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Neuromuscular Control During Tai Chi in
Individuals With Knee Osteoarthritis:
Broadly Preserved Muscle Synergy
Architecture With Selective Alterations in
Functional Recruitment

Abstract

Background: Although Tai Chi is widely recommended for knee osteoarthritis
(KOA), its muscle-level control, group differences and the movements that best
reveal them remain unclear. Using muscle synergies extracted by non-negative matrix
factorization (NMF), we identified Tai Chi’s key lower-limb muscles, tested whether
synergy architecture or recruitment differed between groups and ranked movements for
assessment research.

Methods: Bilateral surface EMG from 16 lower-limb muscles was recorded in
69 participants (52 KOA and 17 healthy controls) during eight-form Tai Chi (17
movement-by-side conditions). Synergies were extracted by shared-basis consensus
NMF and evaluated using five measures: synergy number, muscle weights, whole-vector
similarity, functional contribution (each muscle’s share of reconstructed EMG), and
activation profiles (cluster-based permutation testing). Contribution compositions
were centred-log-ratio transformed and compared using studentised permutation tests
with global Benjamini—-Hochberg correction. Other statistical tests used predefined
within-family adjustments for multiple comparisons. The measures formed a descriptive
composite index for ranking movements.

Results: Reconstructed EMG contribution was dominated by the quadriceps (~49%),
assisted by hip and posterior-chain muscles, forming six bilaterally symmetric synergy
modules. Synergy architecture showed limited KOA-HC differences: synergy number,
overall similarity and muscle weights differed minimally. Differences concentrated
in recruitment rather than structure: 11/272 contribution contrasts survived global
correction, with KOA showing higher gluteus medius contribution in two conditions and
controls higher contribution from the tibialis anterior, vastus medialis, biceps femoris,
medial gastrocnemius and rectus femoris in selected conditions. Activation profiles
differed in 26/99 synergies (34 cluster-corrected windows, 24 KOA-higher), most
numerous in Repulse Monkey but longest in Cloud Hands. The integrated index ranked
Heel Kick and Repulse Monkey as most KOA-divergent, which the activation-profile
measure alone would have missed.

Conclusions: Tai Chi recruits a compact set of key lower-limb muscles organised
into six bilaterally paired synergy modules whose architecture was broadly similar
between groups. KOA was associated with selective, movement-specific differences in
relative contribution and activation profiles within these largely shared synergies. No
single measure captured every affected movement, so a descriptive integrated index
ranked candidates. These muscles and movements are candidates for task-specific
motor-control training and compact KOA assessment batteries, warranting prospective
evaluation.

Keywords: muscle synergy; non-negative matrix factorization; surface electromyography;
knee osteoarthritis; Tai Chi; motor control



1 Background

Knee osteoarthritis (KOA) is a leading cause of joint pain and functional dis-
ability [1, 2], and exercise therapy is regarded as a first-line, non-pharmacological
treatment [2]. Tai Chi—a traditional mind-body exercise characterised by slow contin-
uous movements, sustained weight-bearing, multi-joint coordination and a semi-squat,
flexed-knee stance—has been shown to reduce pain, and improve balance and physical
function in people with KOA [3]. Tai Chi has therefore been recommended in clinical
guidelines for KOA management by the American College of Rheumatology (ACR) [4]
and the Osteoarthritis Research Society International (OARSI) [5].

Tai Chi tradition describes this ideal movement quality as “relaxed strength”; in
biomechanical terms, this can be examined as coordinated, phase-dependent recruit-
ment of lower-limb muscles during force generation [6]. Whether it also entails
lower antagonist co-contraction remains uncertain, because reported associations have
depended on the gait task and study design [7]. For individuals with KOA, the motor
control challenges of Tai Chi are compounded by the disease’s characteristic muscle
impairments, including weakness and altered co-activation patterns [8-10]. Tai Chi has
also been noted to be “beneficial, with few risks” for patients with KOA [2]. There-
fore, understanding how Tai Chi is controlled at the muscle level and how that control
differs in KOA would benefit both the mechanistic understanding of this exercise and
the design of safer and more effective rehabilitation protocols.

Muscle synergies offer a framework suited to characterising such multi-muscle con-
trol. Because the musculoskeletal system carries many more muscles than a task has
mechanical degrees of freedom, the central nervous system is thought to simplify con-
trol by recruiting a small number of co-activation modules—muscle synergies—rather
than commanding each muscle independently [11]. A synergy has two parts that can
be examined separately: a mostly fixed spatial structure (which muscles form a mod-
ule and their relative weights within it) and a time-varying activation profile (how
strongly and when the module is recruited). Synergies are recovered from surface elec-
tromyography by matrix decomposition, of which non-negative matrix factorization
(NMF) is by far the most widely used: it yields parts-based, non-negative decompo-
sitions [12] and is widely used to summarise EMG as candidate muscle-coordination
modules [13], whereas linear alternatives (principal- and independent-component anal-
ysis) and, more recently, non-linear autoencoders have also been proposed [14].
Crucially, a synergy’s two aspects can change independently, and which one a condition
affects is mechanistically informative: studies of human balance show that spatially
fizxed synergies are flexibly retimed by task-level feedback—the nervous system reg-
ulating centre-of-mass kinematics through synergy recruitment—to meet changing
demands across the phases of a movement without altering their architecture [15].
The slow, continuously shifting weight transfer of Tai Chi is precisely such a feedback-
regulated postural task, making muscle synergies a natural lens on how its multi-joint
coordination is organised.

In neurological injury, development or training, by contrast, synergy architec-
ture can reorganise, merging or fractionating into different muscle groupings [16, 17].
Such reorganisation is plausible in KOA, which is accompanied by knee-extensor and
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broader muscle impairments, including hip weakness, as well as altered vasti and lower-
limb co-activation patterns during gait [8-10]. Whether a condition such as KOA
remodels the synergy structure, or instead is associated only with how a broadly simi-
lar structure is used—in relative muscle contribution or activation profile—is therefore
an open and clinically meaningful question, one that requires the two facets to be
measured separately and across the whole routine.

A small body of work has begun to examine Tai Chi at the neuromuscular level.
Using NMF, Zhang et al. characterised the muscle synergies of a single Tai Chi
action—the leg-stirrup kick—in twelve elite young athletes, identifying four synergy
patterns within each phase and a phase-specific optimal pattern for lift, extension
and recovery. Recruitment of the selected patterns correlated with centre-of-gravity
velocity, which the authors interpreted as an indicator of dynamic stability [6]. At the
level of co-activation, long-term Tai Chi practitioners showed lower ankle-antagonist
co-contraction than Tai Chi-naive older adults during dual-task, but not single-task,
gait; a six-month randomised comparison found no difference between Tai Chi and
usual care [7]. Together these studies show that muscle synergies and co-activation
can be quantified in Tai Chi-related tasks, while leaving the effects of training on
co-contraction unresolved.

This prior work, however, has looked at only one movement, and only in small
groups of young, elite practitioners. Three questions therefore remain open. First, the
muscle synergies of the complete Tai Chi routine—which muscles contribute most to
its reconstructed EMG, and how they group into modules—have not been described
across all its movements. Second, it is not known whether KOA changes these synergies
by reorganising their structure, or only by changing how they are recruited. Third, it
is unclear whether any such change is spread evenly across the routine or concentrated
in a few movements—a question with direct practical value, since knowing which
movement best exposes the disorder would help clinicians assess and monitor it. One
practical obstacle has made these questions hard to answer: because NMF returns
synergies in an arbitrary order and scale, synergies extracted independently for each
person cannot be compared directly across subjects or groups. Existing studies handle
this in several ways—comparing independently extracted synergies across subjects by
pairwise similarity and cross-reconstruction [18], matching independently extracted
synergy sets by similarity [19], or extracting a single basis from the concatenated data
of the whole sample [20] —but all share one requirement: the synergies must first be
brought onto a common reference before groups can be compared.

Our study addresses these gaps. To overcome the comparison obstacle, we devel-
oped a hybrid shared-reference procedure that combines the pooled-basis rationale of
concatenated NMF [20] with a multi-start consensus strategy adapted from Brunet
et al. [21]. For each condition, we extracted a consensus basis from the pooled KOA
and HC data and matched each participant’s independently extracted synergies to
that reference. This provides a common reference ordering for group comparison. We
then decomposed the group comparison into five complementary measures that delib-
erately separate synergy architecture (number, overall similarity, muscle weights) from
synergy recruitment (functional contribution and activation profiles). Applying this
framework to every movement of the routine, and integrating the five measures into a



single index, further allows the movements themselves to be ranked by how strongly
they expose KOA-related change, identifying candidate assessment tasks.

The study addressed three questions: (1) Which lower-limb muscles are the key
contributors during Tai Chi? (2) Is KOA associated with differences in synergy archi-
tecture, relative muscle contribution or activation profiles? (3) Which movements
show the greatest KOA—HC neuromuscular differences and therefore warrant prospec-
tive evaluation as candidate assessment tasks? To answer them, we identify the
key muscles, separate architectural from recruitment changes, and combine all five
measures into an integrated index that nominates specific movements as candidate,
hypothesis-generating assessment tasks.

2 Methods

2.1 Participants

Sixty-nine participants were studied: 52 with KOA and 17 healthy controls (HC).
A diagnosis of KOA was established by senior clinicians in line with the Chinese
guidelines for the diagnosis and treatment of osteoarthritis [22]. The study protocol,
informed-consent form and participant-recruitment materials were approved by the
Ethics Review Committee of the Rehabilitation Hospital Affiliated to Fujian Univer-
sity of Traditional Chinese Medicine (approval no. 2024KY-038-01). All methods were
performed in accordance with the principles of the Declaration of Helsinki and with
applicable institutional guidelines and regulations. All participants provided written
informed consent before participation. To be eligible, patients required clinically and
radiographically confirmed knee disease, and both single-knee and both-knee presen-
tations were accepted. Candidates were not enrolled if they reported pain in any other
lower-limb joint or in the lower back, carried a diagnosis of rheumatoid arthritis or
of any neurological or musculoskeletal disorder, or had any further condition likely to
compromise lower-limb function. Their baseline characteristics, including body-mass
index (BMI), symptom duration and Kellgren—Lawrence (KL) radiographic grade,
are summarised in Table 1; the groups did not differ significantly in sex, age, height,
weight or BMI (all p > 0.12); the full participant-level baseline data are provided in
Additional file 1: Table S1.

2.2 Tai Chi routine and EMG recording

Each participant performed a standardised simplified eight-form Tai Chi routine [23],
comprising 10 named movements, listed here in routine order by English name (Pinyin-
initial code, Pinyin): Opening Form (QS, qi shi), Repulse Monkey (DJG, dao juan
gong), Brush Knee and Twist Step (LXAB, 16u x1 &0 bu), Part the Wild Horse’s Mane
(YMFZ, yé ma fen zong), Cloud Hands (YS, yin shou), Golden Rooster Stands on
One Leg (JJDL, jmn j1 du li), Heel Kick (DJ, déng jiao), Grasp the Sparrow’s Tail
(LQW, lan que wéi), Cross Hands (SZS, shi zi shou) and Closing Form (SS, shou shi),
also shown in Fig. 1; throughout this paper the English movement names are used in
narrative text, while the Pinyin-initial codes (DJ, DJG, ...) are retained as compact
labels in figures, tables, data files, and exact movement—side condition names. Surface
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Table 1 Baseline characteristics of the participants and between-group comparison. Values are
mean (SD) for continuous variables unless otherwise stated.

Characteristic KOA (n = 52) HC (n =17) P
Sex, women,/men 39/13 9/8 0.13f
Age (years) 62.1 (6.0) 62.8 (6.5) 0.73¢
Height (m) 1.61 (0.07) 1.63 (0.07) 0.15%
Weight (kg) 62.1 (10.2) 60.9 (9.2) 0.64¢
BMI (kg/m?) 23.8 (2.6) 22.8 (2.7) 0.18¢
Symptom duration (months)? 66 (36-120) NA —
KL grade, 1/2/3 3/33/16 NA —

KOA, knee osteoarthritis; HC, healthy controls; BMI, body-mass index; KL, Kellgren-Lawrence
radiographic grade; IQR, interquartile range; NA, not applicable (HC have no KOA-specific clinical
measures). — in the p column indicates that no between-group test was performed because the clinical
measure was not applicable to HC. TDisease duration was not normally distributed and is given as median
(IQR). Between-group test (superscript on each p value): “Welch’s t-test (age, weight, BMI; both groups
normal by Shapiro-Wilk); “Mann-Whitney U test (height; KOA non-normal); f Fisher’s exact test (sex).
The full participant-level baseline data underlying these summaries are given in Additional file 1: Table S1.

electromyography (SEMG) was recorded bilaterally from 16 lower-limb muscles, eight
per side. The recorded muscles were gluteus medius (GMd), gluteus maximus (GMx),
rectus femoris (RF), vastus lateralis (VL), vastus medialis (VM), biceps femoris (BF),
tibialis anterior (TA) and medial gastrocnemius (MG). Electrodes were positioned
over each muscle following the SENIAM recommendations [24]. SEMG signals were
converted into linear envelopes (band-pass 20-450 Hz, full-wave rectification, low-pass
envelope at 20 Hz) sampled at 2000 Hz. Bilateral movements were analysed separately
according to the stance (support) leg, yielding 17 movement xside analysis condi-
tions; the three unilateral forms (Opening Form, Cross Hands, and Closing Form)
contributed a single condition each.

2.3 Signal preprocessing

Each trial’s 16-channel envelope was time-normalised by cubic-spline interpolation
onto a common, movement-specific number of samples NV, so that all trials of the same
movement became length-matched. For each movement, N was set to its median trial
duration multiplied by a target rate of 20 Hz and rounded to the nearest 5 samples; this
held the effective temporal resolution at ~20 Hz across movements of differing dura-
tion. Amplitudes were then normalised within participant and muscle: each channel
was divided by that participant’s peak value across all of their trials, so weights and
activations are dimensionless and comparable across participants. The result for each
trial is a non-negative matrix V € R*N_ Trials were grouped into the 17 analysis
conditions for synergy extraction.

2.4 Muscle-synergy extraction

Muscle synergies were modelled by non-negative matrix factorization (NMF) as

V ~ WH, (1)



Brush Knee Part the Wild
and Twist Step Horse's Mane Cloud Hands

Bilateral (L/R)

Opening Form

Repulse Monkey
Bilateral (L/R)

Bilateral (L/R) Bilateral (L/R)

QS - qishi DJG - dao juan géng YMFZ - yé ma fén zéng YS - yuin shou

Golden Rooster
Stands on One Leg

Bilateral (L/R)

Grasp the
Sparrow's Tail

Bilateral (L/R)

Heel Kick Cross Hands

Closing Form

« shi zi shou SS : shou shi

JJDL - jinjidali D) - déng jiao LQW - lan qué wéi

H Bilateral — analysed per left/right stance leg W Unilateral — single-stance form

Fig. 1 The ten Tai Chi movements analysed. Each panel shows the movement with, beneath it,
the English name (used in narrative text), the Pinyin-initial code (used in figures, tables, data files,
and exact condition names) and the Pinyin. In routine order, these are Opening Form (QS), Repulse
Monkey (DJG), Brush Knee and Twist Step (LXAB), Part the Wild Horse’s Mane (YMFZ), Cloud
Hands (YS), Golden Rooster Stands on One Leg (JJDL), Heel Kick (DJ), Grasp the Sparrow’s
Tail (LQW), Cross Hands (SZS) and Closing Form (SS). The seven bilateral movements (DJG, LXAB,
YMFZ, YS, JJIDL, DJ, LQW) are analysed separately by stance (support) leg, giving left /right (L/R)
conditions, whereas the three unilateral forms (QS, SZS, SS) contribute a single condition each, for
17 movement Xside analysis conditions in total.

where V' is the non-negative musclextime matrix (trials concatenated along time),
W € R'6** holds the k muscle-weight vectors and H € R¥* the time-varying activa-
tion coefficients. All factorisations used scikit-learn’s NMF with the Frobenius-norm
objective, coordinate-descent solver, maximum 500 iterations and tolerance 1074,

Shared reference basis. For each condition, we estimated a shared muscle-weight
reference basis Wipareqa from all trials pooled across KOA and HC participants, follow-
ing the pooled-basis rationale of concatenated NMF [20]. To improve stability, we used
a multi-start consensus strategy adapted from Brunet et al. [21]: one deterministic
NNDSVD initialisation [25] and 49 random restarts. Our adaptation clustered the L2-
normalised columns of W from all 50 factorisations into k groups using k-means and
used the resulting centroids as the columns of Wypareq. This basis defined the canon-
ical synergy reference labels for that condition; participant- and trial-level synergies
remained independently estimated and were matched to the reference as described
below.
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Rank selection. Following standard NMF muscle-synergy practice, the rank k was
selected from the reconstruction-quality curve rather than fixed a priori [13, 16]. Global
reconstruction quality was quantified using an R2-style variance accounted for: VAF =
1—||[V—-WH|Z%/||V — V|2, where V is the grand mean of V. The primary criterion
was the smallest k& with global VAF > 0.90, a commonly used reconstruction-quality
criterion in synergy analyses [16]. If no tested rank reached this threshold, we used a
pre-specified elbow fallback: the smallest k£ for which adding the next synergy increased
VAF by < 5% [16]. VAF and cophenetic-stability diagnostics were estimated on up to
8000 randomly subsampled time columns for computational tractability; final NMF
extraction at the selected rank used the full pooled matrix.

Subject- and trial-level synergies. For each participant and, separately, for each
trial, an independent NMF was fitted at the rank selected for that condition (NNDSVD
initialisation). Its weight columns were L2-normalised to resolve scale and then
matched to Wparea by the Hungarian algorithm (maximising column-wise cosine
similarity), thereby standardising their order and labels across participants. Recon-
struction VAF and recruitment were retained for each shared, subject-level, and
trial-level solution.

Global all-movements basis. For the descriptive global-basis analysis (Fig. 2), we
extracted a single consensus-NMF basis from data pooled across all 17 movement xside
conditions. Before pooling, each condition was capped at 3500 time columns by strati-
fied random subsampling so that longer movements or conditions with more trials did
not dominate the global basis. The global rank (k = 6) was selected using the same
VAF /elbow rule.

2.5 Five comparison measures

KOA and HC were compared using five complementary measures; the common
statistical conventions are given in Section 2.7.

1. Synergy number. Within each movement xside condition, the optimal rank was
determined separately for each participant (same VAF>0.90/elbow rule applied to
that participant’s trials), and the per-participant counts were compared between
groups across the 17 conditions. For the seven bilateral movements, stance-leg
(left /right) and group effects on synergy number were tested jointly with a two-way
mixed permutation ANOVA per movement, with side as the within-participant fac-
tor and group as the between-participant factor. Because synergy number is a small
non-normal integer, inference used permutation rather than the F distribution:
the side main effect was tested by permuting side labels within each participant,
and the group main effect and sidexgroup interaction by permuting group labels
of whole participants (1000 permutations each; BH-FDR across the seven move-
ments, per effect). The interaction term tests whether any stance-leg asymmetry
is disease-specific. Follow-up left-right comparisons within each group used two-
sided Wilcoxon signed-rank tests with BH-FDR correction across the seven bilateral
movements within each group.



2. Synergy similarity. Because module-by-module comparison requires the two 369
group bases to have the same rank, KOA-only and HC-only bases were inde- 370
pendently re-extracted at a common rank kcompare = max(kkoa,kuc) for each 371
condition, where kxoa and kpyc are the group-specific selected ranks from the 372
synergy-number analysis. This choice avoids truncating the group with the larger 373

selected rank. The resulting bases were Hungarian-matched by cosine similar- 374
ity, and each matched pair was scored by the cosine of its unit weight vectors 375
(cos = a-b/|la|||lbl); a pair with cos > 0.80 was classified as similar under the pre- 376

specified threshold. Inter-individual variability was assessed by extracting a pooled 377
KOA+HC reference basis at the same common rank, aligning each participant’s 378
free-fit weights to it, and comparing the resulting per-participant cosine-to-reference 379
between groups. 380
3. Muscle weights. Using subject-level W matrices aligned to the shared basis, each 381
muscle weight—one W, i entry per (condition, synergy, muscle)—was compared 382
between groups (1584 weights in total: 16 x Zconditions kcondition = 16 X 99). 383
4. Functional contribution. To estimate each muscle’s share of reconstructed EMG 384
activity (combining structural weight with realised recruitment), the contribution 385

of muscle m was defined, per participant and condition, as 386
387
388
Co =Y Wiy | Hi(t)dt, 2
> Wons [ o ) 3
390

the integral of the reconstructed envelope attributable to muscle m, normalised 391
within participant to a percentage of the summed reconstructed EMG envelope 392
(>°,, Cm = 100%). Because these 16 percentages form a composition, they were 393
transformed before inference using the centred log-ratio (CLR) transformation [26], 394
395
16 1/16 396
( Cm > 397

clr(C))p, = log| —< |, C) = C; , 3
(@ =re(55) . 9= (I (3)
399

where ¢g(C) is the geometric mean of the 16 strictly positive contribution com- 400

ponents for that participant and condition. For each condition and muscle, KOA 401
and HC CLR values were compared with a two-sided studentised permutation test 402
using the Welch statistic and 9999 group-label permutations [27]. Raw percentages 403
were retained for descriptive reporting. Averaged across participants (per condi- 404
tion, and pooled across conditions for the overall ranking), the same percentages 405
give the key-muscle profile. 406
5. Activation profiles. For each synergy and condition, each participant’s mean 407
activation curve (averaged over trials) was formed over the normalised cycle, and 408
the two groups’ curves compared with a one-dimensional cluster-based permu- 409
tation test. A Welch’s ¢ statistic (unequal-variance pointwise comparison) was 410
computed at each time point. Contiguous points exceeding the two-sided a = 0.05 411
Student-t critical value with df = min(nkoa,nuc) — 1—a deliberately conserva- 412
tive cluster-forming threshold—formed candidate clusters, each summarised by its jﬂi
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mass (summed t); inference rests on the permutation null below rather than on
this threshold. Each observed cluster mass was tested against the null distribu-
tion of the maximum absolute cluster mass over 1000 label permutations (fixed
seed), giving a cluster-corrected p. Each significant window was further described
by its duration (% cycle), direction (higher activation in KOA or HC), and mean
cluster ¢ statistic (cluster mass divided by the number of time points). As a com-
plementary per-participant view, the location of each synergy’s peak activation (%
of cycle)— a periodic variable, with 0% = 100%— was compared between groups
with a permutation test on the circular mean direction: for each group the mean
angle § = atan2(}", sin6;, ", cos;), with 6 = 27 p/100 and p the peak location
(% of cycle), was computed. The absolute wrapped angular difference |Af| between
groups was tested against its null from 1000 group-label permutations (fixed seed),
with Benjamini-Hochberg FDR applied across the 99 testable condition— synergy
pairs (> 5 participants per group).

2.6 A synthesis synergy index based on five comparison
measures

To rank movements descriptively, we combined the five measures into a composite
synergy index developed for this study. Each measure first contributed one continu-
ous, per-condition summary metric, derived from the comparisons in Section 2.5 and
oriented so that larger values denote greater KOA-HC divergence: (D1) the abso-
lute group-comparison effect size of the synergy-number difference; (D2) structural
divergence, 1— the mean matched-synergy cosine; (D3) the mean absolute group-
comparison effect size for muscle weights; (D4) the mean absolute group-comparison
effect size for contribution; and (D5) the total duration of cluster-corrected activation-
profile differences. D1 and D3 use the Cohen’s d or rank-biserial r effect-size metrics
defined in the statistical analysis section below. D4 uses Hedges’ g on the CLR-
transformed contributions. Absolute values were used so that larger values consistently
indicate greater group separation. Collect these as x4 for measure d € {1,...,5} and
analysis condition ¢ € {1,...,17}. Because the five metrics are on different scales,
each was standardised across the 17 conditions,

T = d
Zd,c = co_idv (4)

where pg and o4 are the mean and population standard deviation of metric d over
the conditions; 24, is thus dimensionless and expressed in standard-deviation units
relative to the average movement. The composite synergy index of condition c is the
equal-weighted mean of the five standardised metrics,

5
1
Sc — g ; Zd,c- (5)

By construction S, is dimensionless and centred near zero across conditions (S, > 0
indicating a more KOA-divergent movement than average); it is a relative ranking
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with no absolute scale, no units and no built-in significance threshold. As a sensitivity
analysis, a recruitment-weighted variant using only the two altered measures (the
mean of z4 . and z5.) was also computed.

2.7 Statistical analysis

All between-group analyses used the participant as the unit of analysis. For synergy-
number and muscle-weight comparisons, normality was assessed separately in each
group using the Shapiro-Wilk test. When both groups were approximately normal,
values are reported as mean (SD) and compared using Welch’s ¢-test with Cohen’s
d; otherwise, values are reported as median (IQR) and compared using the two-sided
Mann—Whitney U test with rank-biserial r [28]. Analysis outputs retained the test
statistic, p and FDR-adjusted p values, and signed effect size; Welch comparisons also
retained the Satterthwaite degrees of freedom for muscle weights. Under the imple-
mented Mann—Whitney orientation, » > 0 indicates higher values in HC and r < 0
indicates higher values in KOA.

Functional-contribution comparisons instead used the single prespecified CLR
studentised-permutation procedure described above. For each musclex condition com-
parison, let Zk, sk and nk denote the mean, standard deviation and sample size of
the KOA CLR values, with the corresponding HC quantities denoted by subscript H.
Hedges’ g was calculated as [29]

)

nK +ng — 2

\/(nK - 1)5%{ + (npg — 1>512—1
Sp =

Jelo—0 3 (6)
4(77,}( + TLH) -9
P — %
g=1J K T A
Sp

Thus, positive values indicate higher relative contribution in KOA. For each of
B = 2000 bootstrap replicates, participants were sampled with replacement separately
within the two groups and g was recalculated. The pointwise percentile-bootstrap
confidence interval was

Closy, = [Qo.025 ({95 }pe1) » Qo.ows ({95 }021) ] » (7)

where @), denotes the empirical p-quantile of the bootstrap estimates[30]. These confi-
dence intervals were not multiplicity-adjusted; multiplicity control was applied to the
permutation p values through BH-FDR.

Effect-size magnitudes were interpreted descriptively using conventional bench-
marks [31]: |d| or |g| of approximately 0.2, 0.5 and 0.8, and |r| of approximately 0.1,
0.3 and 0.5, indicate small, medium and large effects, respectively.

Benjamini-Hochberg FDR correction was applied across the 17 conditions for
synergy number and across the 16 muscles within each condition— synergy combina-
tion for muscle weights (99 separate families). Thus, muscle-weight adjustment was
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local to each condition— synergy family rather than global across all 1584 weights.
For functional contribution, the primary family comprised all 272 musclex condition
comparisons; separate 16-muscle condition-wise adjustments were retained as an
exploratory sensitivity analysis. Activation-profile inference used maximum-cluster-
mass correction within each condition—synergy profile, with no additional correction
across the 99 profiles. Peak-timing comparisons used the across-profile BH-FDR
correction described above.

Analyses used all participants with a complete 16-muscle composition for the
relevant condition, without imputation; available-case sample sizes ranged from 41
to 52 KOA and 12 to 17 HC participants. Cluster-based permutation provided an
empirical null distribution and cluster-level multiplicity control without relying on
random-field-theory inference, which was not used given the small control samples
(nuc = 12-17).

2.8 Software and reproducibility

Analyses were performed in Python 3.14.4 using NumPy 2.4.6, SciPy 1.17.1, pan-
das 3.0.3, scikit-learn 1.9.0 (NMF with the coordinate-descent solver and k-means)
and Matplotlib 3.10.9; baseline Excel input used openpyxl 3.1.5, and DOCX report
exports used python-docx 1.2.0. Primary NMF fits used deterministic NNDSVD
initialisation. All remaining stochastic operations—random NMF restarts, k-means
consensus clustering, column subsampling, and permutation tests—used fixed seeds;
subject- or movement-specific seeds were derived from SHA-256 hashes rather than
Python’s process-dependent hash () function. Supporting data and results are supplied
in two supplementary files. Additional file 1 provides participant-level baseline data,
detailed condition-level results, methodological information and the complete set of
supplementary figures. Supplementary_Tables.xlsx provides the machine-readable
per-condition statistics underlying the reported comparisons.

3 Results

3.1 Global synergy modules are bilaterally symmetric

Pooling all movements, lower-limb neuromuscular control reduced to six
bilaterally symmetric synergy modules (Fig. 2): left/right knee-extension
synergies  (quadriceps-dominated), left/right  hip—posterior-chain  synergies
(gluteal /hamstring/gastrocnemius-dominated) and left/right ankle-dorsiflexion syn-
ergies (tibialis-anterior-dominated). Reconstruction accuracy was nearly identical
between groups (VAF: KOA 0.69, HC 0.70), indicating that the global synergy basis
was shared by KOA and healthy controls.

3.2 Synergy number is stable between groups but asymmetric
across stance legs

Synergy number did not differ between groups (4/17 conditions at raw p < 0.05; 0/17
after FDR; Fig. 3). The four uncorrected differences were movement-specific: KOA
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Fig. 2 Global muscle-synergy basis extracted after pooling all movements (rank k = 6). Weight
distributions are shown for the shared basis and for each group (Shared/KOA/HC). The synergy
modules are arranged in bilaterally symmetric pairs, and the weights are highly concordant between
groups. Abbreviations: KOA, knee osteoarthritis; HC, healthy controls; BF, biceps femoris; MG,
medial gastrocnemius; GMx, gluteus maximus; GMd, gluteus medius; RF, rectus femoris; TA, tibialis
anterior; VL, vastus lateralis; VM, vastus medialis; L /R prefixes denote left/right side.
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selected higher ranks in Heel Kick (DJ-L: KOA median 8.0 vs HC 7.0, raw p = 0.011,
BH-FDR-adjusted p = 0.093; DJ-R: KOA 8.0 vs HC 6.5, raw p = 0.027, adjusted
p = 0.115) and Golden Rooster Stands on One Leg (JJDL-R: KOA 7.0 vs HC 6.0,
raw p = 0.017, adjusted p = 0.096), whereas HC required more synergies in Repulse
Monkey (DJG-R: HC 5.0 vs KOA 4.0, raw p = 0.008, adjusted p = 0.093). These
trends clustered in dynamic single-limb or backward-stepping actions.

Em KOA
* * Bl HC

Number of muscle synergies
L

3 & »> Pt g &
& 4 & & & & &
&

~ b B > ed bd
N 3 & a N 3 & 2
9 SR R

Fig. 3 Number of synergies per Tai Chi movement, KOA versus HC (bars show mean, error bars
SD, dots individual values; connecting lines indicate raw p < 0.05). No analysis condition reached
significance after FDR correction. Abbreviations: KOA, knee osteoarthritis; HC, healthy controls; SD,
standard deviation; FDR, false discovery rate; QS, Opening Form; DJG, Repulse Monkey; LXAB,
Brush Knee and Twist Step; YMFZ, Part the Wild Horse’s Mane; YS, Cloud Hands; JJDL, Golden
Rooster Stands on One Leg; DJ, Heel Kick; LQW, Grasp the Sparrow’s Tail; SZS, Cross Hands; SS,
Closing Form; L/R, left/right stance leg; NA, single-stance movement.

Although there are no significant differences in synergy number between the two
groups on the per-side comparison, a joint two-way (sidexgroup) analysis revealed a
stance-leg asymmetry that was mostly shared rather than disease-specific (Table 2).
The side main effect was significant after FDR in four of seven bilateral movements:
Golden Rooster Stands on One Leg, Grasp the Sparrow’s Tail, Brush Knee and Twist
Step, and Cloud Hands. Thus, the two stance legs recruited different numbers of
synergies. The direction was not uniform: the right leg used more synergies in Golden
Rooster Stands on One Leg, Grasp the Sparrow’s Tail, and Brush Knee and Twist Step,
whereas the left leg used more in Cloud Hands. Crucially, the sidexgroup interaction,
which tests whether this asymmetry differs between KOA and healthy controls, was
significant for only one movement, Repulse Monkey (BH-FDR-adjusted p = 0.007):
follow-up paired comparisons showed a higher synergy number during right than left
stance in HC (BH-FDR-adjusted p = 0.034), but no side difference in KOA (BH-
FDR-adjusted p = 0.972). For the other six movements, no interaction survived FDR
correction, so their stance-side patterns were not shown to differ between groups. The
group main effect reached significance for Heel Kick and Golden Rooster Stands on
One Leg when averaged across stance sides.
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Table 2 Two-way mixed ANOVA of synergy number per bilateral movement (side within
participant, group between participants; permutation inference, 1000 permutations;
Benjamini-Hochberg FDR across the seven movements, per effect). The descriptive statistic in each
kr and kg column follows the cell-specific Shapiro-Wilk result: mean (SD) for approximately
normal cells and median (IQR) otherwise; entries shown as ranges are medians (IQRs). Fs, Fy,
Fs« 4: side, group and interaction F-statistics with BH-FDR-adjusted p values (bold = significant
at adjusted p < 0.05). kr, kr: synergy number on the left/right stance leg, by group.

Fy F_f] F5><.‘7

Movement kY ki kY ki (PFDR,s) (PFDR,g) (PFDR,sxg)

JIDL 6.5 (5.0-7.0) 7.0 (7.0-8.0) 5.0 (5.0-6.0) 6.0 (1.9) 14.40 (0.003) 10.49 (0.010) 0.95 (0.497)
LQW 8.0 (7.0-8.0) 8.0 (7.0-9.0) 7.1 (1.1) 7.4 (1.7) 16.15 (0.002) 3.34 (0.143) 1.26 (0.484)
LXAB 7.0 (6.5-8.0) 8.0 (7.0-9.0) 6.9 (1.2) 9.0 (8.0-9.0) 13.05 (0.002) 0.00 (1.000) 5.26 (0.115)
YS 8.0 (7.0-9.0) 7.0 (6.0-8.0) 8.0 (6.8-8.0) 6.9 (1.4) 12.90 (0.002) 0.90 (0.540) 0.58 (0.568)
DJG 4.0 (4.0-5.0) 4.0 (3.0-5.0) 4.0 (4.0-5.0) 5.5 (1.7)  3.46 (0.101) 5.74 (0.051) 14.29 (0.007)
DJ 8.0 (8.0-8.0) 8.0 (7.0-8.0) 6.6 (1.8) 6.6 (1.3)  3.04 (0.101) 18.49 (0.007) 0.39 (0.567)

YMFZ 8.0 (7.0-8.0) 8.0 (7.0-9.0) 8.0 (7.0-8.0) 8.0 (7.0-8.0) 0.38 (0.518) 0.28 (0.776) 1.14 (0.484)

Abbreviations: KOA, knee osteoarthritis; HC, healthy controls; ANOVA, analysis of variance; FDR, false
discovery rate; IQR, interquartile range; K, KOA; H, HC; SD, standard deviation; QS, Opening Form;
DJG, Repulse Monkey; LXAB, Brush Knee and Twist Step; YMFZ, Part the Wild Horse’s Mane; YS,
Cloud Hands; JJDL, Golden Rooster Stands on One Leg; DJ, Heel Kick; LQW, Grasp the Sparrow’s Tail;
SZS, Cross Hands; SS, Closing Form; L/R, left/right stance leg; NA, single-stance movement.

3.3 Synergy similarity remains high between KOA and controls

Synergy similarity was largely consistent: the cosine similarity between each matched
KOA-HC synergy pair had a median of 0.95 (IQR 0.81-0.98), and 95/125 matched
synergies (76%) exceeded the prespecified cosine similarity threshold (> 0.80) (Fig. 4).
Most of these sub-threshold pairs were higher-order synergies beyond the shared rank
rather than failed matches of the dominant modules. Repulse Monkey showed the
lowest similarity of any movement.

Beyond the group-mean comparison, each participant’s synergies were also com-
pared with a pooled reference: the median cosine-to-reference was 0.89 in both groups,
and the per-subject values did not differ between KOA and HC for any synergy (0/125
after FDR), indicating that KOA neither shifted the average synergy pattern nor
widened its spread across individuals.
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Fig. 4 Synergy similarity (cosine) of matched weight vectors between KOA and HC
for each movement. Bars show the mean cosine similarity across matched synergy pairs
within each movement—side condition; blue bars have mean cosine > 0.80 and orange
bars have mean cosine < 0.80. The dashed line marks the prespecified similarity thresh-
old (0.80), and labels above bars show the number of synergies above the threshold
over the total number of matched synergies. Most synergy pairs reach the similarity
threshold; DJG is the most notable exception. Abbreviations: KOA, knee osteoarthritis;
HC, healthy controls; QS, Opening Form; DJG, Repulse Monkey; LXAB, Brush Knee
and Twist Step; YMFZ, Part the Wild Horse’s Mane; YS, Cloud Hands; JJDL, Golden
Rooster Stands on One Leg; DJ, Heel Kick; LQW, Grasp the Sparrow’s Tail; SZS, Cross
Hands; SS, Closing Form; L/R, left/right stance leg; NA, single-stance movement.

3.4 Muscle weights show only sparse group differences

The per-muscle weight comparison likewise showed sparse group differences in archi-
tecture: only 25/1584 weights (1.6%) differed between groups after FDR correction.
Notably, these few differences were not randomly distributed but were concentrated
in a small set of muscles, mainly the gluteals (gluteus maximus, 7 weights; gluteus
medius, 2), rectus femoris (5), medial gastrocnemius (3), biceps femoris (3), and vas-
tus medialis (3), and occurred in the same movements highlighted by the recruitment
analyses, with Heel Kick and Golden Rooster Stands on One Leg accounting for 12/25.
The few weight differences that survived correction therefore involved largely the same
muscles that show functional-contribution differences below, rather than a separate
set: hip stabilisers, rectus femoris, and gastrocnemius (all higher in KOA), and vastus
medialis (higher in HC).
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Table 3 Muscle synergy weights that differed between groups after FDR correction (25/1584). All
rows used Mann—Whitney U; values are median (IQR). Effect size is signed rank-biserial r; |r| gives
the magnitude, and Direction indicates the group with the higher weight.

Cond. Syn  Muscle KOA HC r prpR_ Direction
DJ-L 5 LBF  0.26(0.14-0.39) 0.07 (0.01-0.21) -0.49 0.031 KOA?
DJ-L 5 L MG 0.39 (0.17-0.50) 0.05 (0.00-0.27) -0.55 0.030 KOA?T
DJ-L 5 L GMx 0.33 (0.12-0.49) 0.13 (0.03-0.19) -0.49 0.031 KOA?T
DJ-R 5 LRF 0.14 (0.09-0.18) 0.04 (0.02-0.07) -0.51 0.019 KOA?T
DJ-R 5 RBF 0.9 (0.14-0.62) 0.09 (0.02-0.24) -0.53 0.019  KOA?
DJ-R 5 R MG 041 (0.14-0.58) 0.09 (0.01-0.28) -0.47 0.025 KOA?T
DJG-L 8 L VM  0.00 (0.00-0.00) 0.01 (0.00-0.10) 0.57 0.005 HC?T
DJG-R 9 L GMx 0.08 (0.01-0.64) 0.01 (0.00-0.02) -0.55 0.023 KOA?T
JJDL-L 3 LBF 0.74 (0.07-0.93) 0.95 (0.84-0.98) 0.52 0.015 HC?T
JIDL-L 3 LRF 007 (0.04-0.14) 0.02 (0.00-0.05) -0.53 0.015 KOA?
JJDL-L 3 R GMx 0.02 (0.01-0.04) 0.00 (0.00-0.01) -0.45 0.037 KOA?T
JJDL-L 4 L VM  0.00 (0.00-0.06) 0.11 (0.05-0.29) 0.62 0.002 HC?T
JJDL-L 4 R RF  0.21 (0.02-0.47) 0.03 (0.00-0.08) -0.46 0.041 KOA?T
JJIDL-R 2 LGMx 0.8 (0.09-0.33) 0.07 (0.02-0.11) -0.50 0.043  KOA?
LQW-L 1 L GMx 0.04 (0.02-0.06) 0.02 (0.01-0.04) -0.44 0.027 KOA?
LQW-L 1 LRF  0.03 (0.01-0.07) 0.00 (0.00-0.02) -0.51 0.013 KOA?T
LQW-L 1 R GMx 0.04 (0.02-0.09) 0.01 (0.00-0.03) -0.59 0.004 KOA?T
LQW-L 1 R GMd 0.06 (0.02-0.13) 0.02 (0.00-0.05) -0.48 0.016 KOA?T
SZS 3 RVM 0.0 (0.00-0.03) 0.09 (0.02-0.25) 0.56 0.004  HCt
YMFZ-R 3 L MG 0.18 (0.07-0.54) 0.03 (0.02-0.09) -0.50 0.037 KOA?T
YMFZ-R 5 LRF  0.10 (0.05-0.17) 0.04 (0.00-0.07) -0.47 0.038 KOA?T
YMFZ-R 5 L VL  0.16 (0.09-0.29) 0.03 (0.01-0.09) -0.44 0.038 KOA?T
YMFZR 5 RGMd 0.05(0.01-0.15) 0.01 (0.00-0.02) -0.43 0.038  KOA?
YS-L 1 L TA  0.02 (0.00-0.11) 0.13 (0.07-0.17) 0.56 0.010 HC?T
YS-R 1 R GMx 0.09 (0.05-0.15) 0.04 (0.02-0.07) -0.51 0.041 KOA1

Abbreviations: KOA, knee osteoarthritis; HC, healthy controls; FDR, false discovery rate; IQR,

interquartile range; Cond., analysis condition; Syn, synergy; L/R, left/right. Muscle and movement
abbreviations are defined in the List of abbreviations. Up arrows mark the group with the higher median
loading. Complete statistics are in Supplementary_Tables.xlsx (sheet S5_muscle_weights).

3.5 Activation profiles differ in a subset of synergies

Group differences in activation profiles were detected in 26/99 synergies, comprising 34
cluster-corrected significant windows; 24 (71%) reflected higher activation in KOA and
10 higher activation in HC (Fig. 5; affected condition—synergy pairs and per-window
results are listed in Additional file 1: Tables S6 and S7).

Window count and total duration identified different movements (Additional file 1:
Fig. S21). By window count, Repulse Monkey was most affected (10 windows, all KOA-
higher; Fig. 5a), whereas by total significant duration Cloud Hands dominated (125%
of the cycle across six longer, bidirectional windows; Fig. 5b). The two directions also
differed in temporal extent: KOA-higher windows were brief (median 7.8% of the cycle,
IQR 6.1-10.5), whereas HC-higher windows were roughly twice as long (median 16.8%,
IQR 11.0-24.9; Mann—Whitney p = 0.007). The duration-normalised absolute cluster
statistic (absolute cluster mass divided by the number of time points) was slightly
higher for KOA-higher than HC-higher windows (median 3.3 versus 3.1; exploratory
Mann-Whitney p = 0.030), whereas HC-higher windows had larger absolute mass
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Fig. 5 Synergy activation profiles over the movement cycle, KOA versus HC (mean + standard
error; coral = KOA, teal = HC); shaded regions and asterisks indicate cluster-level permutation-
significant windows (cluster-corrected p < 0.05; no additional across-synergy FDR correction). Only
synergies with at least one significant window are shown (full set for all conditions in Additional
file 1: Fig. S20). The two movements illustrate the complementary metrics: (a) DJG has the most
windows but they are short and all KOA-higher, whereas (b) YS has the longest cumulative duration,
with bidirectional activation-profile differences (both KOA- and HC-higher windows). Abbreviations:
KOA, knee osteoarthritis; HC, healthy controls; FDR, false discovery rate; DJG, Repulse Monkey;
YS, Cloud Hands.

because they were longer. These statistics describe standardised group separation,
not activation intensity. Cumulatively, KOA-higher windows had a greater summed
duration than HC-higher windows (229 versus 175 cycle-percent units), and differences
concentrated in the mid-to-late movement cycle (25/34 windows with midpoint beyond

33%).
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Table 4 Activation-profile summary by movement. Significant synergies are
condition—synergy pairs with at least one cluster-corrected window. The KOA
and HC window columns give the number of significant windows with higher
activation in each group; the corresponding duration columns give their
cumulative durations in cycle-percent units, summed across movement-side
conditions and synergies. These are durations of between-group differences, not
group-specific activation durations, and can exceed 100% because overlapping
windows in different synergies are counted separately. A window may reflect
amplitude, profile shape or phase. Minimum pcorr is the smallest
cluster-corrected p value among the movement’s significant windows. Full
per-window start/end times, directions and cluster-corrected p values are i n
Additional file 1: Table S7.

Cumulative duration

Sig. Windows, n (% cycle) Minimum
Mov. Syn. Pcorr
KOAT HCt KOA? HCt
DJ 2 0 2 0.0 53.6 0.007
DJG 6 10 0 67.8 0.0 0.007
JJDL 2 0 2 0.0 24.7 0.017
LQW 4 4 2 34.4 14.9 0.003
LXAB 3 4 0 42.1 0.0 0.003
YMFZ 4 3 1 29.3 12.0 0.007
YS 5 3 3 55.6 69.4 < 0.001

Abbreviations: KOA, knee osteoarthritis; HC, healthy controls; Mov., movement; Sig.
syn., significant synergies; pcorr, cluster-corrected p value; 1, higher activation.
Movement codes are defined in the List of abbreviations.

Among the affected synergies, KOA-higher activation-profile windows often
occurred in those weighted toward the gluteals, hamstrings and gastrocnemius,
whereas quadriceps-weighted synergies showed windows in both directions (Additional
file 1: Table S9). A complementary per-subject analysis of synergy peak-activation
timing (permutation test on the circular mean direction, FDR~corrected across 99 syn-
ergies) showed no systematic shift in peak location (0/99 synergies after FDR; smallest
BH-FDR-adjusted p = 0.099; Additional file 1, Section S7).

3.6 Functional contribution and key-muscle profile

Across all movements, the quadriceps made the largest contribution to the recon-
structed EMG envelope (Fig. 6; exact values in Additional file 1: Table S11). The ten
muscles with the largest contributions made up 71.9% of the summed reconstructed
EMG envelope; the left and right vastus lateralis, vastus medialis and rectus femoris
together accounted for ~49% of the summed reconstructed EMG envelope. When each
participant’s contribution was averaged across movements, none of the 16 muscle-level
KOA-HC comparisons was significant after BH-FDR, correction (lowest adjusted p
value = 0.574; Fig. 6).

When each movement was examined separately, functional contribution differed
between groups in 11/272 muscle x condition comparisons after global BH-FDR correc-
tion (Fig. 7, Table 5). KOA had a higher relative gluteus medius contribution in two
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Fig. 6 Key-muscle contribution profile: each muscle’s estimated percentage of the summed recon-
structed EMG envelope across all movements, ranked in descending order. Grey bars show the mean
across all participants; coloured bars show group means, error bars SD and dots individual partici-
pant means across movements. One L-RF value (26.9%) is not shown as a dot so that the other values
remain easy to see, but it is still included in the means, SDs and statistical tests. KOA-HC inference
used a studentized label-permutation test on centered-log-ratio (CLR)-transformed 16-part compo-
sitions, with BH-FDR correction across the 16 muscles; none was significant (0/16, lowest adjusted
p value = 0.574). Abbreviations: KOA, knee osteoarthritis; HC, healthy controls; CLR, centered log
ratio; SD, standard deviation; FDR, false discovery rate; BF, biceps femoris; MG, medial gastrocne-
mius; GMx, gluteus maximus; GMd, gluteus medius; RF, rectus femoris; TA, tibialis anterior; VL,
vastus lateralis; VM, vastus medialis; L/R prefixes denote left/right side.

conditions; HC had higher relative contributions from tibialis anterior, vastus medi-
alis, biceps femoris, medial gastrocnemius or rectus femoris in selected conditions.
The 11 primary differences occurred in four movements: Heel Kick, Golden Rooster
Stands on One Leg, Grasp the Sparrow’s Tail, and Cross Hands. An exploratory
within-condition correction identified 14 comparisons in total, adding three find-
ings that did not survive the global correction (Supplementary Tables.xlsx,
sheet $10-S11 functional contribution).
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Fig. 7 Functional-contribution differences between KOA and HC for each muscle and condition.
Each square shows the effect-size direction and magnitude for one muscle x condition comparison: red
indicates a higher relative contribution in KOA, teal indicates a higher relative contribution in HC,
and darker colour indicates a larger between-group difference. Effect sizes are Hedges’ g calculated on
CLR-transformed contributions (positive = KOA higher); the colour scale spans —1.5 to 1.5. Muscles
are ordered from proximal to distal, with the left-side channels followed by the right-side channels
in the same order. A dagger () marks a musclexcondition comparison that remained significant
(BH-adjusted p < 0.05) after all 272 comparisons were adjusted together in the primary analysis.
A section sign (§) marks one of three additional comparisons that was significant only after the 16
muscles within the same condition were adjusted together in the exploratory analysis. Abbreviations
and marks: KOA, knee osteoarthritis; HC, healthy controls; CLR, centered log ratio; FDR, false
discovery rate; BF, biceps femoris; MG, medial gastrocnemius; GMx, gluteus maximus; GMd, gluteus
medius; RF, rectus femoris; TA, tibialis anterior; VL, vastus lateralis; VM, vastus medialis; L/R
prefixes denote left/right side; QS, Opening Form; DJG, Repulse Monkey; LXAB, Brush Knee and
Twist Step; YMFZ, Part the Wild Horse’s Mane; YS, Cloud Hands; JJDL, Golden Rooster Stands
on One Leg; DJ, Heel Kick; LQW, Grasp the Sparrow’s Tail; SZS, Cross Hands; SS, Closing Form;
L/R, left/right stance leg; NA, single-stance movement.
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Table 5 Musclexcondition functional-contribution comparisons that were significant after the
primary global BH-FDR correction across all 272 comparisons. Each row is one analysis condition
(movement-stance side; SZS is single-stance). Raw percentage contributions are reported
descriptively as mean (SD), whereas inference used a 9,999-resample studentized label-permutation
test on CLR-transformed compositions. Available-case sample sizes per condition ranged from 41 to
52 KOA and 12 to 17 HC participants without imputation. Hedges’ g and its pointwise 95%
bootstrap CI are also on the CLR scale and are oriented KOA minus HC; the final column reports
BH-adjusted p values for the primary global family of 272 comparisons, whereas the Cls are not
multiplicity-adjusted. The complete 272-row analysis, including the exploratory within-condition
sensitivity correction, is in Supplementary_Tables.xlsx, sheet $10-S11_functional_contribution.

Cond. Muscle  KOA (%) HC (%) g [95% CI] BH-adjusted p
DJ-L L-GMd  7.36 (1.97) 4.93 (1.97) 1.10 [0.51, 1.83] 0.047
DJ-L R-TA 598 (L71)  7.60 (1.80)  —1.07 [-1.70, —0.65]  0.032
DJ-R L-TA 6.02 (2.50) 7.58 (2.13) —0.77 [-1.18, —0.43 0.032
DJ-R R-RF 7.60 (2.65) 9.87 (2.66) —0.66 [—1.42, —0.36 0.039
JJDL-L  L-BF 803 (4.00) 1108 (2.55) —0.90 [~1.31, —0.56]  0.032
JJDL-R  L-GMd 654 (2.24)  3.65 (1.75)  1.35 [0.81, 2.03] 0.032
JJDL-R  R-BF 8.83 (3.47) 13.29 (5.30) —1.18 [-1.87, —0.60 0.032
JIDL-R  R-MG 7.00 (2.78) 9.49 (4.46) —0.90 [—-1.47, —0.47 0.034
LQW-L R-VM  11.07 (3.66) 1472 (3.32) —0.80 [~1.30, —0.47] 0.027
SZS R-TA 5.54 (2.94) 7.49 (1.90) —-0.82 [-1.23, —0.42 0.034
SZS R-VM 7.57 (2.79) 11.05 (4.13)  —0.85 [—1.36, —0.41 0.046

Abbreviations: KOA, knee osteoarthritis; HC, healthy controls; CI, confidence interval; CLR, centered log
ratio; FDR, false discovery rate; g, Hedges’ g; BF, biceps femoris; MG, medial gastrocnemius; GMx,
gluteus maximus; GMd, gluteus medius; RF, rectus femoris; TA, tibialis anterior; VL, vastus lateralis;
VM, vastus medialis; L/R prefixes denote left/right side; QS, Opening Form; DJG, Repulse Monkey;
LXAB, Brush Knee and Twist Step; YMFZ, Part the Wild Horse’s Mane; YS, Cloud Hands; JJDL,
Golden Rooster Stands on One Leg; DJ, Heel Kick; LQW, Grasp the Sparrow’s Tail; SZS, Cross Hands;
SS, Closing Form; L/R, left/right stance leg; NA, single-stance movement. Positive g indicates KOA
higher; negative g indicates HC higher.
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3.7 Composite movement ranking

Because its five components were standardised across the 17 conditions and equally
weighted, S, is a relative descriptive index, not a test statistic or diagnostic score.
Across the 17 movement—stance-side conditions, the left-stance condition of Heel
Kick (DJ-L) had the highest composite synergy index (S. = 0.96), followed by the
right-stance conditions of Repulse Monkey (DJG-R; S. = 0.78), Heel Kick (DJ-R;
S. = 0.61), and Golden Rooster Stands on One Leg (JJDL-R; S. = 0.45; Fig. 8).
DJ-L was distinguished primarily by functional contribution, with additional above-
average differences in synergy number and muscle weights. By contrast, DJG-R was
distinguished by structural divergence and synergy number despite a below-average
contribution difference. Cloud Hands had the largest activation-profile scores (YS-L
and YS-R) but ranked fifth and sixth overall because its other components were mostly
near or below the across-condition average. Similarly, JJDL-L had the largest muscle-
weight score but a composite index near zero. Thus, no single measure reproduced the
integrated ranking.

DJ-L DJ-L +0.96

DJG-R 2.0 DJG-R
DJ-R DJ-R
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Fig. 8 Composite ranking of the 17 movement—stance-side conditions across five synergy measures.
Conditions are ordered by the composite synergy index. Left: Per-measure KOA-HC divergence,
standardised as z-scores across conditions (orange = greater-than-average divergence; purple = less-
than-average divergence). Right: Composite synergy index (grey bars, equal-weighted mean of the
five z-scores; values annotated). Higher values indicate greater overall KOA-HC divergence relative
to the other conditions. The composite ranking is descriptive and has no built-in significance thresh-
old. Condition labels use movement—stance-side notation; NA denotes conditions without a separate
left /right stance-side designation. Abbreviations: KOA, knee osteoarthritis; HC, healthy controls; QS,
Opening Form; DJG, Repulse Monkey; LXAB, Brush Knee and Twist Step; YMFZ, Part the Wild
Horse’s Mane; YS, Cloud Hands; JJDL, Golden Rooster Stands on One Leg; DJ, Heel Kick; LQW,
Grasp the Sparrow’s Tail; SZS, Cross Hands; SS, Closing Form; L/R, left/right stance leg; NA, single-
stance movement. Full per-measure z-scores and composite values are in Additional file 1: Table S12.
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1059 4 Discussion

1060
1061 Across the five measures, detected KOA-HC differences were concentrated in synergy

1062 recruitment rather than spatial architecture (Table 6). The groups had broadly similar
1063 muscle groupings but differed selectively in relative muscle contribution and activation
1064 profiles. Because the study was cross-sectional, these are observed group associations,
1065 not evidence that KOA caused the differences.

1066
1067

1068 Table 6 Summary of the five analysis measures. Synergy number, similarity and muscle weights
1069 describe synergy structure; functional contribution and activation profiles describe how the

synergies are used. Structure was similar between groups, whereas recruitment differed in selected
10 comparisons. Per-movement activation-profile counts are given in Table 4.

1071

1072 Category Measure Result Summary

1073 Structure Synergy number 0/17 conditions significant (FDR) No detected difference
1074 Structure Synergy similarity 95/125 pairs: cosine > 0.80 Mostly similar
1075 Structure Muscle weights 25/1584 weights differed (1.6%) Sparse differences
1076 Use Functional contribution 11/272 significant (global FDR) Selective differences
1077 Use Activation profiles 26/99 synergies; 34 windows (24 KOA?)  Selective differences

1078 Abbreviations: KOA, knee osteoarthritis; HC, healthy controls; FDR, false discovery rate. The functional-
1079 contribution count uses the primary global BH-FDR family across all 272 muscle X condition comparisons.

1080
1081
1082

1822 4.1 Key muscles and broadly similar modular control

1085 Across the routine, the quadriceps contributed approximately 49% of the summed
1086 reconstructed EMG envelope, and the global basis contained six left-right paired
1087 modules, with secondary contributions from the gluteal/posterior-chain muscles and
1088 tibialis anterior (Figs. 2 and 6; exact values in Additional file 1: Table S11). This
1089 modular pattern is consistent with Tai Chi gait mechanics relative to normal walk-
1090 ing: longer single-leg stance, greater knee flexion and larger lateral body shift [32];
1091 larger mediolateral shear forces and frontal-plane knee and hip moments [33]; and
1092 greater knee-extensor, hip-abductor and ankle-dorsiflexor activation [32, 34]. The mod-
1093 ule labels are functional interpretations of EMG covariation, however, and do not
1094 directly measure muscle force or joint function.

1095 The paired modules may provide a common pattern for alternating supporting
1096 and moving limbs: knee-extension modules can contribute to support of a flexed
1097 knee, hip/posterior-chain modules to postural control, and tibialis-anterior modules
1098 to foot clearance and placement. More generally, modular-control evidence has been
1099 reported in frog defensive kicking, human walking and primate reaching and grasp-
1100 ing [11]. In bullfrogs, most swimming and jumping muscle synergies were preserved
1101 after deafferentation, some were shared between the two behaviours, and deafferenta-
1102 tion altered the amplitude and temporal patterns of the activation coefficients of most
1103 shared synergies [19]. These findings support centrally organised spatial modules whose
1104 recruitment is modulated by task and sensory feedback.
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Between groups, no condition showed a difference in synergy number after FDR
correction; most matched synergies met the prespecified similarity threshold; and
only a small proportion of muscle weights differed (25/1584; 1.6%; Figs. 3 and 4;
Table 3). These findings are consistent with broadly similar spatial architecture but
do not demonstrate equivalence or complete preservation. This overall pattern con-
trasts descriptively with the fewer, merged motor modules reported during post-stroke
walking [16] and with the fractionation of running synergies during child-to-adult
development and their merging with adult running experience and training [17]. How-
ever, those studies used different participants, tasks and methods, so this comparison
is only descriptive and does not by itself prove that module architecture is preserved
in KOA.

Stance side still mattered within movements. Synergy number differed between left-
and right-stance conditions in four of seven bilateral movements, and these side effects
were mostly shared by KOA and HC. This suggests that synergy number depended
more on the role assigned to the stance limb than on disease status. Tai Chi gait
involves prolonged single-leg support and large lateral body shifts [32], while differ-
ent Tai Chi movements impose distinct joint and muscle demands [34]. Given these
biomechanical demands, changing the stance side may alter balance and movement
requirements even within the same named movement.

Repulse Monkey was the only movement with a significant side x group interaction,
indicating that its left—right contrast differed between groups. Follow-up paired com-
parisons showed a higher synergy number during right than left stance in HC, but no
side difference in KOA. This pattern is consistent with reduced task-related lateral-
isation in KOA; however, without information on limb dominance, symptom side or
movement kinematics, its mechanism cannot be determined.

Heel Kick and Golden Rooster Stands on One Leg showed significant group main
effects averaged across stance sides, with higher synergy numbers in KOA and no
sidex group interactions. However, none of the separate KOA-HC comparisons within
a stance side survived FDR correction. These results therefore support group dif-
ferences averaged across sides, but do not identify an effect specific to either limb.
Modelling stance side explicitly was important because treating the two conditions as
interchangeable would have hidden the side-dependent patterns.

4.2 Selective KOA-HC differences in synergy recruitment and
activation profiles

Among the globally significant functional-contribution comparisons, gluteus medius
was KOA-higher in two conditions, whereas the other nine comparisons were HC-
higher (Fig. 7; Table 5). Thus, differences were detected only for specific muscles and
conditions. Because the 16 contributions sum to 100% and are computed over the full
movement cycle, they reflect each muscle’s relative share of the total rather than its
absolute activation, force, or joint loading. They also do not indicate when during the
cycle a difference occurred.

Given the single-leg and weight-transfer demands of Tai Chi, the KOA-higher
gluteus medius contribution in Heel Kick and Golden Rooster Stands on One Leg
is compatible with greater relative reliance on the hip abductor to maintain balance
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1151 during stance. A cross-sectional study found lower maximal isometric strength across
1152 the hip muscle groups, including the abductors, in people with symptomatic medial
1153 KOA than in asymptomatic controls [9]. This weakness provides a plausible context for
1154 altered hip-muscle use during stance, although the cited study did not examine muscle
1155 recruitment. The present data cannot distinguish compensation from an alternative
1156 task strategy or a compositional shift. Conversely, the HC-higher differences involved
1157 ankle, knee-extensor and posterior-chain muscles, not a uniform increase or decrease
1158 across the limb. This mixed, task-specific pattern is consistent with walking studies
1159 showing that KOA-related co-activation and EMG waveform differences depend on
1160 the muscle examined and the clinical severity group [10, 35].

1161 Activation-profile differences were likewise localised to specific portions of the
1162 movement cycle, without a systematic between-group shift in peak timing. One possi-
1163 ble modular-control explanation comes from standing-balance perturbation research,
1164 in which the temporal recruitment of spatially fixed synergies was well reconstructed
1165 using delayed feedback derived from centre-of-mass kinematics [15]. In Tai Chi,
1166 phase-specific muscle-synergy patterns have also been identified during the knee-
1167 lift, extension and recovery phases of a leg-stirrup movement [6]. Accordingly, the
1168 cycle-localised differences observed here are compatible with group differences in the
1169 temporal modulation of largely shared modules as limb roles, support demands and
1170 posture change during a movement. The observed distribution—more, typically shorter
1171 KOA-higher windows and fewer, longer HC-higher windows—indicates that group dif-
1172 ferences were localised within the time-normalised movement cycle and did not follow
1173 a uniform directional pattern across significant windows.

1174

1175 4.3 Dynamic weight-transfer movements show

ﬂ;? KOA-associated neuromuscular differences

1178 No movement was the most KOA-divergent on every measure. Heel Kick was dis-
1179 tinguished mainly by relative contribution, Golden Rooster Stands on One Leg by
1180 several recruitment differences, Repulse Monkey by lower synergy similarity and brief
1181 activation-profile windows, and Cloud Hands by fewer but longer activation-profile
1182 windows. These signatures are not contradictory: contribution is cycle-integrated, acti-
1183 vation profiles are cycle-localised, and the structural measures address the composition
1184 of the modules themselves.

1185 The highest-ranked movements share demanding, asymmetric weight-transfer
1186 requirements: single-leg support in Heel Kick and Golden Rooster Stands on One Leg,
1187 backward stepping in Repulse Monkey, and continuous lateral shifting in Cloud Hands.
1188 These characteristics align with prior biomechanical evidence of prolonged single-leg
1189 support and large lateral body displacement during Tai Chi gait [32], movement-
1190 specific joint and muscle demands across Tai Chi forms [34], and phase-specific synergy
1191 patterns during a leg-stirrup movement [6]. The integrated index therefore provides a
1192 practical basis for prioritising candidate tasks in future KOA research, while remaining
1193 a relative descriptive summary without a significance threshold or validated diagnostic
1194 interpretation.

1195
1196
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4.4 Clinical implications

These findings identify priorities for rehabilitation research. Knee extensors accounted
for approximately 49% of the reconstructed EMG across the Tai Chi routine, whereas
task-specific group differences also involved the gluteus medius, tibialis anterior, vastus
medialis, biceps femoris, medial gastrocnemius and rectus femoris. Future trials could
therefore test whole-limb strengthening programmes that combine knee-extensor work
with exercises for the hip abductors, hamstrings, calf muscles and ankle dorsiflexors;
direct strength and functional assessments should guide individual prescription. In
people with medial KOA and varus malalignment, a 12-week hip abductor and adduc-
tor strengthening programme improved pain, physical function and muscle strength
but did not change the peak external knee adduction moment [36]. A separate trial
found similar improvements in pain and physical function after neuromuscular and
quadriceps-strengthening programmes, with neither programme changing the knee
adduction moment [37]. Because relative EMG contribution does not measure muscle
strength, the contribution results identify muscles for targeted assessment rather than
demonstrating weakness.

The predominance of KOA-HC differences in synergy recruitment rather than syn-
ergy structure supports evaluating task-specific motor-control training. Such training
could target smooth weight transfer, single-leg balance, foot placement and coordi-
nated control of the hip, knee and ankle. In a secondary analysis of a randomised trial,
12 weeks of neuromuscular training produced greater reductions in medial and lateral
quadriceps—hamstring co-contraction during walking than quadriceps-strengthening
exercise [38]. A separate randomised trial found that Tai Chi and standard physical
therapy produced comparable improvements in knee pain and physical function [39].

For KOA assessment research, Heel Kick and Repulse Monkey emerge as the lead-
ing candidate tasks from the composite ranking, while Golden Rooster Stands on One
Leg and Cloud Hands offer complementary challenges. Single-leg standing balance
in medial KOA is associated with knee pain, lower-limb alignment and quadriceps
strength [40]. During a single-limb mini-squat, people with KOA showed higher medial
gastrocnemius and tibialis anterior activity during descent and higher medial gastroc-
nemius and gluteus medius activity during ascent than healthy controls [41]. Before
incorporating these Tai Chi tasks into clinical assessment, their safety, test—retest reli-
ability, associations with symptoms and joint mechanics, responsiveness to change and
clinically useful cut-points should be established in an independent sample.

4.5 Limitations

Several limitations should be considered. First, the cross-sectional design permits
between-group comparisons but cannot establish causality or temporal change. Sec-
ond, the HC group was smaller than the KOA group, and participant numbers varied
slightly across conditions. Analyses were conducted at the subject level using statis-
tical tests suited to unequal group sizes and false-discovery-rate control; nevertheless,
estimates for the HC group remain less precise. Third, surface EMG and NMF provide
indirect, model-dependent characterisations of muscle coordination. Surface EMG is
influenced by spatial sampling and signal-processing choices [42], whereas the extracted
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1243 synergies and their number depend on the factorisation method and model-order
1244 criterion [13]. These modules are descriptive decompositions of EMG rather than
1245 direct measurements of neural commands, and their neural implementation remains
1246 debated [43]. Fourth, joint mechanics and detailed clinical-severity measures were not
1247 incorporated into the present analysis, so the proposed biomechanical interpretations
1248 remain to be tested. Finally, the findings are limited to the participants and Tai Chi
1249 routine studied, and the exploratory combined movement ranking requires validation
1250 in an independent sample.

1251 Future studies should replicate these muscle- and movement-specific findings in
1252 larger, more balanced samples using standardised definitions of stance side and
1253 movement phase. Synchronised motion capture, force measurements, muscle-strength
1254 testing and validated measures of pain and function would clarify the biomechanical
1255 and clinical significance of the recruitment differences. Longitudinal and interventional
1256 designs could then determine whether the candidate features change with Tai Chi
1257 training and track clinical outcomes or radiographic progression.

1258

1259 5 Conclusions

1260

1261 Across the eight-form routine, Tai Chi engaged a compact set of key lower-limb muscles
1262 dominated by the quadriceps (/49% of the reconstructed EMG envelope) and organ-
1263 ised into six bilaterally symmetric synergy modules. The modular architecture was
1264 broadly similar in KOA and controls: synergy number, overall similarity and muscle
1265 weights differed minimally between groups, consistent with broadly conserved spatial
1266 composition. The observed differences were selective and movement-specific, concen-
1267 trated in recruitment rather than structure: within these largely shared synergies,
1268 relative muscle contribution and activation profiles changed in particular muscles and
1269 cycle windows rather than uniformly across the limb, most evidently during dynamic
1270 weight-transfer movements. No single measure captured the full pattern across move-
1271 ments; a descriptive integrated index of all five measures identified Heel Kick and
1272 Repulse Monkey as showing the greatest overall KOA-HC divergence, with Golden
1273 Rooster Stands on One Leg and Cloud Hands also prominent. These findings nominate
1274 specific muscles—particularly the knee extensors, together with the hip abductors,
1275 hamstrings, calf muscles and ankle dorsiflexors— and specific movements as candidates
1276 for task-specific motor-control training and for compact KOA assessment batteries.
1277
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1280 ACR: American College of Rheumatology; ANOVA: Analysis of variance; BF: Biceps
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1288 tromyography; SPM: Statistical parametric mapping; TA: Tibialis anterior; VAF:
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Variance accounted for; VL: Vastus lateralis; VM: Vastus medialis; WOMAC: Western
Ontario and McMaster Universities Osteoarthritis Index. Movement abbreviations:
QS: Opening Form; DJG: Repulse Monkey; LXAB: Brush Knee and Twist Step;
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Closing Form.
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