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Abstract
The upper trapezius muscle is often excessively excited during resistance training exercises, increasing the shoulder's liability to musculoskeletal disorders of individuals participating in overhead sports or throwing activities. Different approaches have been proposed for reducing the potentially harmful loading of the upper trapezius.  None, however, has been devised to deal directly with the main culprit: the muscle excitation. This non-randomized comparative study explores the feasibility of biofeedback based on surface electromyograms (EMGs) in suppressing undue excitation of the upper trapezius during a seated row exercise. Eight male volunteers were instructed to perform the wide-grip seated row exercise without and with the EMG biofeedback of the upper trapezius. Surface EMGs from the three portions of the trapezius and the serratus anterior were sampled with pairs of surface electrodes. A triaxial accelerometer was positioned on the weight stack for the identification of the exercise phase and repetition. This study showed that during the “with biofeedback” condition, the participants were able to activate the upper trapezius and serratus anterior to a lower degree (~10%) compared to the “without biofeedback” condition. Future studies should explore if this can lead to greater gains in muscle performance and/or reduce the risk of shoulder injury.Our key results revealed the EMG biofeedback allowed low levels of muscle excitation (~10%) for the upper trapezius as well as the serratus anterior muscle without affecting muscle excitation within the middle and lower portions of trapezius during this resistance exercise. Current findings support the potential of integrating the EMG-biofeedback technique in resistance training programs to increase muscle strength while simultaneously reducing the overload of scapular stabilizers (e.g., upper trapezius) during upper arm exercises, with potential to improve human performance while reducing the incidence of shoulder injury.
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Introduction
Musculoskeletal disorders (MSDs) can be defined as any health issue that affects the body’s locomotor apparatus, including muscles, tendons, joints, bone skeleton, ligaments, and nerves (Gómez-Galán, Pérez-Alonso, Callejón-Ferre, & López-Martínez, 2017). MSDs are multifactorial, arising from a combination of factors such as repetitive or sustained activity, incorrect sustained or uncomfortable postures, localized muscle loading, and fatigue (Buckle & Jason Devereux, 2002; Elders, Heinrich, & Burdorf, 2003), which are commonly factors encountered in sports practiceactivities. While MSDs can affect different populations, certain groups may be more prone to developing them. Studies have shown that athletes of overhead sports and fitness participants who engage in strength training are among those who can potentially experience MSDs, especially in the shoulder complex (Allen, Chan, Davis, & Blankenbaker, 2019; Bolia, Collon, Bogdanov, Lan, & Petrigliano, 2021; Gray & Finch, 2015; Kolber, Beekhuizen, Cheng, & Hellman, 2010; P M Ludewig & Cook, 2000). Therefore, the prevention of MSDs has become a topic of potential interest in sports science to improve human performance while reducing the incidence of injury.
In the context of the athletes conditioning, MSDs seem to rank high among individuals who are engaged in resistance training, including powerlifting, weightlifting, strength training, and overhead activities (Bolia et al., 2021; Gray & Finch, 2015). One of the most common injury sites has been mentioned as being the shoulder complex (Allen et al., 2019; Gray & Finch, 2015; Kolber et al., 2017). Repetitive loading, undesirable shoulder positions (e.g., shoulder shrugging), and scapular muscle imbalance during  upper arm exercise are some factors that can contribute to the shoulder’s liability to MSDs (Kolber et al., 2010; Lantz & McNamara, 2003; Paula M. Ludewig & Reynolds, 2009), such as the shoulder subacromial impingement syndrome (SIS); a narrowing of the subacromial space that causes encroachment of the subacromial tissues such as the rotator cuff and subacromial bursa (Saito, Harrold, Cavalheri, & McKenna, 2018). Athletes and nonathletes participating in overhead sports are at particularly high risk of shoulder impingement syndrome (Allen et al., 2019; Bolia et al., 2021). These unintended effects might result from  overloading activating the upper trapezius muscle to a higher, in comparison to degree compared to the lower trapezius and serratus anterior (Lantz & McNamara, 2003; P M Ludewig & Cook, 2000; San Juan, Gunderson, Kane-Ronning, & Suprak, 2016). It is well-accepted that excessive activation of the upper trapezius is associated with undesired anterior tilt of the scapula, decreasing the subacromial space and contributing to progression of SIS (Camargo & Neumann, 2019; Huang, Lin, Guo, Wang, & Chen, 2013; San Juan et al., 2016). Teaching individuals how to reduce the overload of scapular stabilizers (e.g., upper trapezius) during upper arm exercises may therefore help to contend with the incurrence of MSDs while improving muscle strength.
[bookmark: _Hlk168873494]Different approaches have been proposed for the reduction in excitation of upper trapezius muscle during upper arm exercises.  In the rehabilitation field, scapular focused exercises interventions associated with minimal upper trapezius activation and concurrent demand forincreased activation of the lower and middle trapezius and serratus anterior have improved symptoms of SIS, including been crucial to improve better scores in trapezius shoulder function scales, increased shoulder abduction range of motion and decreased shoulder pain in patients with shoulder pain (Saito et al., 2018). When considering upper arm exercises in resistance training, which are often integrated into the training routines of both athletes and nonathletes, the excessive excitation of upper trapezius may result in undesirable shoulder positions, such as “shoulder shrugging”, regardless of resistance load that exceed capability. Techniques related to verbal instruction emphasizing scapular retraction (Lantz & McNamara, 2003), and conscious contraction of a specific muscle (e.g., the abdominal muscle; Vega Toro et al., 2016) were associated with lower levels of upper trapezius excitation. This was observed for popular resistance exercises, for which excessive upper trapezius excitation or “shoulder shrugging” are often reported, e.g., variants of the rowing exercise (Lantz & McNamara, 2003). These techniques are recommended for mastering proper scapular stabilization during exercise (Lantz & McNamara, 2003; Ronai, 2019). Of more recent interest is the possibility of acting directly on the source of motor alteration, with biofeedback based on surface electromyograms (EMGs). 
With this EMG-Biofeedback technique, practitioners may learn to scale the degree of excitation of specific muscles (Giggins, Persson, & Caulfield, 2013). The benefits of EMG Biofeedback for reducing exaggerated trapezius activity during exercises for scapular stabilization exercises are well known in the rehabilitation field, involving: i) improved scapular muscle balance, with increased activation of lower trapezius’ portions and reduced activation of the upper trapezius; and ii) enhanced scapular kinematics, i.e., scapular retraction (Huang et al., 2013; San Juan et al., 2016). Moreover, EMG biofeedback has been reported to be more effective than verbal scapular correction alone in reducing the loading of the upper trapezius during occupational activities (Gaffney, Maluf, & Davidson, 2016). It seems plausible, therefore, plausible to consider that a similar, relaxing attenuation effect of EMG biofeedback on the level of upper trapezius’ excitation may apply when provided during resistance training exercises (e.g., the seated row). In this context, 
[bookmark: _Hlk168873460][bookmark: _Hlk168876514][bookmark: _Hlk171756348][bookmark: _Hlk171756410]In this feasibility study, we thus investigate whether subjects are responsive to EMG biofeedback during the wide-grip seated row exercise, decreasing the amplitude of EMGs detected from the upper trapezius without hindering changing movement consistencyperformance. We targeted a variant of the seated row exercise (i.e., the wide-grip rowing) where upper trapezius is commonly active during exercise due to greater abduction of the shoulder compared to other variants, e.g., the middle-grip rowing (Hintermeister, Lange, Schultheis, Bey, & Hawkins, 1998). Moreover, this exercise is a subset of the most popular exercises used to train back muscles in both sports and rehabilitation settings (Cools et al., 2007; Lantz & McNamara, 2003; Ronai, 2019). Owing to the increased awareness of changes in muscle excitation offered by EMG biofeedback, we hypothesized in this non-randomized study that subjects would be able to reduce the degree of upper trapezius excitation while performing this exercise, contributing for assessing feasibility of a large scale investigation.  Our expectation arises from previous studies, not related to resistance exercises, showing the effect of EMG biofeedback on the reduction of upper trapezius excitation during shoulder exercises in subjects with and without shoulder dysfunction (Huang et al., 2013; San Juan et al., 2016).

Materials and methods
2.1 Participants
Eight healthy men (mean ± S.D.: 23.6 ± 2.8 years; height 174.8 ± 5.3 cm; body mass 77.2 ± 13.1 kg) were recruited by convenience sampling to participate in the study after providing written informed consent. All participants were familiar with resistance training and did not report any injuries in the elbow and the shoulder during experiments and in the preceding six months. The experiments took place in the Laboratory of Biomechanics at Federal University of Rio de Janeiro (School of Physical Education and Sports) in the year 2020. This study used a within-participant design (control and experimental comparison) and adhered to the Consort-checklist for reporting non-randomized studies (Reeves & Gaus, 2004). The study was conducted following the latest revision of the Declaration of Helsinki and was approved by the University Ethics Committee (Hospital Universitário Clementino Fraga Filho, HUCFF/UFRJ; CAAE: 15315119.7.0000.5257).

[bookmark: _Toc379036561][bookmark: _Toc379036777][bookmark: _Toc379036562][bookmark: _Toc379036778]2.2 Experimental protocol
[bookmark: _Hlk171929784]The study consisted of two experimental sessions for each participant tested. The first session was sought to determine the load lifted during the ten-repetition maximum test (10RM) for the wide-grip, seated row exercise. Afterward, in the second session, we collected surface electromyograms during the execution of the exercise in two different conditions, with and without EMG biofeedback. Both sessions occurred in the same location and were separated by 2 days to avoid any effect of fatigue on task performance. 

2.2.1 Session 1: 10 RM load identification
[bookmark: _Hlk170942730]Participants were first given a few minutes to familiarize themselves with the wide-grip seated row exercise. Focus was given to the posture participants had to maintain during the exercise.  More specifically, individuals were instructed to maintain a seated posture, with the trunk upright, the scapulae slightly retracted and depressed, the elbows fully extended and the arms flexed to the point at which the handlebar was slightly below the shoulder height (Lantz & McNamara, 2003; Ronai, 2019); this was the initial posture, defining the start and end of each, individual movement cycles. In addition, they were instructed to place their feet securely on the foot plates and motionless with the knees and hips bent slightly (Ronai, 2019). Subjects were then asked to perform one set of ten consecutive repetitions of the exercise, with the minimum machine load (9 kg) and at a fixed cadence of 1 repetition/2s to standardize movement speed, with the assistance of a metronome (Huang et al., 2013; Ronai, 2019). When considering the seated cable row exercise, a duration of 1 to 2 seconds during the pulling phase is recommended (Ronai et al., 2019). In each repetition, starting from the initial posture, subjects pulled the handlebar toward their chest (end of concentric phase) and moved the handlebar back to the initial position, until reaching the full elbow extension (end of eccentric phase). All participants were instructed by the the same physical education professional.
[bookmark: _Hlk52815486]After familiarization, the 10RM test was applied to determine the relative load to be used during data collection (Arent, Landers, Matt, & Etnier, 2005). A maximum of three attempts were considered to identify the 10RM load, with 5 min of rest in-between. In the first attempt, the load was selected based on the experience of the participant or experimenter. In case the participant could not reach or exceed the 10 repetitions with the load chosen, the trial started over, with a respectively lighter or heavier load. Each repetition was considered valid if participants kept the exercise posture and pulled over the full range of motion. The attempt and thus the 10RM load were deemed valid when a load allowing only 10 proper repetitions was determined (Arent et al., 2005). Three attempts were enough to establish the 10RM load for all subjects tested.

2.2.2 Session 2: Data collection during the seated row exercise
[bookmark: _Hlk47015966]Participants were instructed to perform one set of ten repetitions of the wide-grip seated row exercise without and with EMG biofeedback. In the biofeedback condition, raw EMGs from the upper trapezius were presented on a tablet screen and subjects were asked to minimize fluctuations or the amplitude/size of the EMG signal as much as possible while performing the movement while minimizing fluctuations in the EMG trace as much as possible (Figure 1; (Huang et al., 2013). Before starting data collection, participants got acquainted with the feedback condition after one minute of familiarization.  The experimenter ensured that participants maintained the same initial posture considered for the 10RM session and that the movement was executed as requested.  No verbal cues were provided during the exercise.  Conditions were applied in random order with a rest period of 3 min in between.

PLEASE INSERT FIGURE 1 HERE
2.3 Electrodes placement and EMG and acceleration recordings
EMG recording was reported according to the new checklist for reporting and critically appraising studies using EMG (CEDE-Check; Besomi et al., 2024). A single pair of adhesive and circular, surface electrodes (24 mm diameter; Spes Medica, Battipaglia, Italy) was positioned with 30 mm inter-electrode distance on the following muscles at the right side: serratus anterior, upper trapezius, middle trapezius, and lower trapezius muscles. Considering surface EMGs detected nearby the innervation zone are unlikely to reflect the degree of muscle excitation (Mancebo, Cabral, de Souza, de Oliveira, & Vieira, 2019; Rainoldi, Melchiorri, & Caruso, 2004), the pair of electrodes were positioned following the innervation zone guideline described by Barbero and colleagues (2012). For the upper trapezius, medial trapezius, and lower trapezius muscles, the center of the different pairs of electrodes was respectively placed at (i) 20% of the line traced from the spinal process of the sixth cervical vertebrae to the acromial angle; (ii) 20% of the line connecting the spinous process of the seventh cervical vertebrae to the acromial angle; (iii) 25% of the line traced from the spinous process of the twelfth thoracic vertebrae to the scapular spine (Figure 2A). For the serratus anterior muscle, the electrodes were positioned on the available muscle belly between the fifth and seventh ribs, since innervation zones are commonly not spatially organized in this muscle region (Figure 2B; (Barbero et al., 2012). For each participant, Before before positioning the electrodes, the skin was shaved and cleaned with an abrasive paste (Nuprep Skin Prep Gel, Weaver and Company, Colorado, USA). Afterward, the skin was cleaned with water and dried with paper. The electrodes were kept in place for both exercise conditions, with and without biofeedback.

PLEASE INSERT FIGURE 2 HERE

Bipolar EMGs were acquired with a wireless system and digitized at 2048 samples/s using a 16-bit A/D converter (gain 200 V/V; range input signal: 33 mV amplified with Gain 102 V/V; 10 - 500 Hz bandwidth amplifier; common-mode rejection ratio > 100 dB; size: 21mm (radius) x 11mm (thickness); weight: 12 g; DuePro system; LISiN and OTBioelettronica, Turin, Italy). A dedicated system probe (DueBio, LISiN and OTBioelettronica, Turin, Italy), with a triaxial accelerometer (sampling frequency of 100 Hz; 16-bit resolution), was tightly fixed on the superior part of the weight stack to record its vertical acceleration from the z-axis, the direction which the exercise imposed the majority ofinduced the greatest acceleration (Viecelli, Graf, Aguayo, Hafen, & Füchslin, 2020). The position data was then obtained from the double integration of acceleration data (Viecelli et al., 2020). Specifically, peaks in the position data were used to identify the individual repetitions and the concentric and eccentric phases of exercise (Viecelli et al., 2020). Surface EMGs and acceleration data were sampled with a maximum synchronization delay of 50 ms from the acquisition system and transmitted via Bluetooth to a portable computer. 

2.4 Data analysis
2.4.1 Surface EMG
The bipolar EMGs were first bandpass filtered with a fourth-order Butterworth filter (15–350 Hz cut-off frequencies) to attenuate motion artifacts and high-frequency noise. After that, the concentric and eccentric phases across exercise repetitions were identified from the position data (Viecelli et al., 2020) and used for the segmentation of surface EMGs. The onsets of concentric and eccentric phases were respectively identified from the negative and positive peaks in the position data (Hučko, Čekan, & Horvát, 2016). These peaks were automatically identified through a custom-written Matlab script (The MathWorks Inc., Natick, Massachusetts, USA). 
[bookmark: _Hlk171420851][bookmark: _Hlk171422412][bookmark: _Hlk171424423]For each exercise condition and muscle tested, the degree of muscle activity was estimated across the duration of exercise repetition from the Root Mean Square (RMS) amplitude of surface EMGs. Due to EMG non-stationarities associated with the movement imposed by the task (Hintermeister et al., 1998; Wattanaprakornkul, Halaki, Cathers, & Ginn, 2011), RMS values were computed for different intervals of concentric and eccentric phases within a single exercise repetition. This procedure allowed us to assess whether the degree of muscle activity for a given different periods withinof the movement cycle, for each phase, differed may have affected the degree of muscle activity between exercise conditions. Although transitions (e.g., from concentric to eccentric) are often discarded during dynamic contractions (de Souza, da Fonseca, Cabral, de Oliveira, & Vieira, 2017), the whole movement phase was considered since the upper trapezius and serratus anterior muscles actively contribute to scapular stabilization as the humerus underwent abduction throughout repetitions (Camargo & Neumann, 2019; Hintermeister et al., 1998). Each exercise repetition has been subdivided into a set of eight epoch windows, corresponding to 12.5% duration percentiles of the exercise repetition. The RMS amplitude was then calculated over each of the eight, 12.5% duration percentiles, providing eight RMS values per exercise repetition. For each participant and considering 10 repetitions in both exercise conditions, a total of 160 RMS values were obtained (2 exercise conditions x 10 repetitions x 8 intervals). After that, the RMS values were normalized to the highest RMS amplitude across all values obtained in both exercise conditions (Besomi et al., 2020). Finally, RMS values were averaged across repetitions separately for each interval considered, indicating the variation in the RMS amplitude for a given exercise condition.  

2.4.2 Kinematics
[bookmark: _Hlk171673838]To assess the movement consistency between exercise conditions (without and with EMG biofeedback), the duration of concentric and eccentric phases and the total displacement of the load within each phase, defined as the difference between maximum and minimum position values, were calculated separately for each exercise repetition and subject. For both variables, the average across exercise repetitions was considered for further analyses.

2.5 Statistics
Based on the effect size (Cohen’s d = 0.560) estimated from our data, EMG activity collected from the upper trapezius muscle during biofeedback conditions ensured high (95.87%) statistical power (post-hoc power analysis; Faul et al., 2007). Parametric statistics were applied independently for each muscle to test for differences in excitation between conditions, after ensuring the homogeneity of variances (Levene’s test) and the data Gaussian distribution (Kolmogorov-Smirnov; P > 0.05). A two-way analysis of variance (ANOVA) was used to compare differences in the average RMS amplitude across the eight, 12.5% percentiles and exercise conditions (without and with EMG biofeedback), with the latter being regarded as repeated measures. Whenever any significant difference was revealed by ANOVA, paired comparisons were assessed with the Tukey-HSD post-hoc test. Regarding the kinematic data, data distribution was also Gaussian (Kolmogorov-Smirnov; P > 0.05), and the Student’s t-test for dependent samples was applied to compare the duration of each movement phase and the load-displacement between conditions. The level of statistical significance was set at 5% and data were reported using mean and standard deviation. 

Results
3.1 Surface EMG
Differences in the amplitude of surface EMGs were observed between exercise conditions. In general, an inspection of Figure 3 reveals the quality of bipolar EMGs was high for both exercise conditions, wherein periods of relatively high and low excitation can be observed within repetitions. As shown for a representative participant, the targeted muscle (i.e., upper trapezius) exhibited surface EMGs with visibly lower amplitude throughout the two repetitions when presented with biofeedback. For the serratus anterior muscle, the EMG-biofeedback condition resulted in a similarly, visibly lower amplitude with EMG biofeedback. When considering the other portions of the trapezius muscle, differences in the EMG amplitude between exercise conditions were not appreciated.
Additionally, Figure 3 further indicates differences in the EMG amplitude between concentric and eccentric phases, regardless of the biofeedback. The three portions of the trapezius presented relatively higher EMG amplitude during the concentric than the eccentric phase of exercise. Conversely, for the serratus anterior muscle, EMGs with relatively higher amplitude were observed for the eccentric than the concentric phase. 

PLEASE INSERT FIGURE 3 HERE

Group results confirm the qualitative considerations made from the results of a single, representative participant. No interaction effect was revealed by ANOVA for all portions of the trapezius (upper: F(7,56) = 0.160, P = 0.991; middle: F(7,56) = 0.356, P = 0.923; lower: F(7,56) = 0.310, P = 0.946) and the serratus anterior muscle (F(7,56) = 0.607, P = 0.747). ANOVA identified only a significant main effect of biofeedback on the RMS amplitude for the upper trapezius (F(1,56) = 29.543, P < 0.01) and serratus anterior (F(1,56) = 20.376, P < 0.01) muscles. Post hoc comparisons revealed, on average, lower RMS values (~10%) with EMG biofeedback than with exercise alone for the upper trapezius (mean ± SD; without: 52.04 ± 16.838 %; with biofeedback: 44.701 ± 13.916 %; P < 0.01, Cohen’s d = 0.560) and serratus anterior muscles (without: 38.196 ± 18.366 %; with biofeedback: 28.590 ± 17.197 %; P < 0.01, Cohen’s d = 0.540; Figure 4A). There was also a main effect of the percentile of movement cycle for all portions of trapezius muscles (upper: F(7,56) = 5.416, P < 0.001; middle: F(7,56) = 3.0216, P = 0.009; lower: F(7,56) = 4.916, P < 0.001). The intervals coinciding with the end of the concentric phase, 25 - 37.5 % (mean ± SD; upper: 63.145 ± 13.807 %; middle: 54.358 ± 23.663 %; lower: 66.042 ± 19.089 %) and 37.5 - 50 % (upper: 60.181 ± 12.80 %; middle: 49.910 ± 22.253 %; lower: 62.533 ± 19.459 %;  (25-37.5% and 37.5%-50%; Figure 4A - C) presented higher RMS values than those identified within the eccentric phase: 50 - 62.5 % (upper: 43.693 ± 13.796 %; middle: 35.649 ± 17.559 %; lower: 39.538 ± 13.333%), 62.5 – 75 % (upper: 38.078 ± 11.352 %; middle: 26.656 ± 13.904 %; lower: 36.508 ± 14.129 %), 75 - 87.5 % (upper: 38.828 ± 14.067 %; middle: 27.602 ± 13.928 %; lower: 39.283 ± 16.904 %) and 87.5 – 100 % (upper: 40.235 ± 15.795 %; middle: 33.274 ± 18.122 %; lower: 43.084 ± 17.551 %) (post hoc: P < 0.048 in all cases, Cohen’s d: 1.322 – 1.914). When considering the serratus anterior muscle, ANOVA did not reveal a main effect of the repetition’s percentile (F(7,56) = 0.243, P = 0.972; Figure 4D). 

PLEASE INSERT FIGURE 4 HERE

3.2 Kinematics
When considering the duration of each movement phase, there was no difference in the duration between conditions for the concentric (without: 0.773 ± 0.101 s; with biofeedback: 0.781 ± 0.102 s; P = 0.613) and eccentric phases (without: 1.166 ± 0.127 s; with biofeedback: (1.227 ± 0.285 s; P = 0.395). Moreover, EMG biofeedback did not lead to differences in the range of load-displacement (10.5 ± 1.4 cm) when compared to the condition without biofeedback (10.0 ± 1.4 cm; P = 0.102). These results confirmed that the cadence was constant in both conditions and that the participants performed the task in a similar manner.

[bookmark: _Hlk512425902]Discussion
[bookmark: _Hlk133942949][bookmark: _Hlk171689379]The main purpose of this work was to assess the feasibility of EMG biofeedback for reducing the level of upper trapezius excitation during the wide-grip seated row exercise. Our results revealed a significant main effect of biofeedback on the normalized RMS amplitude for the upper trapezius and the serratus anterior, with lower values (~10%) with EMG biofeedback than with exercise alone. For the other trapezius portions, there was no main effect of biofeedback on the RMS amplitude. Given the active overloading of the upper trapezius’ may increase the risk of shoulder MSDs (Cools et al., 2007; Cricchio & Frazer, 2011), our findings support the potential of EMG biofeedback in reducing undue muscle loading during resistance exercises.

4.1 The EMG biofeedback reduced muscle excitation in upper trapezius and serratus anterior muscles
[bookmark: _Hlk171593240][bookmark: _Hlk171529955]Feedback-related reductions in the level of muscle excitation were observed for the muscle of interest, i.e. the upper trapezius. Results indicated the upper trapezius was excited to a lesser extent (~10%) with EMG biofeedback than without (Figures 3 and 4A). Current findings corroborate the effect of EMG biofeedback on the reduction of upper trapezius excitation, as reported for scapular stabilization exercises (Huang et al., 2013; San Juan et al., 2016) and for occupational activities (Gaffney et al., 2016). For resistance training exercises commonly applied to athletes conditioning, this fact seems not be reported yet.  In the rehabilitation field, this reduced excitation has been considered of clinically relevance, after a period of EMG biofeedback training for the relaxation of the upper trapezius (Hermens & Hutten, 2002). When considering the dynamic contractions during the seated row exercise, different sources could have accounted for the lower excitation of the upper trapezius with EMG biofeedback than with exercise alone. A possible first issue to consider is the potential difference in the electrode location in relation to the muscle between exercise conditions. Changes in the full range of abduction/adduction in the horizontal plane between conditions, for instance, could affect muscle geometry and then EMG pick-up area from the scapular muscles (Farina, 2006). However, our findings indicate this possibility is unlikely given participants were able to keep a consistent range of load-displacementmotion in both exercise conditions. Another factor could be related to alterations in the subject’s posture due to changes in the shoulder girdle kinematics when using the EMG biofeedback. Previous research showed the use of EMG biofeedback of the upper trapezius may be associated with increased scapular retraction during scapular stabilization exercises; less upper trapezius excitation is needed when scapular retraction increases (San Juan et al., 2016). Even though we did not quantify shoulder girdle kinematics, any potential changes in shoulder posture were sufficiently marginal (e.g., pulling the shoulder back more than 5 degrees; San Juan et al., 2016) to be perceived by the experimenter. A final consideration is whether our single pair of surface electrodes could have provided a biased view of muscle activity if other regions of the upper trapezius were active during biofeedback. We believe this possibility is unlikely, since we used a relatively large circular surface electrode (24 mm diameter) and inter-electrode distance (30 mm), ensuring the detection of a bipolar EMG representative of different fibers within the upper trapezius. Moreover, previous studies have shown that redistribution of activity within the upper trapezius play a role in the ability to sustain a prolonged static contraction (Arvanitidis, Falla, & Martinez-Valdes, 2019; Farina, Leclerc, Arendt-Nielsen, Buttelli, & Madeleine, 2008) rather than a short, repetitive dynamic task, i.e. 10 repetitions of the seated row exercise. Despite possible factors accounting for differences in the degree of upper trapezius’ excitation between exercise conditions, our findings suggest the EMG biofeedback seems to alleviate muscular loading at the upper trapezius during the wide-grip seated row exercise. 
Reduced excitation also emerged for the serratus anterior when using the EMG biofeedback from the upper trapezius. The percentage of amplitude reduction in the serratus anterior muscles (10%) was comparable with that observed for the upper trapezius (Figures 4A and 4D). This concurrent reduction of excitation in the two muscles is presumably due to their synergistic action for the stabilization and movement of the shoulder region (Camargo & Neumann, 2019). Corroborating this similar muscle response, a prior study reported the muscle activation profile of the serratus anterior was positively associated with that of the upper trapezius for row exercises (Wattanaprakornkul et al., 2011). However, it is important to note rowing exercises may induce relatively higher levels of muscle excitation in the upper trapezius than the serratus anterior, especially during pulling (Figures 4A and 4D; (Andersen et al., 2012; Wattanaprakornkul et al., 2011; Youdas et al., 2020). Our current results seem therefore suggest biofeedback allows low levels of muscle excitation of the upper trapezius and serratus anterior muscles during the wide-grip seated row exercise.

4.2 The EMG biofeedback did not alter muscle excitation in the lower portions of trapezius
[bookmark: _Hlk171686104][bookmark: _Hlk171680712][bookmark: _Hlk171681757]Biofeedback-related differences in muscle excitation were not observed for the middle and lower portions of the trapezius muscle. Our decision to assess these trapezius portions was based on previous studies showing that the reduction of upper trapezius excitation through EMG biofeedback is commonly associated with the increased excitation of lower trapezius portions, such as during rehabilitation exercises (Huang et al., 2013) and computer use (Gaffney et al., 2016). In this view, the EMG biofeedback could provide the relaxation of the upper trapezius and selectively increase the activity of primary muscles (medial and lower trapezius) during the wide-grip seated row exercise. Briefly, row exercises are typically indicated for strengthening the scapular retractors including the lower and middle portions of the trapezius (Arlotta, LoVasco, & McLean, 2011; Cools et al., 2007). Current findings, however, showed EMG biofeedback did not affect the excitation of the medial and lower trapezius during the rowing exercise. The lack of significant difference in the excitation of these primary muscles between the row exercise conditions might be explained by the exercise intensity. A previous study showed that focusing on specific primary muscles to selectively activate these ownthose particular muscles during resistance exercises (i.e., technique defined as mind-muscle connection) was dependent on the exercise intensity; resistance-trained individuals increased the degree of muscle excitation at intensities up to 60% of 1RM (Calatayud et al., 2016). Given the current study used a moderate intensity in both exercise conditions (i.e., 70% of the 10RM), it could demand a similar muscle effort of the medial and lower trapezius regardless of biofeedback. Whether row exercises at relatively low intensities with the EMG biofeedback from the upper trapezius could lead to differences in the activation of lower trapezius’ portions, should be the topic of future investigations. Another issue concerns the type of instruction given during the biofeedback. An inferior shift in trapezius muscle activity (i.e., toward the middle and lower trapezius) was observed when subjects were explicitly instructed to slightly retract their scapulae to comply with the biofeedback, resulting in reduced upper trapezius excitation, during a computer task. However, in this study, participants were asked to control scapular posture consistently across both exercise conditions before initiating movement, adhering to proper exercise technique (Lantz & McNamara, 2003; Ronai, 2019) . This approach may have evenly distributed the workload across lower trapezius portions in both exercise conditions, suggesting that the muscle excitation in non-targeted trapezius portions during biofeedback may depend on the specificity of instructions. Despite these considerationsTherefore, we found that the attenuation effect of EMG biofeedback on the excitation of the upper trapezius muscle seems to have a marginal effect on the muscle excitation of primary muscles (middle and lower trapezius portions) during the wide-grip row exercise at 70% of the 10RM.  

4.3 Future perspectives and limitations
[bookmark: _Hlk161665861]This study provided evidence regarding EMG biofeedback as a feasible tool to reduce the upper trapezius’ excitation during a seated row exercise. From a practical point of view, the attenuation effect of EMG biofeedback on muscular loading at the upper trapezius could have implications on athletes’ performance while reducing the incidence of MSDs. The reduction of upper trapezius overloading muscle is often excessively excited during resistance training exercises (e.g., the seated row (Lantz & McNamara, 2003), could be beneficial in reducing the positing a risk factor for the development of shoulder disorders (Kolber et al., 2010; Paula M. Ludewig & Reynolds, 2009). Compelling literature suggests that the upper trapezius overloading is likely linked to undesired anterior tilt of the scapula, which reduces the subacromial space and contributes to the development of MSDs in the shoulder complex, such as shoulder impingement (Camargo & Neumann, 2019; Huang et al., 2013; San Juan et al., 2016). Our key results revealed resistance-trained individuals were able to perform the exercise while reducing the excessive excitation of the upper trapezius with EMG biofeedback. This finding may encourage further Future investigations, however, are necessary about the potential of to prove the effectiveness of EMG biofeedback applied to resistance exercises  on the reduction of upper trapezius excitation. For example, it is unclear whether individuals could learn to efficiently activate the trapezius muscle after training with EMG biofeedback applied to resistance exercises, contributing to reduce the overload of scapular stabilizers during sports conditioning. Moreover, whether other relevant sources of EMG feedback (e.g., lower trapezius) could also reduce upper trapezius loading while increasing the selective activation of prime movers remains an open issue. We expect our results set the grounds for future studies aimed at exploiting the potential of integrating the EMG biofeedback technique in resistance training programs to safely increase muscle strength in athletes of modalities that impose high stress on the shoulder complex.
	In this context, some limitations on the results presented here are worth discussing. As a feasibility study (non-randomized, control and experimental comparison), with limitations related to sample size, our findings should be viewed as preliminary, and additional investigation through randomized clinical trials is warranted before integrating EMG biofeedback into resistance training. In addition, due to technical constraints, we did not measure shoulder kinematics during exercise conditions, a possible factor unrelated to muscle excitation influencing EMG. Nevertheless, any kinematic change at shoulder level that may have occurred in response to seated row exercise with EMG biofeedback was not large enough to be perceived by the experimenter.

Conclusions
In conclusion, this study demonstrated that the EMG biofeedback reduced the excitation of the upper trapezius as well as the serratus anterior muscle during the wide-grip seated row exercise without affecting: i) muscle excitation within the middle and lower portions of trapezius; ii) movement performanceconsistency. These findings support the potential of integrating the EMG-biofeedback technique in resistance training programs to increase muscle strength while simultaneously reducing the overload of scapular stabilizers (e.g., upper trapezius) during upper arm exercises, with potential implications for the prevention of shoulder disorders. 
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Figure captions:

Fig. 1 Schematic illustration showing the initial position of the wide-grip seated row exercise. During the biofeedback condition, traces (black) corresponding to raw EMGs from the upper trapezius over periods of 500 ms were shown to participants, on a 10.5’’ tablet placed in front of the subject. The goal of biofeedback was to reduce the fluctuations in the EMG trace as much as possible during the exercise, as shown by gray traces in the tablet.

Fig. 2 Schematic illustration showing the positioning of bipolar electrodes (inter-electrode distance, IED: 30 mm) on the three portions of the trapezius muscle (A) and the serratus anterior muscle (B). The position of the center of each pair of electrodes was considered to define the electrode site, corresponding to a percentage of reference lines between the specific landmarks.

Fig. 3 Bipolar EMGs collected from the three portions of the trapezius and the serratus anterior of a representative participant during the two exercise conditions, without (left) and with EMG biofeedback (right), are shown for two consecutive exercise repetitions. The concentric and eccentric phases were identified from the peaks in the position data (upper axis). The time interval for each phase is indicated with light-gray shaded areas. Note for the upper trapezius the bipolar EMG with a relatively low amplitude with the EMG biofeedback. 

Fig. 4 Mean (± SD) of the RMS amplitude computed at percentages of the repetition of the seated row exercise without (white circles) and with (black circles) biofeedback for all muscles tested. 0-50% comprises intervals within the concentric phase, while 50-100% intervals are within the eccentric phase of exercise. Asterisk denotes a significant main effect of exercise condition (i.e., EMG biofeedback; p<0.05).
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