
for six of the top 10 most important variables.
The incremental predictive analysis showed
that the wearable module provided greater
improvement in discrimination than the gait
module alone. This indicates that continuously
collected daily activity patterns in free-living
environments may capture additional aspects
of functional status that are not fully reflected
by clinic-based assessments performed under
standardized conditions. These finding are con-
sistent with the concept from ecological ass-
essment approaches that real-world behavioral
data may provide complementary information
beyond measurements obtained in controlled
laboratory settings [25-27].

Several limitations of this work should be
acknowledged. First, this was a single-center
retrospective cohort study and selection bias
cannot be completely excluded. Although the
model demonstrated robust performance in
the independent test set and subgroup sensi-
tivity analyses, external validation in multi-
center prospective cohorts is required to ev-
aluate its generalizability across different geo-
graphic regions and healthcare settings. Se-
cond, the current model did not include molec-
ular-level biomarkers, such as synovial fluid or
serum inflammatory and cartilage metabolism
markers, which may provide additional informa-
tion related to KOA pain progression and poten-
tially improve predictive performance. Third,
wearable device assessments were limited to 7
consecutive days. Although this duration met
the predefined criterion of > 4 valid wear days,
extended periods (e.g., 14-30 days) may better
capture habitual activity patterns and reduce
the influence of short-term behavioral fluctua-
tions. Fourth, the definition of the primary out-
come has two limitations. The composite end-
point required both an increase in WOMAC pain
score of > 2 points and subjective patient-
reported worsening, which may have exclud-
ed some patients with clinically meaningful
deterioration but without perceived symptom
worsening. However, sensitivity analyses using
alternative outcome definitions yielded similar
model performance (AUC: 0.802-0.809), sug-
gesting that the findings were relatively robust
to outcome classification strategies. Neverthe-
less, the optimal definition of worsening KOA
pain remains under debate, as reported MCID
values for the WOMAC pain subscale vary sub-
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stantially (approximately 0.5-2.5 points) depen-
ding on population characteristics and estima-
tion methods. Furthermore, the 12-month fol-
low-up period may not fully capture more com-
plex temporal patterns of pain progression,
such as transient exacerbation versus persis-
tent worsening. Fifth, the present study focused
on binary prediction of pain worsening and did
not evaluate the prespecified secondary out-
comes, including absolute changes in WOMAC
pain, WOMAC function and VAS pain scores.
Future studies incorporating continuous mea-
sures of symptom trajectories may provide
additional insights into the longitudinal pro-
gression of KOA symptoms. Sixth, the EPV of
about 7.9 was lower than the conventional
threshold of 10 recommended for standard
logistic regression models. Although LASSO
regression with cross-validation was applied to
reduce overfitting risk during variable selection,
the possibility of model optimism and limited
transportability of the selected predictors can-
not be fully excluded. Finally, SHAP analysis
was performed using the training set and there-
fore represents an internal interpretation of
model behavior rather than causal inference.

Conclusion

This study constructed a predictive model for
12-month KOA pain worsening by integrating
baseline clinical characteristics, laboratory-
based gait biomechanical parameters and
wearable device-derived daily activity behavior
indicators. The fusion model demonstrated
superior performance compared with the clini-
cal model alone in terms of discrimination, cali-
bration and clinical net benefit. Objective func-
tional measures, including 20-m walking speed,
daytime activity fragmentation index and sed-
entary break frequency, were identified as
important contributors to pain worsening pre-
diction in multivariable regression and SHAP
analyses. These findings suggest that gait bio-
mechanical assessment and wearable device-
based activity monitoring may provide addition-
al predictive value beyond traditional clinical
variables in improving risk stratification of KOA
patients at higher risk of future pain worsening.
Future studies should focus on external valida-
tion in multicenter prospective cohorts, longer-
duration wearable monitoring, incorporation of
biomarker panels, refinement of standardized
definitions of KOA pain worsening and evalua-
tion of continuous symptom trajectories in
addition to binary outcome prediction.
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