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Abstract: 38 

Purpose: Asymptomatic patellar tendon abnormality (APTA) is considered a precursor 39 

to patellar tendinopathy (PT), but its pathogenesis remains unclear, especially regarding 40 

changes in muscle coordination. Therefore, it is essential to explore the muscle synergy 41 

patterns in individuals with APTA. 42 

Methods: This study recorded sEMG data during stop-jump tasks in 8 APTA and 8 43 

healthy amateur male basketball players in a simulated basketball game. Muscle 44 

synergies were extracted using Non-Negative Matrix Factorization and K-Means 45 

clustering. 46 

Results: Three synergies were identified in both groups. In Synergy 1, tibialis anterior, 47 

semitendinosus, and vastus lateralis weights primarily influenced the waveform. In 48 

Synergy 2, biceps femoris, vastus lateralis and medial gastrocnemius weights primarily 49 

influenced the waveform. In Synergy 3, peroneus longus, vastus medialis, and vastus 50 

lateralis weights primarily influenced the waveform. Key findings include higher vastus 51 

medialis weight in the APTA group during P1 and P2, and higher semitendinosus 52 

weight in P3 and P4. Additionally, the gastrocnemius and biceps femoris showed 53 

significant differences between groups across phases. 54 

Conclusions: The APTA group exhibited different muscle synergy patterns under 55 

specific phases and load accumulation conditions, particularly in the vastus medialis, 56 

medial gastrocnemius, biceps femoris, and peroneus longus. The APTA group 57 

demonstrated distinct synergy patterns, suggesting a compensatory mechanism to 58 

reduce patellar tendon load, potentially increasing knee injury risk. This finding 59 

provides new guidance for clinical assessment and intervention strategies for the 60 

training and rehabilitation of APTA individuals. 61 

 62 

Keywords: asymptomatic patellar tendon abnormalities; basketball exercise simulation; 63 

motor control; K-means clustering; non-negative matrix factorization. 64 
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1. Introduction 66 

Patellar tendinopathy (PT) is a common overuse injury of the knee, frequently occurring 67 



 

 

in sports involving repetitive jumping and landing. A multidisciplinary sports club study 68 

conducted over eight seasons found that the incidence of PT among professional 69 

basketball players was 22.7%, with guards exhibiting the highest incidence due to the 70 

frequent jumping involved in their position[36]. Given the high incidence of PT and its 71 

severe impact on athletes' careers, understanding the injury mechanisms of patellar 72 

tendinopathy and developing effective prevention strategies are particularly important. 73 

The clinical diagnosis of PT is based on the patient's symptoms (such as patellar tendon 74 

pain), while ultrasound imaging is considered the standard tool for diagnosing patellar 75 

tendon abnormality (PTA). On ultrasound images, PTA typically appears as a 76 

hypoechoic region. Previous studies have shown that PTA can be found even in 77 

asymptomatic athletes, and this abnormality is often considered a precursor to PT[19]. 78 

Without timely rehabilitation treatment, PTA may gradually develop into PT, with an 79 

occurrence probability of 22%-32%[35]. Although previous studies have compared 80 

patellar tendinopathy patients with healthy individuals, the mechanisms by which PTA 81 

evolves into patellar tendinopathy remain unclear [11, 21]. Therefore, this study 82 

conducts a prospective study on individuals with asymptomatic patellar tendon 83 

abnormality (APTA), to explore its relationship with the development of patellar 84 

tendinopathy. 85 

Studies have found that basketball players with PTA tend to reduce the load on the 86 

patellar tendon during stop-jump maneuvers through compensatory mechanisms, such 87 

as increased hip flexion[30]. Edwards et al.[10] discovered that during the horizontal 88 

landing phase, PTA patients typically activate the semitendinosus (ST) and biceps 89 

femoris (BF) first, while healthy individuals are more likely to first activate the tibialis 90 

anterior (TA) and medial gastrocnemius (MG). These findings suggest that PTA patients 91 

adjust their motor control strategies during stop-jump tasks to accommodate their 92 

biomechanical changes or achieve better athletic performance[15]. Although previous 93 

studies have investigated the neuromuscular control strategies of athletes after knee 94 

injuries, there is still a lack of systematic research on the specific changes in muscle 95 

synergy patterns in individuals with asymptomatic patellar tendon abnormality (APTA) 96 



 

 

during high-load movement tasks[6]. At the same time, biomechanical characteristics 97 

are actually the result of the nervous system interacting with the external environment 98 

under task constraints and biomechanical limitations of the limbs[25]. Therefore, 99 

analyzing only kinematic, kinetic, or individual muscle electrical activity 100 

characteristics provides limited understanding of the specific impact of PTA on motor 101 

control strategies[10]. Given the complex synergy among most muscles[22], accurately 102 

identifying neuromuscular control strategies in specific tasks and gaining 103 

comprehensive insights necessitates considering the synergistic interaction of multiple 104 

muscles in an integrated manner. Therefore, it is important to study the specific changes 105 

in muscle synergy patterns in the APTA population. 106 

In recent years, scientists have employed a technique called Non-Negative Matrix 107 

Factorization (NMF) to study the coordination of muscles during movement[26]. NMF 108 

analysis helps identify the collaborative relationships between muscles and their 109 

activation timing. In simple terms, muscle synergies function like a team, where 110 

different muscles work together to perform specific actions, and the activation 111 

coefficients indicate when this team is mobilized[26]. Because NMF is based on the 112 

non-negativity of matrix factors, it offers greater interpretability of results, while also 113 

being easy to implement and having low memory requirements[42]. Recently, NMF 114 

has gradually expanded into the field of sports science and has shown potential in 115 

enhancing athletic performance and preventing sports injuries[8, 20]. 116 

Based on the aforementioned research background, this study aims to explore the 117 

impact of specialized loading on neuromuscular control strategies during stop-jump 118 

tasks from the perspective of muscle synergies. It seeks to clarify the significance of 119 

muscle synergies during different phases of the stop-jump task and analyze the synergy 120 

differences between APTA and healthy individuals across different dimensions (time-121 

space). Understanding these differences is crucial for elucidating the pathogenesis of 122 

patellar tendinopathy and developing prevention strategies. We hypothesize that there 123 

will be no difference in the number of muscle synergies between the two groups, but 124 

that the APTA group, compared to the healthy group, will exhibit different motor 125 



 

 

modules by adjusting muscle activation weights to adapt to biomechanical changes 126 

induced by their condition. 127 

 128 

Figure1. Experimental protocol. (A) The process of the stop-jump movement; 129 

(B) EMG marker location; (C) A schematic depiction of the Basketball Exercise 130 

Simulation Test (BEST); (C) The overall experimental process. BF: biceps femoris; 131 

MG: medial gastrocnemius; PL: peroneus longus; RF: rectus femoris; ST: 132 

semitendinosus; TA: tibialis anterior; VL: vastus lateralis; VM: vastus medialis;  133 

High = high-intensity; Low= low-intensity. 134 

 135 

2. Materials and Methods 136 

2.1 Subjects 137 



 

 

A total of 8 asymptomatic PTA and 8 healthy amateur male basketball players were 138 

recruited for this study, with detailed participant information provided in Table 1. 139 

Inclusion criteria included: no history of professional basketball training; self-training 140 

1-2 times per week[27]. All participants were right-leg dominant and had no history of 141 

traumatic lower limb injury in the past 6 months[37]. Patellar tendon morphology was 142 

assessed by an experienced musculoskeletal ultrasound physician using a 13 MHz 143 

linear array portable ultrasound device (Siemens Antares, Siemens AG, Germany), with 144 

ultrasound abnormalities recorded. Ultrasound abnormalities were defined as 145 

hypoechoic areas ≥2 mm[4]. Finally, 8 athletes showing patellar tendon abnormalities 146 

on ultrasound were assigned to the asymptomatic patellar tendon abnormality (APTA) 147 

group, and 8 matched healthy athletes were assigned to the control group. All 148 

participants signed a written informed consent form before data collection. The study 149 

protocol was approved by the Scientific Research Ethics Committee of Ningbo 150 

University (Approval Number: RAGH20231120). 151 

Table 1. Information of the eligible participants. 152 

Variable 
APTA (n = 8) Healthy (n = 8) 

p 
Mean (SD) Mean (SD) 

Age (yrs) 23.0 (3.5) 22.8 (4.0) 0.693 

Height (m) 1.80 (0.6) 1.82 (0.7) 0.602 

Weight (kg) 75.0 (8.5) 77.1 (8.1) 0.557 

BMI (kg/m²) 23.9 (3.1) 23.5 (3.0) 0.654 

Basketball experience (yrs) 5.5 (3.1) 5.1 (2.5) 0.434 

Position of play Point Guard Point Guard / 

Note: SD: standard deviation; APTA: Asymptomatic Patellar Tendon Abnormality. 153 

2.2 Procedures 154 

2.2.1 Experiments 155 

The Basketball Exercise Simulation Test (BEST) consists of four 10-minute phases, 156 

strictly following official game time. Each BEST cycle includes 30 seconds of 157 

intermittent specific exercises, incorporating activities such as sprinting, jumping, 158 

running, jogging, sliding, and recovery[34]. Figure 1C shows the various activities and 159 

distances involved in each BEST cycle. Each cycle is limited to 30 seconds, requiring 160 



 

 

participants to perform continuously within each 10-minute interval (up to 20 cycles). 161 

Typically, participants complete a cycle within 25 seconds, allowing at least 5 seconds 162 

of rest to prepare for the next cycle. If participants fail to complete a cycle within the 163 

allotted time, they must stop immediately and begin the next cycle. The overall 164 

experimental procedure is shown in Figure 1D. 165 

Before the experiment, participants underwent a 5-minute standardized dynamic warm-166 

up, including full-body dynamic and static stretching. In the main task of the 167 

experiment, participants took a step forward from a self-selected distance, firmly 168 

planting each foot on the ground, and then performed a vertical jump, attempting to 169 

touch a ball on the ceiling with their dominant hand (Figure 1A). Prior to the experiment, 170 

professional basketball players demonstrated and explained the tasks to ensure that all 171 

participants were familiar with the procedure and to ensure consistency in data 172 

collection. The criteria for successfully completing the stop-jump task were: (1) both 173 

feet must fully contact the ground; (2) participants must touch the ball on the ceiling. 174 

Participants were required to perform five stop-jumps, with the middle three trials used 175 

for further analysis. During the experiment, all subjects wore their own sports shoes[15, 176 

40]. 177 

2.2.2 Data Recording and Preprocessing 178 

According to the SENIAM guidelines for sEMG sensor placement and anatomical 179 

knowledge, the corresponding muscle locations were determined through a series of 180 

specific movements. The optimal positions on the muscle bellies were selected by an 181 

experienced researcher to ensure that the sensors were placed away from tendons or the 182 

edges of muscles [17]. Before electrode placement, excess hair was removed using a 183 

disposable razor, and the skin surface was carefully cleaned with 75% medical alcohol 184 

to remove oil and debris. The skin was allowed to dry to minimize skin impedance 185 

before attaching the electrodes. Using the EMGworks system (Delsys, Boston, USA), 186 

eight sEMG sensors were placed on the muscle bellies at predetermined locations: 187 

biceps femoris (BF) (50% of the distance between the ischial tuberosity and the lateral 188 

epicondyle of the tibia), medial gastrocnemius (MG) (at the most prominent bulge of 189 



 

 

the muscle), peroneus longus (PL) (at 25% of the line between the head of the fibula 190 

and the lateral malleolus), rectus femoris (RF) (50% of the line between the anterior 191 

superior iliac spine and the upper part of the patella), semitendinosus (ST) (50% of the 192 

distance between the ischial tuberosity and the medial epicondyle of the tibia), tibialis 193 

anterior (TA) (on the upper third of the line between the lateral condyle of the tibia and 194 

the medial malleolus), vastus lateralis (VL) (on the upper two-thirds of the line from 195 

the anterior superior iliac spine to the lateral side of the patella), and vastus medialis 196 

(VM) (at 80% of the line between the anterior superior iliac spine and the medial joint 197 

space of the knee). The sampling frequency was set to 1000Hz, and all sEMG electrodes 198 

were aligned parallel to the direction of the muscle fibers, with an inter-electrode 199 

distance of 10mm. Only data from the left limb were analyzed in this study, as the non-200 

dominant leg is more frequently used for jumping and landing during layups in 201 

basketball[2, 19]. 202 

The preprocessing of sEMG signals was implemented using Matlab R2023b 203 

programming. First, the baseline of the raw sEMG data was zeroed. Then, a 4th-order 204 

Butterworth band-pass filter with a high-pass cutoff frequency of 30 Hz was applied to 205 

the raw sEMG signal to remove motion artifacts. Afterward, the signal was 206 

downsampled and full-wave rectified, followed by applying a 4th-order Butterworth 207 

low-pass filter with a cutoff frequency of 20 Hz to the rectified signal to extract the 208 

linear envelope[32]. Finally, all sEMG envelopes were interpolated to match the 209 

sampling point length of the same movement cycle and normalized to the maximum 210 

amplitude of the envelope during the stop-jump action [28]. 211 

2.2.3 Non-Negative matrix factorization extracts muscle synergies 212 

This study employed a Non-Negative Matrix Factorization (NMF) framework to extract 213 

muscle synergy components from sEMG data through linear decomposition based on 214 

unsupervised machine learning, with computations performed on the Rv4.4.1 platform. 215 

NMF decomposed the preprocessed sEMG signal matrix Vm×n into two non-negative 216 

matrices, as shown in Equation (1). 217 



 

 

𝑉𝑚×𝑛 = [𝐸𝑀𝐺1 𝐸𝑀𝐺2…𝐸𝑀𝐺𝑚]𝑇 ≈ (WH)𝑚×𝑛 = ∑ 𝑊𝑚×𝑝𝐻𝑝×𝑤 + 𝑒 = 𝑉𝑚×𝑛
′

𝑝

𝑖=1
 (1) 

In this equation, V represents the original sEMG matrix, where M denotes the number 218 

of sEMG channels, and N denotes the number of samples. P is the number of muscle 219 

synergies obtained through NMF, where M ≥ P ≥ 1. 𝑊𝑚×𝑝  represents the muscle 220 

synergy vectors, and 𝐻𝑝×𝑤  represents the time activation coefficients. The 221 

reconstructed matrix 𝑉𝑚×𝑛
,

 is obtained by multiplying the W and H matrices and then 222 

adding the residual term e. 223 

During the extraction of the basis and coefficient matrices using the Gaussian NMF 224 

Multiplicative Update Rules, the iteration stops when the R² change is less than 0.01% 225 

for 20 consecutive iterations, reaching the convergence threshold[32]. The quality of 226 

the NMF reconstruction is evaluated by the variance accounted for (VAF) to determine 227 

the optimal number of synergies. The steps for calculating VAF are as follows: 228 

 𝑉𝐴𝐹 = (1 −
RSS

TSS
) × 100% = (1 −

∑(V − V′)2

∑(V − V )
2) × 100% (2) 

Where: RSS refers to the residual sum of squares, and TSS refers to the total sum of 229 

squares. V represents the original muscle activation matrix. V′ represents the NMF-230 

reconstructed data matrix. V represents the mean of the original matrix V. To 231 

determine the optimal number of synergy components, this study calculated the VAF 232 

for the 1st to 6th order NMF decomposition results, and this was used to evaluate the 233 

optimal order, as shown in Table 2. 234 

VAF > 90% is commonly used in the literature to identify the optimal number of 235 

synergies[31]. This criterion is considered to sufficiently represent the data, although 236 

its application remains debated[1]. For ease of comparison between groups, we selected 237 

the same number of muscle synergies as the rounded average of the synergies across all 238 

participants for further analysis[43]. The K-Means algorithm was used to cluster the 239 

muscle synergies of the APTA and Healthy groups separately, obtaining the overall 240 

synergy characteristics of athletes in different groups. 241 

2.2.4 Statistical analysis 242 



 

 

Muscle synergy data were processed using SPSS 23 statistical software, with results 243 

presented as means and standard deviations. To compare the differences in weight 244 

contributions of different muscles in each synergy, we conducted a two-way repeated 245 

measures ANOVA for each synergy. The two factors analyzed were group (APTA group 246 

and Healthy group) and load phase (P1, P2, P3, P4). When significant main effects or 247 

interaction effects were found, post hoc Bonferroni tests were used to further reveal 248 

specific differences. For violations of the sphericity assumption, we made adjustments 249 

using the Greenhouse-Geisser correction. Effect sizes were calculated using partial eta 250 

squared (η²) to assess the magnitude of differences: <0.06 for small effects, 0.07–0.14 251 

for medium effects, and >0.14 for large effects. 252 

3 Results 253 

3.1. Choosing the Optimal Number of Synergies under NMF 254 

Muscle synergies can reflect the neuromuscular control strategies employed by athletes 255 

when performing movements[33]. Figure 2 shows the VAF of muscle synergies in the 256 

APTA and Healthy groups across the four phases. The interaction between groups and 257 

load accumulation on VAF was not statistically significant, F(3, 21) = 0.661, p = 0.541, 258 

η² = 0.02. Table 2 shows that the number of muscle synergies in the APTA and Healthy 259 

groups at each phase were 3.02, 3.10, 3.11, and 3.10, and 3.20, 3.10, 3.05, and 3.19, 260 

respectively. To further compare the muscle synergy structures between groups, we 261 

rounded the number of synergies to 3. The results showed that when 3 muscle synergies 262 

were extracted, the VAFs for the APTA and Healthy groups at the four phases were 263 

90.23%, 92.15%, 95.01%, and 95.21%, and 93.11%, 93.55%, 91.13%, and 92.56%, 264 

respectively. The average VAF within all groups exceeded 90%. However, when the 265 

number of synergies increased to 4, the average VAF improvement was less than 2%, 266 

so the number of synergies was ultimately set at 3 for further analysis. 267 

Table 2. The relationship between the number of synergies and VAF: The number of 268 

synergies is determined when VAF first exceeds 0.9.                269 

 
Group 

P1 P2 P3 P4 
p 

 Mean (SD) Mean (SD) Mean (SD) Mean (SD) 



 

 

Num of Syn 
APTA 3.02(0.02) 3.10(0.05) 3.11(0.05) 3.10(0.1) 0.522 

Healthy 3.20(0.07) 3.10(0.07) 3.05(0.01) 3.19(0.12) 0.310 

 p 0.179 0.677 0.535 0.257  

VAF (%)       

2 Syn 
APTA 78.23(5.12) 82.43(4.86) 85.66(5.19) 90.33(5.55) 0.097 

Healthy 81.46(4.71) 81.67(4.19) 80.57(5.59) 86.31(4.35) 0.355 

 p 0.132 0.443 0.175 0.223  

3 Syn 
APTA 90.23(3.15) 92.15(4.01) 95.01(2.23) 95.21(2.21) 0.294 

Healthy 93.11(2.31) 93.55(2.32) 91.13(4.33) 92.56(3.44) 0.501 

 p 0.367 0.621 0.211 0.387  

4 Syn 
APTA 93.00(2.01) 95.04(2.09) 94.09(1.44) 95.21(1.12) 0.621 

Healthy 94.01(2.00) 95.11(1.86) 94.22(1.03) 95.00(1.02) 0.533 

 p 0.667 0.659 0.721 0.763  

Note: P1: phase 1; P2: phase 2; P3: phase 3; P4: phase 4; SD: standard deviation; Num of Syn: the number of muscle synergies; 270 
VAF: variability accounted for; APTA: Asymptomatic Patellar Tendon Abnormality. 271 

 272 

Figure 2. Individual (thin line) and mean participant (think lines) percentages of the 273 

variability accounted for (VAF). (A) and (B) panels show the VAFs of the APTA and 274 

the healthy group, respectively. The horizontal dashed lines indicate the thresholds used 275 

to determine the number of extracted lower limb muscle synergies. 276 

3.2. Features of Muscle Synergy Extraction 277 

Figure 3 and 4 illustrate the muscle weights and temporal activation patterns during the 278 

stop-jump process for the APTA and Healthy groups across the four phases, respectively. 279 

Figure 5 provides a heatmap of the muscle weights in the lower limbs during the stop-280 

jump across the four phases for the APTA and Healthy groups. Based on the temporal 281 

structure, the classification of muscle synergies corresponds to specific movement 282 



 

 

phases during the stop-jump process, with each cycle consisting of three distinct phases: 283 

initial ground contact, braking, and vertical jump phases. Based on the timing of peak 284 

occurrence, the waveform of Synergy1 is associated with the initial ground contact 285 

phase of the stop-jump, with the peak appearing at the start of the action (0 - 30%) and 286 

then declining. The waveform of Synergy1 is mainly influenced by the weights of TA, 287 

ST, and VL. The main peak of Synergy2 appears in the braking phase (30% - 60%), 288 

with activation increasing during this phase and then decreasing. The waveform of 289 

Synergy2 is mainly determined by the weights of BF, ST, VL, VM, and MG. The 290 

waveform of Synergy3 appears during the vertical jump phase (60% - 100%), and is 291 

mainly determined by the weights of VL, VM, RF, PL, and MG. 292 

293 

Figure 3. The muscle synergy extraction for the APTA group. (A), (B), (C), and (D) 294 

represent the muscle synergies for P1, P2, P3, and P4, respectively, extracted from 8 295 

leg muscles and used for functional classification during the stop-jump movement. 296 

Left: muscle weights; Right: activation patterns; Syn: Synergy. 297 



 

 

 298 

Figure 4. The muscle synergy extraction for the Healthy group. (A), (B), (C), and (D) 299 

represent the muscle synergies for P1, P2, P3, and P4, respectively, extracted from 8 300 

leg muscles and used for functional classification during the stop-jump movement. Left: 301 

muscle weights; Right: activation patterns; Syn: Synergy. 302 

3.3. APTA and Healthy group differences in each synergy across four loading phases 303 

Figure 6 provides a detailed overview of the muscle weight comparison between the 304 

APTA and Healthy groups across the four phases in the three synergies. In Synergy 1, 305 

the interaction between groups and load accumulation for VM has statistical 306 

significance, F(3, 21) = 2.669, p = 0.041, η² = 0.16. The interaction between groups and 307 

load accumulation for ST is statistically significant, F(3, 21) = 3.022, p = 0.038, η² = 308 

0.19. Specifically, the VM weight in the APTA group was significantly higher than that 309 

in the Healthy group during the P1 and P2, with differences of 0.45 and 0.25, 310 

respectively (p < 0.05). Meanwhile, in the P3 and P4, the ST weight in the APTA group 311 

was significantly higher than that in the Healthy group, with differences of 0.18 and 312 

0.30, respectively (p < 0.05). 313 

In Synergy 2, the interaction between groups and load accumulation for MG is 314 

statistically significant, F(3, 21) = 3.135, p = 0.035, η² = 0.19. The interaction between 315 

groups and load accumulation for BF is statistically significant, F(3, 21) = 5.266, p = 316 



 

 

0.021, η² = 0.26. Specifically, the MG muscle weight in the Healthy group was 317 

significantly higher than in the APTA group at all phases, with differences of 0.18, 0.17, 318 

0.14, and 0.12, respectively (p < 0.05). Additionally, the BF weight in the Healthy group 319 

was significantly higher than in the APTA group during the P1 and P2 phases, with 320 

differences of 0.18 and 0.25, respectively (p < 0.05). 321 

In Synergy 3, the interaction between groups and load accumulation for MG is 322 

statistically significant, F(3, 21) = 6.031, p = 0.005, η² = 0.43. The interaction between 323 

groups and load accumulation for RF is statistically significant, F(3, 21) = 5.771, p = 324 

0.009, η² = 0.36. The interaction between groups and load accumulation for VL is 325 

statistically significant, F(3, 21) = 5.012, p = 0.017, η² = 0.25. Specifically, the MG 326 

weight in the APTA group was significantly higher than in the Healthy group at all four 327 

phases, with differences of 0.33, 0.31, 0.28, and 0.43 (p < 0.05), while the Healthy 328 

group showed significant advantages in RF and VL at multiple phases. Specifically, the 329 

RF weight in the Healthy group was significantly higher than in the APTA group during 330 

the P1, P2, and P3 phases, with differences of 0.35, 0.21, and 0.12, respectively (p < 331 

0.05). The VL weight in the Healthy group was also significantly higher than in the 332 

APTA group during the P1 and P2 phases, with differences of 0.35 and 0.47, 333 

respectively (p < 0.05). 334 

 335 

Figure 5. Heatmap of muscle weights during the 4 phases of the stop-jump for the 336 

APTA and the healthy group. Syn: Synergy. 337 

3.4. The trend of lower limb muscle weight in the APTA and the Healthy group across 338 



 

 

four phases 339 

Figure 7 shows the trends in lower limb muscle weights across the four phases in the 340 

APTA and Healthy groups under the three synergies. In Synergy 1, the relative weight 341 

of the ST in the APTA group was low in P1 but significantly increased in phases P2 and 342 

P3 (p < 0.05). The TA had a higher weight in P1 but significantly decreased in phases 343 

P2 and P3 (p< 0.05). The VL exhibited low activity in P1, which significantly increased 344 

in P2 and P3 (p < 0.05). The muscle activity in the Healthy group was relatively stable 345 

across all four phases. In Synergy 2, the VM and MG in the APTA group showed low 346 

activity in P1 but significantly increased in P2 and P3 (p < 0.05). The BF in the APTA 347 

group had higher activity in P1, then gradually decreased (p < 0.05). The PL exhibited 348 

higher activity in P1, followed by a significant decrease in P2 and P3 (p < 0.05). The 349 

BF in the Healthy group had low activity in P1 and P2, but significantly increased in 350 

P3 and P4 (p < 0.05). The activity of other muscles remained relatively stable. In 351 

Synergy 3, the MG, RF, and ST in the APTA group had low activity in P1 but 352 

significantly increased in P2 and P3 (p < 0.05), while the PL had high activity in P1 but 353 

significantly decreased in P2 and P3 (p < 0.05). The muscle activity in the Healthy 354 

group remained stable across all four phases. 355 

 356 

Figure 6. Diagram of the differences in muscle weights across three synergies during 357 



 

 

different phases for the APTA and the Healthy group. Syn: Synergy. 358 

 359 

Figure 7. The activity trend chart of the APTA and the Healthy group in three synergies 360 

across four phases. Syn: Synergy. 361 

4 Discussion 362 

This study aims to investigate the muscle synergy patterns in the APTA individuals 363 

during the stop-jump task. To our knowledge, this study is the first to quantitatively 364 

detail the modular organization strategy of neuromotor responses in APTA individuals 365 

during stop-jump. This study reveals the following key findings: (1) APTA individuals 366 

exhibit higher ST activity during the landing phase of stop-jump, emphasizing its 367 

critical role in the central nervous system's modular control strategy. (2) During the 368 

braking phase, APTA individuals exhibit deficiencies in the coordination of multi-369 

muscle control, particularly in the altered spatial and temporal patterns of muscle 370 

synergies involving the BF and MG. (3) During the vertical jump phase, APTA 371 

individuals display an abnormal muscle synergy pattern with higher MG activity 372 

contribution and lower VM and VL contributions, which may be an adaptive response. 373 



 

 

The results support our hypothesis that there is no significant difference in the number 374 

of muscle synergies between the two groups; APTA individuals s may adapt to 375 

biomechanical changes induced by their condition by adjusting the activity weights of 376 

different muscles within each motor module. 377 

In our analysis, we included 8 lower limb muscles because we focused on the synergies 378 

between muscles during the stop-jump. We analyzed the four phases of load 379 

accumulation in both APTA and Healthy individuals s to effectively reveal motor 380 

control deficits in the APTA individuals [2, 11, 14]. However, our findings indicate that 381 

there is no significant difference in the VAF of the three extracted synergies between 382 

the groups. Overall, the muscle synergies and their temporal patterns were strikingly 383 

similar between the two groups. This aligns with previous research on APTA 384 

individuals s during the stop-jump task, indicating that despite variations in motor 385 

performance, APTA individuals mobilize similar muscle synergies through 386 

compensatory mechanisms to effectively execute the stop-jump task[38]. This also 387 

supports the existing view that neuromuscular adaptations do not necessarily alter the 388 

overall structure of motor modules but rather modify the activation patterns within 389 

existing modules[7]. This provides a new perspective, revealing that despite underlying 390 

pathologies, muscle synergies remain relatively stable. This finding is of significant 391 

importance for rehabilitation strategies aimed at maintaining neuromuscular function. 392 

Even in the presence of underlying tendon abnormalities, the neuromuscular system 393 

may maintain a similar motor pattern through adaptive adjustments, which could 394 

explain the lack of significant differences in synergy patterns. 395 

At a functional level, the muscle synergies obtained in this study correspond to the 396 

previously described biomechanical characteristics of stop-jump. A complete stop-jump 397 

cycle includes the initial ground contact phase, the braking phase, and the vertical take-398 

off phase. In the initial ground contact phase (0-30%), the primary muscles involved 399 

are the TA, ST, and VL, with TA activity initiating at ground contact (as indicated in 400 

Figure 3A's syn1), likely to stabilize the ankle during early dorsiflexion[13]. With load 401 

accumulation, the TA's weight contribution diminishes in P3 (Figure 7A), possibly 402 



 

 

causing ankle instability and reducing the ankle's ability to absorb ground impact due 403 

to decreased TA eccentric contraction, thus increasing knee stress and the risk of knee 404 

injury[9]. Therefore, APTA individuals s need to strengthen the power and endurance 405 

of ankle flexors and enhance eccentric contraction muscles like ST to better control 406 

knee flexion. In the P1 and P2, there is a difference in the VM weight contribution to 407 

Syn1 between the APTA and Healthy groups (Figure 6A). During initial ground contact, 408 

the VM weight contribution in the APTA group is higher than in the Healthy group, 409 

indicating a compensatory mechanism, possibly through increased VM activation to 410 

stabilize the knee and prevent excessive flexion or instability. The eccentric contraction 411 

of VM helps absorb impact and slow down knee flexion, thereby reducing stress on the 412 

patellar tendon[41]. With load accumulation, ST's weight contribution peaks in P3 413 

(Figure 7A). As a knee flexor, ST is closely related to knee flexion during the stop-jump. 414 

During the landing phase, the eccentric contraction of ST helps absorb ground reaction 415 

forces, reducing knee impact[29].This study uses NMF to further emphasize the 416 

importance of TA, ST, and VM in neuromotor control among APTA individuals s and 417 

reveals a clinical phenomenon: APTA individuals s adapt to increased loads by 418 

enhancing the strength and stability of ankle muscles and strengthening knee flexors to 419 

absorb more impact. 420 

Dorsiflexion during the braking phase (30%-60%) is accompanied by subsequent 421 

knee flexion. In the recorded muscle activity of this study, BF, ST, VL, VM, and MG 422 

are responsible for knee flexion, explaining the additional activity of BF and MG in 423 

synergy1. We observed deficits in multi-muscle coordination control during the braking 424 

phase in the APTA individuals, as evidenced by changes in the spatial and temporal 425 

patterns of BF and MG muscle synergies. Figure 6B shows that the MG activation 426 

weight in the APTA group was significantly lower than that in the Healthy group across 427 

all four phases, with BF activation also notably lower in P1, P2, and P4. This supports 428 

earlier findings that the APTA group tends to rely on other muscles by adjusting motor 429 

module functions, resulting in reduced BF and MG activation[39]. Previous studies 430 

have found that pain-avoidance strategies and long-term joint abnormalities affect 431 



 

 

muscle activation patterns[18]. Although APTA individuals do not exhibit obvious pain 432 

symptoms, chronic patellar tendon abnormalities may subconsciously lead them to 433 

adopt pain-avoidance strategies to reduce pressure on the patellar tendon. This strategy 434 

might reduce their reliance on muscles associated with the patellar tendon region (e.g., 435 

BF and MG) during the landing cushioning phase, thereby lessening the tensile and 436 

shear forces on the patellar tendon. Individuals with musculoskeletal abnormalities 437 

adapt neuromuscular control by redistributing muscle activity to reduce the load on the 438 

affected tendons[23]. This finding further confirms that the CNS adjusts motor control 439 

strategies to protect vulnerable areas, thereby reducing the risk of injury aggravation. 440 

As load accumulates, the activation weight of VM and MG increases, while the 441 

activation weight of BF and PL decreases, as shown in Figure 7B. Thus, APTA 442 

individuals might enhance knee control by increasing VM and MG activation to prevent 443 

excessive knee flexion, thereby reducing patellar tendon load. Previous studies have 444 

shown that people with patellar tendinopathy use protective strategies under fatigue to 445 

avoid additional stress on the patellar tendon, including proximal compensation and 446 

stiff lower limb landing[40], which aligns with the conclusions of this study. PL helps 447 

counter the inversion stress generated during landing in the stop-jump, aiding in 448 

resisting varus or valgus torques at the knee and further ensuring joint stability. This 449 

phenomenon is observed not only in Synergy2 but also in Synergy3. Consequently, 450 

APTA individuals face an increased risk of injury during load accumulation. Therefore, 451 

APTA individuals are advised to strengthen VM and MG through power training, while 452 

also enhancing BF and PL endurance [3]. 453 

The vertical take-off phase (60%-100%) typically involves the activation of the hip 454 

extensors, knee extensors, and ankle flexors[24]. In the initial phase of the ascent, VM 455 

and VL contribute most of the concentric movement, while the contribution of the 456 

gastrocnemius gradually increases in the later phase[12]. However, we noticed that in 457 

the early ascent phase, the APTA group displayed an abnormal muscle synergy pattern, 458 

with higher MG activity and relatively lower contributions from VM and VL (Figure 459 

6C). In actual competition, pressure, tension, and the game outcome can all affect 460 



 

 

neuromuscular control. However, the simulated game environment lacks these 461 

psychological factors, which may lead to insufficient muscle activation in athletes. 462 

Previous studies have shown that insufficient quadriceps activation can lead to 463 

inadequate knee extension[16]. We also found that the effect size of the interaction 464 

between group and load accumulation for MG reached 0.43, indicating that as the load 465 

changes, APTA individuals may adapt their knee joint load by adjusting MG activation 466 

to reduce the burden on the knee joint, thereby lowering the risk of injury. Consequently, 467 

APTA individuals may compensate for insufficient knee extension by increasing 468 

gastrocnemius activation, providing more force during the initial phase of the jump. 469 

The recruitment sequence and relative contribution from hip extensors to knee 470 

extensors and finally to ankle flexors can also be observed in similar movements, such 471 

as reverse jumping or transitioning from sitting to standing. This might indicate that 472 

stable motor patterns naturally develop after mastering complex lower limb movements. 473 

When discussing muscle synergy, the number of muscles chosen and the number of 474 

synergies selected significantly influence the results. In this study, we focused only on 475 

the 8 lower limb muscles, as the research emphasized the synergy between these 476 

muscles during the stop-jump process. However, future research should further explore 477 

the contribution of upper limb muscles (e.g., latissimus dorsi) and trunk muscles (e.g., 478 

erector spinae, rectus abdominis, and external oblique) to assess the relationship 479 

between upper and lower limb muscle synergy in complex movements. Moreover, this 480 

study was carried out in a laboratory environment, with strictly controlled conditions, 481 

but it could not entirely simulate the complexities of a real basketball game. Therefore, 482 

future research should consider being conducted on an actual basketball court to 483 

observe athletes' muscle synergies during real game situations. Another limitation of 484 

this study is its short duration, making it difficult to determine whether motor module 485 

control causes injuries or if injuries lead to changes in motor module control. Future 486 

research should involve long-term prospective studies to further investigate this causal 487 

relationship. Additionally, the use of dimensionality reduction techniques is also a topic 488 

of debate. Some researchers argue that specific muscle synergies reflect motor 489 



 

 

commands specifically adjusted by the central nervous system for particular tasks, 490 

while others suggest that these synergies might simply be artifacts of the decomposition 491 

algorithm used[5]. Regardless of the viewpoint, further research is needed to explore 492 

the underlying mechanisms of these muscle synergies. Future research should broaden 493 

its scope to cover more motor tasks, providing a more comprehensive understanding of 494 

motor module control in the APTA individuals. 495 

5 Conclusions 496 

The main purpose of this study was to investigate the muscle synergy patterns of the 497 

APTA individuals during the stop-jump. The results showed that although there were 498 

no significant differences in the number of muscle synergies and the VAF of the 499 

extracted synergy patterns between the APTA and healthy groups, the APTA group 500 

exhibited significantly abnormal muscle synergy patterns in specific phases and under 501 

load accumulation conditions. These abnormalities mainly occurred in the ST, MG, BF, 502 

and PL, suggesting that APTA individuals might use compensatory mechanisms to 503 

avoid excessive load on the patellar tendon. However, this compensatory strategy may 504 

increase the risk of injury to the knee joints. Therefore, training for APTA individuals 505 

should focus on strengthening the ST and MG muscles and improving the endurance of 506 

the BF and PL muscles to enhance joint stability and prevent patellar tendinopathy. 507 
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