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Sarcopenia causes muscle loss and functional decline in older adults, yet the lower limb muscle 
activation patterns of sarcopenic patients during functional activities remain unclear. This study 
aims to investigate the differences in muscle activation between sarcopenic and healthy older adults 
during functional activities and to explore task-specific compensatory neuromuscular strategies. Eight 
sarcopenic patients and eight age-matched healthy older adults performed the standardized six-meter 
walk test (6MWT) and five times sit-to-stand test (5STS) with surface electromyography (EMG) used to 
record activity from eight muscles of the dominant leg. Sarcopenic individuals exhibited lower walking 
speed (p = 0.005) and shorter stride length (p < 0.001) in 6MWT, as well as longer completion time 
(p < 0.001) in 5STS. Significant differences in muscle activation (p < 0.05) included: increased proximal 
muscle activation with decreased distal activation in both tasks; elevated antagonist co-activation 
during critical movement transitions; and task-specific EMG variability patterns with increased 
EMG variability during walking but decreased variability during sit-to-stand activities. Sarcopenic 
individuals demonstrate distinct muscle activation patterns compared to normally aging individuals. 
Rehabilitation for sarcopenia may benefit from incorporating ankle-strengthening exercises, functional 
coordination training, and task-specific neuromuscular control strategies with traditional strength-
focused approaches.
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Sarcopenia is a critical health concern for aging populations, characterized by age-related loss of skeletal muscle 
mass accompanied by reduced muscle strength or physical performance1. This condition affects approximately 
10–27% of older adults worldwide2 and is associated with adverse outcomes including increased risks of falls, 
fractures, hospitalizations, and mortality3. Lower extremity function is particularly vital for maintaining 
independence and quality of life in older adults, and has also proven to be a predictor of disability and survival4,5. 
Physical performance assessment has become an integral part of sarcopenia diagnosis, severity evaluation, and 
adverse outcomes prediction. Compared to isolated muscle strength measurements, functional tasks provide 
more relevant information as they require coordinated activation of multiple muscle groups in movement 
patterns that directly relate to activities of daily living. The Asian Working Group for Sarcopenia (AWGS) 
recommends several standardized tests for evaluating physical function in sarcopenic individuals, including 
the six-meter walk test (6MWT), five times sit-to-stand test (5STS), and Short Physical Performance Battery 
(SPPB)1. These assessments have been widely adopted by clinicians and researchers in the field.

The understanding of sarcopenia has evolved considerably over the past decade. While initially understood 
primarily as age-related muscle mass loss, recent consensus definitions have expanded to incorporate muscle 
strength and physical performance measures1,6. Current evidence indicates that complex neuromuscular changes 
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play a critical role in sarcopenia pathogenesis, including spinal motor neuron apoptosis, distal axon retraction, 
modified innervation patterns, and motor unit property changes7,8. Such neurological changes contribute 
to progressive decline of muscle strength and subsequent loss of muscle mass that characterizes sarcopenia. 
Notably, these neuromuscular changes appear to occur before clinical diagnosis of sarcopenia, as they can be 
detected in older non-sarcopenic individuals9. Surface electromyography (EMG) offers a non-invasive approach 
to examine neural activation of muscles during functional movements10. Comparative studies between older 
and younger adults demonstrate several age-related differences of muscle activation: greater involvement of the 
gluteus and thigh muscles of older adults during gait11,12, increased muscle co-activation at ankle and knee joints 
during both walking and sit-to-stand movements13,14, and higher variability in rectus femoris EMG amplitude 
during walking15.

Despite these advances in understanding sarcopenia and age-related changes in neuromuscular structure 
and function, limited research exists on differences of muscle activation patterns in age-matched sarcopenic 
individuals and healthy older adults. Besides, most studies focus solely on comparing spatiotemporal parameters 
or analysing muscle activation in single tasks, but task-specific compensatory strategies remain unexplored. 
Therefore, the primary objective of this study is to investigate the differences in muscle activation patterns 
between sarcopenic patients and healthy older adults during functional activities. The secondary objective 
is to explore the task-specific compensatory neuromuscular strategies employed across different physical 
performance tests. We hypothesize that sarcopenic patients and age-matched healthy controls will demonstrate 
significant differences in muscle activation amplitude, coactivation patterns, and variability.

Methods
Participants
Sixteen older adults (8 with sarcopenia and 8 healthy controls) were recruited through university and community 
posters for this cross-sectional study. Inclusion criteria specified participants aged ≥ 65 years who could 
walk and stand up from a chair independently. Exclusion criteria comprised conditions affecting functional 
performance (stroke, Parkinson’s disease, lower limb deformity, osteoarthritis, severe back pain, recent surgery) 
and comorbidities that could introduce risks or confounding factors (uncontrolled cardiovascular or renal 
disease, visible edema, implanted pacemaker, cognitive impairment, severe visual or hearing impairment). The 
study was approved by the Human Subjects Ethics Sub-committee of the Hong Kong Polytechnic University 
(Ref. No. HSEARS20240625002). All participants provided written informed consent prior to participation. 
Anthropometric data of the participants are presented in Table S1.

Sarcopenia assessment and classification
Participants were classified according to the AWGS 2019 consensus criteria1. Three components were evaluated:

	1)	 Muscle mass: measured using a multifrequency bioelectrical impedance device (InBody 970, Inbody Co. 
Ltd., Seoul, Korea). Low muscle mass was defined as skeletal muscle mass index (SMI) < 7.0 kg/m2 in men 
and < 5.7 kg/m2 in women.

	2)	 Muscle strength: assessed using a calibrated Smedley-type dynamometer (CAMRY EH101, Zhongshan 
Camry Electronic Co. Ltd., Zhongshan, China). Low muscle strength was defined as maximal handgrip 
strength < 28.0 kg for men and < 18.0 kg for women.

	3)	 Physical performance: evaluated using the 6MWT and 5STS. Low physical performance was defined as gait 
speed < 1 m/s or 5STS time > 12 s.

Sarcopenia was diagnosed when both low muscle mass and low muscle strength were present. Severe sarcopenia 
was diagnosed when all three components were below threshold values.

Experiment protocol
All measurements were carried out by the same examiner in an indoor laboratory. Participants were fully 
introduced to the procedures and safety precautions before testing. To standardize conditions, participants were 
provided with uniform attire, including appropriately sized shoes, socks, short-sleeved shirts, and shorts. Prior 
to data collection, participants received standardized demonstrations and completed 1–2 familiarization trials 
for each test to ensure proper technique and understanding.

Two physical performance tests were implemented in this study: the 6MWT and the 5STS. For the 6MWT, 
participants were instructed to walk along a flat laboratory walkway marked with red tape at 0 and 6  m at 
their self-selected usual pace. Timing began from a moving start and continued until the participant crossed 
the 6-meter mark, with no deceleration permitted. A valid trial was considered when the participant’s entire 
right foot contacted the force plate during the walk. The 5STS used a dual force plate setup, with a standard 
chair (height: 43 cm)16 mounted on one force plate and a separate force plate for foot placement. Participants 
maintained a neutral spine sitting position with arms crossed over the chest and approximately 90-degree 
knee flexion. Upon verbal command, participants performed five consecutive sit-to-stand cycles as quickly as 
possible. Timing began from the initial seated position and ended upon return to the seated position after the 
fifth repetition. Valid trials required participants to achieve full standing and make buttock contact with the 
chair between repetitions. Each participant performed five successful 6MWT trials and three 5STS trials, with 
adequate rest periods provided as needed. All tests were completed within a single day for each participant.

Biomechanical data were collected using an optical-based motion capture system with eight cameras (Vicon 
Motion System, Oxford Metrics Ltd, Oxford, UK) and a force platform system (OR6, AMTI, Watertown, USA). 
A total of 43 reflective markers were attached to the anatomical landmarks of each participant as shown in Fig. 1. 
The force platform recorded ground reaction forces during the right foot stance phase in gait, as well as forces 
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from both feet and chair-ground contact during sit-to-stand tests, with the latter used to detect seat contact 
events.

Muscle activity was measured using wireless surface EMG sensors (Trigno Avanti, Delsys Inc., Massachusetts, 
USA) following SENIAM guidelines17. EMG signals were recorded from eight muscles of the right dominant 
leg: gluteus maximus (GMax), gluteus medius (GMed), rectus femoris (RF), vastus medialis (VM), vastus 

Fig. 1.  Experiment protocol of this study. (a) Placement of reflective markers (red dots) and electromyography 
sensors (blue rectangles) on the participant’s body for motion capture and muscle activity recording. (b) 
Laboratory setting and demonstration of the experimental tasks.
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lateralis (VL), biceps femoris (BF), gastrocnemius medialis (GA), and tibialis anterior (TA). Prior to electrode 
placement, standardized skin preparation procedures were implemented, including local hair removal 
and alcohol cleansing to ensure good conduction. The maximal voluntary contraction (MVC) tests were 
performed following the guideline18  before physical performance tests to establish reference values for EMG 
signal normalization. Participants were instructed to perform maximal isometric contractions against manual 
resistance in standardized positions for each muscle, holding each contraction for 5 s with verbal encouragement 
to ensure maximal effort. Two trials were conducted per muscle, with 60 s of rest between trials, and the highest 
EMG amplitude was recorded for normalization. The motion capture, force platform, and EMG system were 
synchronized at sampling rates of 250 Hz, 2000 Hz and 2000 Hz, respectively.

Data processing and outcome variables
Temporal phase definition
A gait cycle studied in the 6MWT trial was defined from initial right heel strike, which was identified when 
the vertical ground reaction force on Force Plate 1 (FP1) exceeded 20 N19 to subsequent ipsilateral heel strike, 
when the right heel marker reached its minimum vertical displacement along the z-axis. Following Perry et al.‘s 
(1992) model20, each gait cycle was subdivided into seven phases: loading response (0–10% of the gait cycle), 
mid-stance (10–30%), terminal stance (30–50%), pre-swing (50–60%), initial swing (60–73%), mid-swing (73–
87%) and terminal swing (87–100%). To eliminate the influence of leg length on walking speed measurements, 
nondimensional walking speed was calculated21:

	
Nondimensional W alking Speed = V

V max
= V√

g·L � (1)

where V represents the actual walking speed, g is gravitational acceleration, L represents leg length, and V max  
is defined as 

√
g · L, representing the theoretical maximum walking speed based on leg length.

The 5STS test was analyzed as five consecutive cycles, with each cycle comprising four distinct phases 
(forward, upward, downward, backward)22. The “forward” phase initiated with body movement onset (defined 
as right shoulder marker velocity > 50 mm/s along the anterior direction) and ended at seat-off (vertical reaction 
force on Force Plate 2 (FP2) < 40  N). The “upward” phase extended from seat-off to full standing position, 
marked by peak vertical displacement of the right shoulder marker. The “downward” phase spanned from full 
standing to seat contact (vertical force on FP2 > 40 N). The “backward” phase encompassed the period from seat 
contact to the balanced sitting position. For the first four repetitions, this phase terminated at the initiation of 
the subsequent repetition’s forward phase (when anterior velocity exceeded 50 mm/s). For the final repetition, 
the backward phase concluded when the posterior velocity decreased below 50 mm/s, indicating completion of 
the entire 5STS task.

EMG signal processing
Raw surface EMG signals were first filtered using a zero-lag second-order Butterworth band-pass filter (20–
450 Hz) to minimize baseline noise and movement artifact. The filtered signals were subsequently full-wave 
rectified and smoothed using a zero-lag fourth-order Butterworth low-pass filter with a 6 Hz cutoff frequency. 
EMG amplitudes were then normalized to their respective MVC values. For standardization purposes, both gait 
cycle and 5STS data were time-interpolated to a normalized 101-point time base. The mean values of five gait 
cycles and three 5STS trials were computed for each participant within their respective groups.

Outcome measures
Primary outcome variables included spatiotemporal parameters and multiple EMG-derived parameters: muscle 
activation amplitudes, maximum and mean values, coactivation index, and variability of activation.

Muscle activation envelope parameters:
For each of the eight muscles recorded, means and standard deviations of EMG envelopes were calculated 

at each percentage of the gait cycle and 5STS trial. Maximum and mean values of each EMG envelope were 
calculated through the gait cycle and 5STS trial.

Coactivation index (CI):
CI is the measure of simultaneous agonist-antagonist muscle activation, an index for movement stability23. 

To facilitate better interpretation and consistency, we adopted the normalization-based CI calculation method 
that scales the CI values to a range of 0–1. The value of 1 corresponds to the maximal coactivation and the 
value of 0 corresponds to no activation. The coactivation levels of the RF/BF, VM/BF, VL/BF, and TA/GA of the 
dominant leg were calculated for each trial using the following equation24:

	 CI = 2Iantagonist

Itotal
= 2 Overlapping area of agonist and antagonist

Area of agonist+Area of antagonist � (2)

where Iantagonist  is the area of the total antagonistic activity and Itotal  is the integral of the sum of agonist 
and antagonist.

Variability of activation:
To quantify EMG variability across multiple trials for each participant, MeanSD was determined25:

	 MeanSD = ⟨SD (i)⟩i, i ∈ {0 − 100% trial} � (3)

where SD (i)  represents the standard deviation of EMG activation at the ith % of the normalized gait cycle or 
5STS trial, calculated across all trials performed by each participant, and ⟨·⟩i  indicates the average over all i.
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Statistical analysis
Statistical analyses were performed using SPSS software (version. 27.0; IBM Corp., Armonk, NY, USA). 
Descriptive statistics were expressed as means ± standard deviations (SD) for continuous variables. Data 
normality was assessed using the Shapiro-Wilk test. For between-group comparisons, independent samples 
t-tests were conducted for normally distributed variables after verifying the homogeneity of variances using 
Levene’s test. When the assumption of equal variances was violated, Welch’s t-test was applied. For non-normally 
distributed data, the Mann-Whitney U tests were performed. Results included p-values, test statistics, and effect 
sizes (t statistic and Cohen’s d for t-tests; Z statistic and effect size r (calculated as |Z| /

√
N )  for Mann-Whitney 

U tests). Effect sizes were interpreted following Cohen’s guidelines26: for d values, small (0.2 ≤ d < 0.5), medium 
(0.5 ≤  d < 0.8), and large (d ≥ 0.8) effects; for r values, small (0.1 ≤ r < 0.3), medium (0.3 ≤ r < 0.5), and large (r ≥ 0.5) 
effects. Statistical significance was set at p < 0.05 (two-tailed) for all analyses.

Results
Spatiotemporal parameters
Results from the 6MWT showed significantly slower walking speeds (t = 3.315, p = 0.005, d = 1.658, large 
effect), lower nondimensional walking speeds (t = 2.944, p = 0.011, d = 1.472, large effect), shorter stride lengths 
(t = 4.402, p < 0.001, d = 2.201, large effect), and reduced normalized stride lengths (t = 3.857, p = 0.002, d = 1.929, 
large effect) in sarcopenic patients compared to healthy controls (Table 1). However, no significant differences 
were observed between groups in cadence (t = 0.682, p = 0.506), stride time (t = -0.742, p = 0.471), or stance phase 
percentage (t = -0.431, p = 0.673).

In the 5STS, the sarcopenic group showed significantly longer total completion time (Z = -5.856, p < 0.001, 
d = 0.845, large effect) and average repetition time (Z = -5.856, p < 0.001, d = 0.845, large effect) compared to 
healthy older adults (Table 2). Phase analysis revealed significant between-group differences in average forward 
(Z = -4.186, p < 0.001, d = 0.604, large effect), upward (Z = -5.485, p < 0.001, d = 0.792, large effect), downward 
(Z = -5.505, p < 0.001, d = 0.795, large effect), and backward phases (Z = -4.763, p < 0.001, d = 0.687, large effect). 
Among these phases, the downward phase demonstrated the longest duration in both groups.

Muscle activation amplitudes
EMG analysis of the gait cycle revealed distinct muscle activation patterns between sarcopenic patients and 
healthy older adults (Table 3). The sarcopenic group demonstrated increased activation of proximal muscles and 
decreased activation of distal muscles. During the stance phase, proximal muscles showed elevated activation 
patterns in sarcopenic patients. Loading response (0–10%) showed significantly higher activation in gluteal and 
thigh muscles (p < 0.005, medium to large effects). This elevated proximal muscle activation continued through 
mid-stance (10–30%) and terminal stance (30–50%), while the distal muscles (GA and TA) showed significantly 
lower activation (p < 0.05, small to medium effects). Pre-swing (50–60%) was characterized by sustained elevated 

SAR HEA Z p ES

Total time 15.96 (2.22) 9.93 (1.99) -5.856 < 0.001 0.845

Average repetition time 3.19 (0.44) 1.99 (0.40) -5.856 < 0.001 0.845

Average forward time 0.53 (0.10) 0.34 (0.15) -4.186 < 0.001 0.604

Average upward time 0.85 (0.23) 0.49 (0.12) -5.485 < 0.001 0.792

Table 2.  Temporal analysis of the five times sit-to-stand test (seconds). Significant values are in [bold]. 
Note: Mann-Whitney U test was performed for between-group comparisons. Values are presented as Mean 
(SD). Effect size is presented as |r|, calculated as |Z| /

√
N . ES = effect size; HEA = healthy older adults; 

SAR = sarcopenic patients.

 

SAR HEA t p ES

Walking speed  (m/s) 0.97 (0.16) 1.24 (0.17) 3.315 0.005 1.658

Nondimensional walking speed (%) 33.72 (5.40) 42.09 (5.95) 2.944 0.011 1.472

Stride length (m) 1.03 (0.13) 1.28 (0.10) 4.402 < 0.001 2.201

Leg normalized stride length (% height) 64.92 (7.04) 78.46 (7.00) 3.857 0.002 1.929

Cadence (steps/min) 112.24 (9.30) 115.31 (8.70) 0.682 0.506 0.341

Stride time (s) 1.08 (0.09) 1.05 (0.07) -0.742 0.471 -0.371

Stance phase (% gait cycle) 65.20 (4.31) 64.36 (3.41) -0.431 0.673 -0.215

Table 1.  Spatiotemporal parameters in the six-meter walk test. Significant values are in [bold]. Notes: 
Independent samples t-test was performed for between-group comparisons (for normally distributed data; 
presented as Mean (SD); effect size: Cohen’s d). ES = effect size; HEA = healthy older adults; SAR = sarcopenic 
patients.
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Phase of gait cycle Muscle SAR HEA Z p ES

Gait cycle (0–100%)

GMax 1.61 (1.67) 1.11 (1.00) -4.985 < 0.001 0.124

GMed 2.82 (3.10) 2.46 (2.82) -2.278 0.023 0.057

RF 2.64 (2.42) 2.12 (1.50) -2.080 0.038 0.062

VM 2.00 (2.39) 1.06 (1.41) -13.468 < 0.001 0.335

VL 3.20 (3.59) 1.98 (2.39) -8.088 < 0.001 0.201

BF 1.96 (2.73) 1.00 (1.05) -3.741 < 0.001 0.093

GA 2.08 (2.51) 2.89 (3.50) -3.116 0.002 0.077

TA 2.45 (2.38) 2.86 (2.77) -2.084 0.037 0.052

Loading response (0–10%)

GMax 4.04 (2.74) 2.73 (1.36) -3.045 0.002 0.230

GMed 7.00 (3.92) 4.80 (4.05) -4.131 < 0.001 0.311

RF 5.91 (3.47) 4.02 (1.43) -2.853 0.004 0.259

VM 5.81 (3.51) 3.49 (2.07) -4.145 < 0.001 0.312

VL 10.20 (3.01) 6.44 (2.96) -7.255 < 0.001 0.547

BF 4.78 (3.83) 1.92 (1.41) -4.958 < 0.001 0.386

GA 1.07 (0.87) 1.03 (0.81) -0.027 0.979 0.002

TA 5.47 (3.17) 6.32 (3.83) -1.237 0.216 0.093

Mid-stance (10–30%)

GMax 2.03 (1.47) 1.32 (0.81) -4.851 < 0.001 0.271

GMed 4.99 (3.26) 3.63 (3.34) -4.271 < 0.001 0.239

RF 3.91 (2.67) 2.58 (1.57) -4.356 < 0.001 0.294

VM 2.75 (2.25) 1.02 (0.72) -8.840 < 0.001 0.494

VL 5.05 (3.32) 2.64 (1.76) -6.948 < 0.001 0.388

BF 1.81 (1.58) 0.94 (0.70) -5.076 < 0.001 0.293

GA 2.30 (1.99) 4.12 (2.79) -6.561 < 0.001 0.367

TA 2.32 (1.68) 2.53 (2.29) -0.608 0.543 0.034

Terminal stance (30–50%)

GMax 1.07 (0.84) 0.76 (0.49) -2.372 0.018 0.133

GMed 2.65 (2.47) 2.00 (1.77) -2.362 0.018 0.132

RF 2.26 (1.59) 1.61 (1.13) -2.695 0.007 0.182

VM 1.38 (1.44) 0.44 (0.34) -8.599 < 0.001 0.481

VL 1.94 (1.97) 0.78 (0.48) -4.300 < 0.001 0.240

BF 1.25 (1.13) 0.46 (0.49) -6.290 < 0.001 0.363

GA 5.33 (3.16) 7.18 (4.03) -4.092 < 0.001 0.229

TA 0.79 (0.56) 0.84 (0.91) -2.065 0.039 0.115

Pre-swing (50–60%)

GMax 0.91 (0.66) 0.66 (0.38) -1.914 0.056 0.151

GMed 0.73 (0.38) 1.12 (1.01) -1.877 0.061 0.148

RF 1.34 (0.72) 1.50 (1.00) -0.450 0.653 0.043

VM 0.85 (0.73) 0.35 (0.31) -6.603 < 0.001 0.522

VL 0.88 (0.59) 0.57 (0.35) -3.382 < 0.001 0.267

BF 0.77 (0.58) 0.50 (0.64) -3.714 < 0.001 0.303

GA 1.62 (1.49) 1.97 (3.21) -2.529 0.011 0.200

TA 0.52 (0.42) 1.34 (1.47) -4.075 < 0.001 0.322

Initial swing (60–73%)

GMax 1.04 (0.95) 0.90 (1.00) -0.491 0.624 0.034

GMed 1.02 (0.49) 2.07 (3.11) -2.226 0.026 0.154

RF 2.02 (1.16) 1.44 (0.90) -3.569 < 0.001 0.298

VM 0.92 (0.53) 0.36 (0.31) -8.910 < 0.001 0.618

VL 0.92 (0.46) 0.52 (0.28) -6.313 < 0.001 0.438

BF 0.73 (0.59) 0.66 (0.54) -1.333 0.183 0.095

GA 0.61 (0.55) 0.57 (0.79) -1.210 0.226 0.084

TA 4.03 (2.22) 3.78 (2.10) -0.256 0.798 0.018

Mid-swing (73–87%)

GMax 1.03 (0.85) 0.53 (0.31) -3.431 < 0.001 0.229

GMed 1.03 (0.53) 1.36 (1.34) -0.695 0.487 0.046

RF 0.98 (0.57) 1.29 (1.04) -0.526 0.599 0.042

VM 0.55 (0.20) 0.41 (0.43) -5.083 < 0.001 0.340

VL 0.85 (0.46) 0.74 (0.82) -4.252 < 0.001 0.284

BF 1.57 (1.41) 0.89 (0.80) -3.171 0.002 0.219

GA 0.63 (0.72) 1.02 (1.21) -3.213 0.001 0.215

TA 2.91 (2.18) 3.00 (2.29) -0.044 0.965 0.003

Continued
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thigh muscle activation (VM, VL, BF; all p < 0.001, small to large effects) and decreased distal muscle activity. The 
swing phase displayed phase-specific patterns: initial swing (60–73%) showed higher knee extensor activation 
(RF, VM, VL; all p < 0.001, small to large effects) and decreased GMed activation (p = 0.026, r = 0.154, small 
effect); mid-swing (73–87%) demonstrated increased proximal muscle activity in GMax (p < 0.001, r = 0.229, 
small effect), knee extensors (VM and VL, p < 0.001, small to medium effect), and BF (p = 0.002, r = 0.219, small 
effect); terminal swing (87–100%) displayed increased BF activation (p < 0.001, r = 0.424, medium effect), and 
decreased RF and TA activity (RF: p = 0.002, r = 0.261, small effect; TA: p < 0.001, r = 0.346, medium effect).

Temporal EMG patterns demonstrated these changes throughout the gait cycle (Fig. 2a). The quadriceps 
group (VM, VL, RF) demonstrated consistently higher activation throughout stance phase in sarcopenic patients. 
The hip muscles (GMax, GMed) showed selective increases during weight acceptance phases. Distal muscles 
exhibited contrasting patterns: GA showed consistently lower activation in sarcopenic patients during stance 
phase, while TA demonstrated phase-specific differences, particularly during pre-swing and terminal swing.

Analysis of the 5STS revealed distinct activation patterns across movement phases and repetitions (Table 4). 
Overall performance showed high activation levels in quadriceps muscles (RF: 9–10% MVC, VM and VL: 6–9% 
MVC), moderate TA activation (4–6% MVC), and low activation in GMax, GMed, BF, and GA (1–2% MVC). 
Temporal EMG patterns throughout the task duration demonstrated clear between-group differences in muscle 
activation strategies (Fig. 2b). Throughout the task, the sarcopenic group exhibited significantly higher activation 
in proximal muscles (GMax, VM, BF; p < 0.001, small effect), while healthy controls demonstrated greater distal 
muscle activation (GA, TA; p < 0.001, small effect). No significant difference was observed among the five 
repetitions within the test. Phase-specific analysis revealed that during the forward phase, healthy participants 
demonstrated better preparatory muscle activation in RF (p < 0.001, r = 0.175, small effect) and TA (p = 0.001, 
r = 0.110, small effect). The upward phase exhibited peak activation in anti-gravity muscles, with sarcopenic 
participants showing significantly higher VM (p < 0.001, r = 0.272, small effect) and BF activation (p < 0.001, 
r = 0.195, small effect). The quadriceps muscles showed a unique activation pattern in sarcopenic patients: RF 
and VM maintained consistently higher activation throughout the task, while VL demonstrated significantly 
higher activation only during the downward phase (p < 0.001, r = 0.135, small effect) and remained lower during 
other phases. The backward phase demonstrated the lowest overall activation levels across all muscles, with 
differences in postural control strategies characterized by higher proximal muscle activation in the sarcopenic 
group (GMax and GMed) and higher distal muscle activation (GA and TA) in healthy controls.

Maximum and mean value in envelopes
The maximum and mean EMG values during both functional tasks were quantified (Table 5) and compared 
between groups (Fig. 3). In the 6MWT, the sarcopenic group showed significantly higher maximum activation 
in three thigh muscles: VM (p = 0.017, r = 0.267, small effect), VL (p < 0.001, r = 0.466, medium effect), and BF 
(p < 0.001, r = 0.566, large effect). Conversely, the GA exhibited significantly lower activation (p = 0.002, r = 0.341, 
medium effect). Mean EMG analysis revealed significantly higher VM (p = 0.001, r = 0.356, medium effect), 
VL (p < 0.001, r = 0.454, medium effect), BF (p < 0.001, r = 0.502, large effect), and GMax (p = 0.010, r = 0.289, 
small effect) activity in the sarcopenic group, while GA maintained significantly lower mean activity (p = 0.001, 
r = 0.364, medium effect). The GMed, RF, and TA showed no significant between-group differences in either 
maximum or mean EMG values (all p > 0.05).

During the 5STS, the quadriceps muscle group demonstrated the highest activation levels (maximum: 22–
34% MVC; mean: 5–10% MVC), followed by moderate TA activation (maximum: 17–19% MVC; mean: 4–6% 
MVC). Other muscles displayed relatively lower activation levels (maximum: 4–9% MVC; mean: 0.9–2% MVC). 
Between-group analysis identified significantly higher mean VM activation in the sarcopenic group (p = 0.039, 
r = 0.298, small effect).

Phase of gait cycle Muscle SAR HEA Z p ES

Terminal swing (87–100%)

GMax 1.48 (1.44) 1.12 (0.82) -0.585 0.558 0.041

GMed 1.56 (1.27) 1.98 (2.00) -0.417 0.677 0.029

RF 1.95 (1.38) 2.62 (1.38) -3.118 0.002 0.261

VM 2.13 (2.08) 1.97 (1.68) -0.661 0.508 0.046

VL 2.94 (2.18) 2.95 (2.25) -0.200 0.841 0.014

BF 5.63 (4.21) 2.00 (1.40) -5.921 < 0.001 0.424

GA 1.02 (1.22) 1.01 (0.91) -1.557 0.119 0.108

TA 2.06 (1.65) 3.69 (2.56) -4.980 < 0.001 0.346

Table 3.  Comparison of normalized electromyography activity between sarcopenic patients and healthy 
older adults during gait cycle. Significant values are in [bold]. Note: Mann-Whitney U test was performed 
for between-group comparisons. Values are presented as Mean (SD) %. Effect size is presented as |r|, 
calculated as |Z| /

√
N . BF = biceps femoris; ES = effect size; GA = gastrocnemius medialis; GMax = gluteus 

maximus; GMed = gluteus medius; HEA = healthy older adults; RF = rectus femoris; SAR = sarcopenic patients; 
TA = tibialis anterior; VL = vastus lateralis; VM = vastus medialis.
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Co-activation index
Analysis of muscle co-activation during gait revealed that the RF/BF co-activation index during the pre-swing 
phase was significantly higher in the sarcopenia group compared to the healthy group (p = 0.016, r = 0.760, large 
effect) (Table S2). No significant differences were observed in other muscle pairs (TA/GA, VM/BF, and VL/BF) 
across all gait phases, or for RF/BF during other phases of the gait cycle (p > 0.05).

During the 5STS (Table  6), the sarcopenia group demonstrated significantly higher RF/BF co-activation 
throughout the entire test and among repetitions (both p = 0.019, r = 0.390, medium effect), particularly during 
the forward phase (p < 0.001, r = 0.559, large effect) and downward phase (p = 0.006, r = 0.448, medium effect). 
Other muscle pairs showed phase-specific differences: VM/BF during the downward phase (p = 0.034, r = 0.315, 
medium effect), VL/BF during the forward phase (p = 0.018, r = 0.353, medium effect), and TA/GA during the 
backward phase (p = 0.035, r = 0.304, medium effect). The temporal pattern of thigh muscle co-activation also 

Fig. 2.  Ensemble electromyographic activities during walking and sit-to-stand tasks. (a) Normalized EMG 
activities during the gait cycle. Light shaded areas indicate ± 1 standard deviation. Horizontal lines with 
asterisks denote significant between-group differences (p < 0.05). (b) Normalized EMG activities during the five 
times sit-to-stand test.
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SAR HEA Z p ES

GMax

Entire test
cycle 2.14 (2.41) 1.98 (2.48) -5.295 < 0.001 0.076

Single
repetition 2.34 (1.33) 2.18 (1.31) -0.619 0.536 0.089

Forward 1.66 (1.98) 1.99 (2.75) -1.690 0.091 0.058

Upward 3.57 (2.90) 3.63 (3.30) -0.516 0.606 0.015

Downward 1.94 (2.21) 1.49 (1.44) -3.741 < 0.001 0.086

Backward 1.03 (1.20) 0.73 (1.23) -6.323 < 0.001 0.212

GMed

Entire test
cycle 1.55 (1.29) 1.70 (1.59) -1.105 0.269 0.016

Single
repetition 1.73 (0.51) 1.59 (1.26) -0.866 0.386 0.125

Forward 1.14 (0.82) 1.41 (1.57) -2.124 0.034 0.073

Upward 2.30 (1.76) 2.52 (1.77) -2.309 0.021 0.066

Downward 1.37 (1.02) 1.70 (1.49) -3.168 0.002 0.073

Backward 1.22 (0.89) 0.83 (0.82) -8.567 < 0.001 0.287

RF

Entire test
cycle 10.35 (8.74) 9.37 (6.65) -4.545 < 0.001 0.072

Single
repetition 8.67 (4.27) 9.52 (1.72) -0.238 0.812 0.040

Forward 11.53 (11.64) 12.55 (10.06) -4.610 < 0.001 0.175

Upward 12.02 (8.38) 9.96 (4.96) -0.231 0.817 0.007

Downward 10.88 (7.86) 9.73 (5.61) -2.559 0.010 0.066

Backward 5.93 (5.73) 4.68 (3.75) -0.969 0.332 0.036

VM

Entire test
cycle 7.85 (8.28) 5.74 (6.65) -11.697 < 0.001 0.169

Single
repetition 7.04 (3.02) 6.28 (2.55) -1.815 0.070 0.262

Forward 8.41 (11.17) 8.73 (10.08) -1.531 0.126 0.053

Upward 12.80 (8.12) 8.55 (6.05) -9.555 < 0.001 0.272

Downward 7.58 (6.16) 4.61 (4.19) -11.834 < 0.001 0.274

Backward 1.01 (1.13) 1.43 (4.41) -11.811 < 0.001 0.399

VL

Entire test
cycle 8.10 (6.58) 9.51 (9.96) -2.019 0.044 0.029

Single
repetition 8.58 (1.88) 8.97 (3.90) -0.598 0.550 0.086

Forward 7.42 (8.50) 13.24 (15.39) -1.828 0.068 0.064

Upward 13.39 (5.17) 15.00 (8.44) -0.548 0.584 0.016

Downward 8.22 (4.29) 7.96 (6.34) -5.854 < 0.001 0.135

Backward 1.11 (1.31) 1.71 (4.49) -9.867 < 0.001 0.333

BF

Entire test cycle 1.89 (2.04) 1.26 (1.34) -9.570 < 0.001 0.142

Single
repetition 1.60 (0.85) 1.03 (0.59) -1.820 0.069 0.271

Forward 1.10 (1.18) 0.78 (0.96) -4.330 < 0.001 0.153

Upward 2.96 (2.69) 1.91 (1.78) -6.632 < 0.001 0.195

Downward 2.09 (1.76) 1.41 (1.16) -7.954 < 0.001 0.190

Backward 0.77 (1.08) 0.48 (0.61) -5.507 < 0.001 0.191

GA

Entire test
cycle 0.93 (1.13) 1.00 (1.19) -3.675 < 0.001 0.053

Single
repetition 0.87 (0.40) 1.07 (0.59) -0.186 0.853 0.027

Forward 0.42 (0.36) 0.47 (0.34) -2.976 0.003 0.102

Upward 1.31 (1.41) 1.35 (1.26) -2.706 0.007 0.077

Downward 1.18 (1.21) 1.25 (1.41) -0.137 0.891 0.003

Backward 0.41 (0.45) 0.47 (0.57) -1.965 0.049 0.066

Continued
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varied: RF/BF pair showed peak co-activation during the upward phase, while VM/BF and VL/BF pairs peaked 
during the backward phase.

Variability of activation
During 6MWT (Table S3), sarcopenic participants demonstrated significantly higher variability in BF (p = 0.021, 
r = 0.598, large effect) throughout the entire gait cycle compared to healthy controls. Phase-specific increases 
in variability were observed in VL during loading response (p = 0.027, r = 0.551, large effect), VM during mid-
stance (p = 0.021, r = 0.578, large effect) and initial swing (p = 0.021, r = 0.578, large effect), and BF during terminal 
swing (p = 0.021, r = 0.598, large effect). This suggests increased neuromuscular control variability primarily in 
proximal muscles during walking.

In contrast, during the 5STS (Table S4), sarcopenic participants exhibited significantly decreased between-
repetition variability in VL (p = 0.002, r = 0.455, medium effect) compared to healthy controls. Phase-specific 
analysis revealed substantially lower variability in sarcopenic participants during the forward phase for VL 
(p = 0.002, r = 0.443, medium effect), RF (p = 0.021 r = 0.370, medium effect), GA (p = 0.016, r = 0.348, medium 
effect), and TA (p = 0.011, r = 0.366, medium effect), as well as during the downward phase for VL (p = 0.003, 

Maximum values (%) Mean values (%)

SAR HEA Z p ES SAR HEA Z p ES

6MWT

GMax 5.10 (3.45) 4.33 (1.87) -0.789 0.430 0.088 1.61 (1.02) 1.11 (0.43) -2.588 0.010 0.289

GMed 9.63 (5.04) 8.28 (6.14) -1.203 0.229 0.134 2.82 (1.42) 2.46 (1.77) -1.010 0.312 0.113

RF 7.45 (4.48) 4.98 (1.41) -1.842 0.065 0.248 2.64 (1.36) 2.12 (1.11) -1.775 0.076 0.239

VM 7.09 (4.10) 4.67 (2.56) -2.386 0.017 0.267 2.00 (1.23) 1.07 (0.53) -3.185 0.001 0.356

VL 12.53 (3.41) 8.74 (3.58) -4.167 < 0.001 0.466 3.20 (1.29) 1.99 (0.74) -4.061 < 0.001 0.454

BF 8.13 (4.90) 3.12 (1.73) -4.906 < 0.001 0.566 2.25 (1.32) 1.00 (0.59) -4.344 < 0.001 0.502

GA 7.71 (4.07) 10.91 (4.48) -3.050 0.002 0.341 2.12 (0.99) 2.93 (1.00) -3.252 0.001 0.364

TA 9.48 (2.21) 9.68 (3.69) -0.462 0.644 0.052 2.51 (0.62) 2.90 (1.37) -0.741 0.459 0.083

5STS

GMax 7.51 (6.08) 8.91 (6.09) -1.010 0.312 0.146 2.15 (1.43) 1.98 (1.26) -0.680 0.496 0.098

GMed 5.49 (2.87) 5.15 (3.02) -0.227 0.821 0.033 1.55 (0.67) 1.70 (1.12) -0.784 0.433 0.113

RF 29.69 (13.83) 32.84 (9.53) -1.183 0.237 0.189 10.35 (6.31) 9.37 (1.69) -0.141 0.888 0.226

VM 27.27 (13.91) 22.50 (11.84) -0.495 0.621 0.071 7.86 (3.34) 5.74 (3.09) -2.062 0.039 0.298

VL 24.34 (5.88) 33.78 (17.24) -1.113 0.266 0.161 8.10 (1.71) 9.50 (3.78) -0.309 0.757 0.045

BF 6.64 (4.51) 4.43 (2.48) -1.729 0.084 0.257 1.89 (1.29) 1.26 (0.82) -1.843 0.065 0.275

GM 4.86 (2.24) 5.30 (2.37) -0.103 0.918 0.015 0.93 (0.40) 1.00 (0.50) -0.206 0.837 0.297

TA 17.29 (4.86) 19.14 (4.05) -1.278 0.201 0.184 4.75 (1.26) 5.57 (2.05) -1.505 0.132 0.217

Table 5.  Maximum and mean values of normalized EMG activity during the six-meter walk test and the 
five times sit-to-stand test. Significant values are in [bold]. Notes: Mann-Whitney U test was performed for 
between-group comparisons. Values are presented as Mean (SD) %. Effect size is presented as |r|, calculated 
as |Z| /

√
N . 5STS = five times sit-to-stand test; 6WMT = six-meter walk test; BF = biceps femoris; ES = effect 

size; GA = gastrocnemius medialis; GMax = gluteus maximus; GMed = gluteus medius; HEA = healthy older 
adults; RF = rectus femoris; SAR = sarcopenic patients; TA = tibialis anterior; VL = vastus lateralis; VM = vastus 
medialis.

 

SAR HEA Z p ES

TA

Entire test
cycle 4.75 (4.77) 5.57 (5.03) -6.338 < 0.001 0.091

Single repetition 4.44 (1.20) 6.03 (1.75) -1.670 0.095 0.241

Forward 6.42 (5.71) 7.78 (6.28) -3.185 0.001 0.110

Upward 3.26 (3.98) 3.53 (4.11) -1.571 0.116 0.045

Downward 6.48 (4.70) 6.95 (4.55) -2.760 0.006 0.064

Backward 1.78 (2.01) 3.12 (3.58) -6.688 < 0.001 0.225

Table 4.  Comparison of normalized electromyography activity between sarcopenic patients and healthy older 
adults during repetitions and phases of the five times sit-to-stand test. Significant values are in [bold]. Notes: 
Mann-Whitney U test was performed for between-group comparisons. Values are presented as Mean (SD) %. 
Effect size is presented as |r|, calculated as |Z| /

√
N . BF = biceps femoris; ES = effect size; GA = gastrocnemius 

medialis; GMax = gluteus maximus; GMed = gluteus medius; HEA = healthy older adults; RF = rectus femoris; 
SAR = sarcopenic patients; TA = tibialis anterior; VL = vastus lateralis; VM = vastus medialis.
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r = 0.432, medium effect). However, VM showed higher variability in sarcopenic participants during the upward 
phase (p = 0.026, r = 0.321, medium effect). The gluteal muscles showed no significant between-group differences.

Discussion
This study aimed to investigate the differences in muscle activation patterns between sarcopenic patients and 
healthy older adults during functional activities and to explore the task-specific compensatory neuromuscular 
strategies employed across different physical performance tests. Our findings suggest that sarcopenic older adults 
exhibit a proximalization pattern of muscle activation during functional activities, characterized by significantly 
higher activation in proximal muscles (GMax, VM, VL, RF, BF) and lower activation in distal muscle (GA, 
TA); elevated antagonist co-activation index; task-specific EMG variability differences with increased variability 
during walking but decreased variability during sit-to-stand; impaired functional performance with slower 
walking speed, shorter stride length, and prolonged sit-to-stand times.

The observed proximalization pattern of muscle activation aligns with previous research on age-related 
changes. Aging is associated with the atrophy of motor cortical regions and degeneration of neurotransmitter 

Fig. 3.  Box plots of maximum and mean normalized electromyographic activity during (a) 6-meter walking 
test and (b) five times sit-to-stand test in sarcopenic patients and healthy older adults. Box plots indicate the 
median (black dot), interquartile range (box edges: 25th-75th percentiles), mean values (black cross), and 
outliers (circles). Asterisks (*) denote statistically significant differences between groups.
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systems, resulting in increased recruitment thresholds for motor units, which requires higher muscle activation 
to perform identical movements8,27. Previous research has documented a distal-to-proximal shift in joint torques 
and power during walking when comparing young and healthy older adults28. This shift similarly appears when 
comparing stronger and weaker older adults, with weaker individuals showing greater hip reliance and less 
ankle dependence29. This decreased distal muscle dependence is likely caused by plantarflexor weakness, which 
limits propulsive capacity30as well as diminished afferent feedback to ankle muscles with aging31. Both strength 
deficits and sensory impairments in distal muscles may necessitate greater compensatory reliance on proximal 
hip muscles. Our age-matched comparison between sarcopenic patients and healthy older adults revealed 
similar changes consistent with patterns observed during aging. This suggests that sarcopenia may represent an 
accelerated muscular aging phenotype, though future physiological studies are needed to confirm this finding. 
From a physiological perspective, increased thigh muscle activation may be explained by the susceptibility of 
quadriceps to age-related atrophy compared to distal and pelvic muscles32,33coupled with compensatory motor 
unit reinnervation processes that potentially lead to enlarged motor unit territories requiring heightened neural 
drive to achieve functional movement34. This proximalization pattern potentially limits walking speed35 and 
contributes to decreased walking economy through increased energy expenditure36. Targeted ankle muscle 
strengthening may improve walking performance and reduce proximal compensation strategies in sarcopenia.

Our study revealed higher coactivation in the RF/BF muscle pair compared to other muscle pairs, particularly 
during the pre-swing phase of gait cycle and the forward/downward phases of 5STS. Functionally, RF and BF 
precisely control the transition from stance to swing during pre-swing phase, regulate center of mass movement 
with hip and knee joint stability in the forward phase, and manage complex eccentric contraction during the 
downward phase. As biarticular muscles, their regional activation patterns require more sophisticated neural 
regulation37especially during these critical movement transitions. Beyond the motor unit remodelling effects 
on fine motor control, previous research suggests that age-related decreases in cortical and spinal reciprocal 
inhibition potentially facilitate increased antagonistic muscle coactivity38but whether similar neural mechanisms 
exist between age-matched sarcopenic individuals and healthy older adults remains unexplored. This increased 
coactivation appears to function as a compensatory strategy that enhances joint stability23while simultaneously 
limiting movement speed and increasing metabolic cost39. These findings suggest that comprehensive 
rehabilitation strategies, which include functional coordination training and sensorimotor integration exercises, 
are more likely to provide better outcomes compared to traditional approaches that only focus on strength 
training.

Sarcopenic individuals show task-specific patterns in muscle activation variability: increased EMG variability 
during walking (particularly in proximal muscles) but decreased variability during the 5STS test. The distinct 
directional changes in variability may be explained by two factors: neural control mechanisms and task execution 
strategies. While both walking and 5STS appear rhythmic, they involve different neural control mechanisms. 
Walking is inherently rhythmic and regulated primarily by the spinal-level central pattern generators (CPGs)40, 
while the 5STS task is goal-directed and requires precise cortical and subcortical coordination41. Therefore, 
sarcopenic individuals experiencing neuromuscular deterioration likely face decreased ability to maintain 
stable gait while walking, but may adopt compensatory, rigid movement strategies during rapid and effortful 
tasks like 5STS to preserve efficiency and minimize fall risks. Moreover, variability may be influenced by the 
task execution strategy in walking at a preferred speed compared to the maximal speed during the 5STS. 
Preferred-speed strategy allows greater flexibility and adaptive adjustments. But the maximal-speed tasks like 

CI RF/BF CI TA/GA

SAR HEA Z p ES SAR HEA Z p ES

Entire test cycle 0.2921 (0.1634) 0.1871 (0.1006) -2.341 0.019 0.390 0.2402 (0.1048) 0.2183 (0.0545) -0.742 0.458 0.107

Single repetition 0.2926 (0.1639) 0.1884 (0.1018) -2.341 0.019 0.390 0.2314 (0.1187) 0.2090 (0.0612) -0.845 0.398 0.122

Forward 0.2059 (0.1232) 0.0881 (0.0400) -3.354 < 0.001 0.559 0.1204 (0.0452) 0.1148 (0.0376) -0.928 0.353 0.134

Upward 0.3342 (0.2091) 0.2447 (0.1536) -1.329 0.192 0.221 0.2814 (0.0669) 0.2982 (0.0853) -1.134 0.257 0.164

Downward 0.3180 (0.1633) 0.2013 (0.0950) -2.689 0.006 0.448 0.2458 (0.1511) 0.2111 (0.0638) -0.103 0.918 0.015

Backward 0.2040 (0.1429) 0.1420 (0.0464) -1.455 0.152 0.243 0.3188 (0.1440) 0.2356 (0.0579) -2.103 0.035 0.304

CI VM/BF CI VL/BF

SAR HEA Z p ES SAR HEA Z p ES

Entire test cycle 0.3569 (0.1904) 0.2842 (0.1621) -1.411 0.158 0.210 0.3181 (0.1708) 0.2328 (0.1413) -1.320 0.187 0.197

Single repetition 0.3339 (0.2062) 0.2580 (0.1754) -1.183 0.237 0.176 0.2731 (0.1334) 0.2200 (0.1396) -1.365 0.172 0.203

Forward 0.2387 (0.1473) 0.1968 (0.1478) -0.910 0.363 0.136 0.2119 (0.1270) 0.1339 (0.1113) -2.366 0.018 0.353

Upward 0.3739 (0.2195) 0.3249 (0.2161) -0.751 0.453 0.112 0.3156 (0.2063) 0.2378 (0.1583) -0.956 0.339 0.143

Downward 0.3847 (0.2066) 0.3150 (0.1501) -2.116 0.034 0.315 0.3397 (0.1640) 0.2791 (0.1457) -1.638 0.101 0.244

Backward 0.4670 (0.2065) 0.4354 (0.1826) -0.614 0.539 0.092 0.4694 (0.2269) 0.4060 (0.2690) -0.660 0.509 0.098

Table 6.  Co-activation index of four lower extremity muscle pairs during the five times sit-to-stand test. 
Significant values are in [bold]. Notes: Mann-Whitney U test was performed for between-group comparisons. 
Values are presented as Mean (SD). Effect size is presented as |r|, calculated as |Z| /

√
N . BF = biceps femoris; 

CI = co-activation index; ES = effect size; GA = gastrocnemius medialis; HEA = healthy older adults; RF = rectus 
femoris; SAR = sarcopenic patients; TA = tibialis anterior; VL = vastus lateralis; VM = vastus medialis.
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5STS encourage participants to select the most economical and stereotyped motor patterns, which constrains 
variability. Although it was suggested that gait variability in older adults is mainly due to deficits in strength and 
flexibility rather than speed25, further research is needed to clarify the independent role of execution speed on 
EMG variability. Functionally, increased variability during walking may lead to gait instability and fall risk, while 
decreased variability during 5STS may reflect a rigid control strategy that sacrifices adaptability for stability. 
Rehabilitation approaches might benefit from promoting optimal variability through integration of diverse 
neuromuscular control strategies, rather than focusing solely on strength or endurance42.

This study facilitates a deeper understanding of neuromuscular adaptation patterns in sarcopenia. First, by 
comparing age-matched sarcopenic and healthy older adults, it identifies adaptations specific to sarcopenia 
rather than general aging effects, including a previously undocumented compensatory pattern of expanded 
proximal muscle activation in both hip and thigh muscles. Second, the assessment across functional tasks reveals 
task-specific compensatory strategies, providing insight into sarcopenic adaptations during real-world activities. 
Third, the integration of variability analysis with EMG measures reveals functional differences from a motor 
control perspective, highlighting sarcopenia as a complex neuromuscular disorder rather than simply a muscle 
mass deficit.

From a clinical perspective, these findings suggest that rehabilitation strategies may benefit from addressing 
the specific neuromuscular adaptations observed in sarcopenic individuals through three evidence-based 
approaches. First, targeted ankle muscle strengthening should be emphasized, with evidence supporting 
interventions such as high-velocity/low-load ankle power training43, multi-directional ankle strengthening44, 
intrinsic foot muscle exercises45, and ankle power biofeedback training46, to restore distal muscle function 
and reduce proximal compensations. Second, functional coordination and sensorimotor integration exercises 
should be incorporated, with effective approaches encompassing balance and proprioceptive training47 
and cognitive-motor dual-task training48, to address elevated antagonist coactivation and refine reciprocal 
inhibition mechanisms beyond traditional strength training approaches. Third, task-specific neuromuscular 
variability training should be implemented to address the distinct neural control mechanisms underlying 
different functional activities: progressive gait perturbation or variable speed protocols for walking tasks that 
utilize spinal-level central pattern generators, and variable initial position or movement speed training with 
environmental constraint modifications for sit-to-stand and other goal-directed tasks that require cortical-
subcortical coordination, to optimize movement adaptability while maintaining stability49,50. However, future 
randomized controlled trials are needed to validate the efficacy of these specific training protocols in sarcopenic 
populations and determine optimal intervention parameters for clinical implementation.

Several methodological considerations should be acknowledged when interpreting our findings. First, given 
the pilot and exploratory nature of this investigation, the sample size was relatively small, and there was a gender 
imbalance among participants, which could potentially limit the generalizability of our findings. Due to the 
limited sample size, we did not perform a formal covariate analysis of potential sex differences. Future studies 
with balanced and larger cohorts are recommended to assess potential sex-specific effects on neuromuscular 
activation. Second, our participants were Asian older adults diagnosed with severe sarcopenia. Thus, findings 
should be cautiously generalized to other populations or ethnic groups. Third, surface EMG primarily captures 
superficial muscle activity and may be affected by subcutaneous fat thickness, possibly missing contributions 
from deeper muscles involved in compensatory strategies. Future research may use more advanced techniques 
to further elucidate these findings. For instance, high-density EMG could provide more detailed recruitment 
pattern changes, while ultrasound elastography might help assess intrinsic muscle properties related to 
compensatory strategies. Additionally, wearable sensors would enable monitoring of neuromuscular function 
during daily activities in natural settings. Clinically, it may be useful to investigate the efficacy of interventions 
integrating neuromuscular control and coordination training alongside traditional strength exercises. Exploring 
the use of neuromuscular electrical stimulation with functional training may also lead to better interventions for 
the compensatory patterns observed in our participants.

Conclusion
This study revealed distinct neuromuscular adaptations in sarcopenic older adults during functional activities, 
characterized by a proximalization pattern of muscle activation, increased antagonist co-activation, and task-
specific EMG variability. Sarcopenic individuals demonstrated greater reliance on proximal muscles (hip and 
thigh) with decreased activation of distal muscles during functional tasks. Sarcopenic older adults also exhibited 
elevated antagonist co-activation index, particularly in the RF/BF muscle pair during critical movement 
transitions. Task-specific variability patterns were observed, with increased EMG variability during walking but 
decreased variability during sit-to-stand activities. These compensatory mechanisms extended beyond typical 
age-related changes and broadened our understanding of sarcopenia as a complex neuromuscular disorder rather 
than merely a muscle mass deficit. Future research with larger, diverse populations and advanced techniques is 
needed to validate these findings and develop more targeted rehabilitation strategies for sarcopenic patients.

Data availability
The data are provided within the manuscript and supplementary information files. The original data that sup-
port the findings of this study are available upon request to the corresponding author. The original data are not 
publicly available due to privacy or ethical restrictions.
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