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Shoulder pain is common in persons with spinal cord injury and has been associated with wheelchair use. Fatigue related compensation strategies have been identified as possibly impacting the development of shoulder injury and pain. The purpose of this study was to investigate the progression of performance fatigability (i.e., decline in objective measure of performance including neuromuscular activation and increase in heart rate) and perceived fatigability (i.e., increased perceived exertion) during a 15-min fatigue protocol including maximum voluntary overground wheelchair propulsion. Fifty participants with paraplegic spinal cord injury completed three 4-min rounds of wheelchair propulsion, separated by 90 s of rest, on a figure-8 course consisting of two turns and full stops per lap in their manual wheelchairs (ClinicalTrials.gov: NCT03153033). Electromyography (EMG) signal of five muscles acting on the shoulder joint, heart rate (HR), and rate of perceived exertion (RPE) were measured at the beginning and end of every 4 min of propulsion. Root Mean Square (RMS) and Mean Power Frequency were calculated from EMG data. There was a significant increase in %RMS of the pectoralis major pars sternalis and trapezius pars descendens, HR, and RPE with greatest changes during the first 4 min of the protocol. The observed changes in neuromuscular activation in only two of the shoulder muscles may impact muscular imbalances and the development of shoulder injuries and should be further studied. The current study gives clearer insight into the mechanisms of performance fatigability and perceived fatigability throughout a wheelchair propulsion fatigue protocol.
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1 INTRODUCTION
Shoulder pain is a common problem in individuals with spinal cord injury (SCI) with a prevalence ranging from 36% to 70% (Gironda et al., 2004; Bossuyt et al., 2018) and chronic tendon degeneration is present in almost all wheelchair users (Arnet et al., 2022b; Jahanian et al., 2022). Socio-demographic factors like age (Alm et al., 2008) and gender (Bossuyt et al., 2018), characteristics of injury including level of injury (Sinnott et al., 2000), SCI severity and duration (Finley and Rodgers, 2004), and wheelchair use have all been associated with shoulder pathology and pain (Bossuyt et al., 2018). Even though previous studies showed that participation in wheelchair sports improves physical function and quality of life in individuals with SCI (McVeigh et al., 2009; Anneken et al., 2010) and Fullerton et al. (2003) describes possible protective mechanisms present in wheelchair athletes compared to their non-athletic counterparts the shoulder is a common site of complaints (Webborn and Emery, 2014; Heyward et al., 2017). Participation in wheelchair sports may lead to an increased risk of arm injury (Diaz et al., 2019). Karasuyama et al. (2022) states that factors and mechanisms of shoulder pain in wheelchair basketball are difficult to identify due to the presence of multiple potential factors. A systematic review by Heyward et al. (2017) came to the same conclusion and lists the following potential factors and underlying mechanisms for shoulder problems in wheelchair sports in general: overuse, weakness in shoulder adductors, internal and external rotators, decreased trunk control, poor driving posture in the wheelchair, poor scapular kinetics and muscular imbalances. Injury, pain and subsequent loss of mobility can influence a person’s independence and decreases quality of life (Gutierrez et al., 2007). Therefore, it is important to find the causes and develop preventive strategies.
Wheelchair propulsion is a demanding, repetitive activity which can result in fatigue (Mercer et al., 2006). It was indicated that repetitive mechanical loading of tendons alters the biochemical tissue responses possibly leading to tissue injury (Devkota and Weinhold, 2010). To this effect, acute (Porter et al., 2020) and long-term (Pozzi et al., 2022) supraspinatus tendon changes have been shown to occur in response to repetitive loading. These and other findings lead to the theory of repetitive mechanical load being one of the main factors to predict tendon related pain (Lewis, 2010). Repetitive fatiguing propulsion is a part of everyday wheelchair use as well as many wheelchair sports including wheelchair basketball, racing, rugby and tennis. With fatigue, the neuromuscular system is unstable and susceptible to injury (Pol et al., 2019). Arnoczky (2007) argue that fatigue or altered kinematics during repetitive load could lead to single or repetitive abnormal loading cycles causing damage to the tendon. With respect to the shoulder, fatigue can lead to different factors causing shoulder pain in people with SCI, such as alteration of the position of the humeral head (Chopp et al., 2010), alteration of scapulothoracic and glenohumeral kinematics (Ebaugh et al., 2006), decrease in shoulder proprioception (Lee et al., 2003) and acute changes in thickness of the supraspinatus and long biceps tendon (Bossuyt et al., 2020b).
Enoka and Duchateau (2016) describe fatigue as a global symptom rather than a decrease in performance of a specific structure. In their taxonomy two attributes of fatigue are acknowledged: performance fatigability and perceived fatigability. This definition of fatigue and fatiguability was adopted for the study at hand. Performance fatigability depends on the contractile capabilities of the muscles involved and the capacity of the nervous system to provide adequate activation and feedback for a given task. This can be quantified with changes in heart rate (HR) representing a global parameter of fatigability, muscular activation through electromyography (EMG: quantified by mean power frequency (MPF) and root mean square (RMS) (De Luca, 1997)), and isometric or dynamic force both local parameters for fatigability. Perceived fatigability on the other hand depends on the initial value and rate of change in subjective sensations and focuses on homeostasis and the psychological state which can be quantified with the rate of perceived exertion (RPE) (Borg, 1990) representing another global parameter. It remains unclear how these global and local parameters of fatigability relate in manual wheelchair users.
Investigating the effect of fatigue on shoulder muscles can provide further insights into injury risk. Although it would be ideal to observe the effect of fatigue during daily life or game play (van Drongelen et al., 2007), the measurements that can be performed in these settings are limited and the level of standardisation is lower compared to a laboratory setting. With fatigue being highly task dependent, it is important for potential test protocols to be close to activities of daily life or game play (Barry and Enoka, 2007). A figure-8 fatigue protocol (F8F) developed by Collinger et al. (2010a) is executed on level ground in the participants’ own wheelchair bringing the measurement of wheelchair propulsion induced fatigue closer to everyday activities. The protocol includes accelerations, deceleration, full stops and turns, which is closer to the conditions of everyday wheelchair propulsion and the training exercises included in several wheelchair sports and therefore potentially more relevant than fatigue measured during isometric or cyclic wheelchair propulsion movements (Collinger et al., 2010a). The short duration of F8F (15 min) and minimum requirement of equipment, make it a time-efficient and low-cost protocol that could be included in prospective cohort studies and assessments of wheelchair athletes to give, for example, guidance on readiness to return to play following an injury.
Studies using the F8F showed that the protocol resulted in (1) changes in biceps and supraspinatus tendon appearance (Collinger et al., 2010b; Bossuyt et al., 2020b), (2) shorter contact time in the first stroke of start-up propulsion (Bossuyt et al., 2020d), and increased neuromuscular activation in the M. pectoralis major, M. deltoideus and M. trapezius pars descendens as well as changes in stroke angle (Bossuyt et al., 2020a). To date, however, no study has investigated changes in muscle activity during the F8F itself limiting our understanding of the time-course of the development of performance and perceived fatigability. Therefore, the aim of this study was to investigate the progression in performance fatigability and perceived fatigability throughout the F8F and to investigate the relationship between local and global parameters of fatigability. We propose the following hypotheses: There will be significant changes in performance fatigability measured by mean power frequency (MPF) and root mean square (RMS) of the EMG signal of shoulder muscles and by HR throughout the F8F. Furthermore, there will be significant changes in perceived fatigability measured by RPE and significant correlation between local and global parameters of fatigability will be found.
2 MATERIALS AND METHODS
2.1 Study design and study population
This study, with a quasi-experimental one-group pretest-posttest design, was part of a larger project registered at ClinicalTrials.gov (Identifier: NCT03153033; Registration date: 15 May 2017) (Bossuyt et al., 2020a; Bossuyt et al., 2020c; Bossuyt et al., 2020d; Arnet et al., 2022a). Ethical approval was granted by the Ethikkommision Nordwest-und Zentralschweiz (Project-ID: 2017-00355). A total of 50 participants were recruited via the Swiss Spinal Cord Injury Cohort Study (SwiSCI) database. Included for participation were individuals with diagnosed paraplegia (injury level T2 or below), nonprogressive traumatic or atraumatic SCI, 1 year or more after completion of inpatient rehabilitation, aged between 18 and 65, daily use of a manual wheelchair and no required support for moving around more than 100 m in a wheelchair. Exclusion criteria were as follows: patients in palliative care, congenitally caused SCI, neurodegenerative disorders or Guillain-Barré syndrome, pain in the upper limbs that restricts wheelchair propulsion, past shoulder, elbow or wrist fractures or dislocations that cause symptoms, history of cardiopulmonary problems that could be worsened by demanding physical activity.
2.2 Procedure
Written informed consent was obtained from all patients prior to the 4 h testing session which took place in the biomechanical laboratory at the Swiss Paraplegic Research. Participants were instructed to avoid strenuous exercise 48 h before the testing day. After familiarization with the procedures, several assessments were conducted before, during and after the F8F as part of the overall project and not further analyzed for this paper. The standardized procedures prior to the F8F lasted for about 3 h and included preparations for EMG and kinematic measurements, completion of questionnaires, wheelchair propulsion (15 m sprint and propulsion on a treadmill) and ultrasound examination of the shoulder. For further details on these assessments, which will not be part of the analysis in the current study, please consider the following publications: Bossuyt et al. (2020a); Bossuyt et al. (2020b); Bossuyt et al. (2020d); Arnet et al. (2022a). These previous studies published results from this dataset including changes in treadmill propulsion biomechanics and ultrasound measures of shoulder tendons and acromiohumeral distance before and after the F8F.
2.3 Figure-8 fatigue protocol
The F8F consists of three repetitions of 4 min of wheelchair propulsion along a figure-8 shaped course with 90 s of rest in between (Collinger et al., 2010a). Two cones were placed 18 m apart and the starting point as well as the direction of the 2 turns were marked on the floor. Participants were instructed to propel as many laps as possible in 4 min. Every lap includes a right and left turn and 2 full stops at the crossing point (Figure 1). Instructions and motivational input given during the protocol were standardized.
[image: Figure 1]FIGURE 1 | Adapted from Arnet et al. (2022a), licensed under CC BY 4.0: Illustration of one lap of the figure-8 protocol.
2.4 Data collection
Socio-demographic, personal and injury related information were self-reported. Muscle activity was recorded during the first and last 30 s of each 4 min propulsion of the F8F with the use of surface EMG (Telemyo 2400T Direct Transmission System, 305 Noraxon, Inc. United States) of the M. biceps brachii, M. pectoralis major pars sternalis, M. deltoideus pars acromialis, M. trapezius pars descendens and pars ascendens on the non-dominant side in accordance to the SENIAM guidelines (Hermens et al., 2000). The non-dominant side was chosen to minimize the influence of handedness. A wireless system and self-adhesive snap bipolar AG/AgCL surface electrodes were used to record EMG data at 1,500 Hz. HR was measured using a heart rate monitor Polar H800 (Polar, Electro, Finland) and RPE was captured with a 20 point Borg scale (Borg, 1990). Both parameters were measured and written down before and after every 4 min session of the F8F.
2.5 Data analysis
Raw EMG signals were offset corrected, rectified, filtered with a high pass (20 Hz) and low pass (3 Hz) 3rd order Butterworth filter. Smoothing was executed using moving average (0.05 s 50% overlap) (Supplementary Figure S1). This generated linear envelope was used to calculate the RMS which is expected to increase with fatigue (De Luca, 1997). The MPF, which is expected to decrease with fatigue (De Luca, 1997), was calculated using the raw EMG data. RMS and MPF of all six measurements of the five muscles were calculated with a short-time Fourier transformation (MacIsaac et al., 2001). RMS and MPF signals were calculated as a percentage of the initial RMS and MPF.
2.6 Statistical analysis
Statistical analysis was done with Statistical Package for the Social Sciences (SPSS Statistics 26, IBM). The hypotheses were tested with one-way repeated measure analysis of variance (ANOVA). The dependent variables were MPF and RMS and the independent variable was time (6 time points representing the beginning and end of every 4 min of the F8F). If Mauchly’s test of sphericity was significant, Greenhouse Geisser Corrected p-values were used. If statistical significance was found, pairwise comparisons with Bonferroni corrections were used. Correlation coefficients (Spearman- or Pearson-Test) between changes in HR, RPE and RMS of muscles with significant effects for time, were calculated and interpreted according to the recommendation of Dancey and Reidy (2007) defining values 0.1 to 0.3 (−0.1 to −0.3) as weak, 0.4 to 0.6 (−0.4 to −0.6) as moderate and 0.7 to 0.9 (−0.7 to −0.9) as strong correlations. The level of significance was set to p < 0.05.
3 RESULTS
Due to technical problems with the EMG, 7 of the 50 participants had to be excluded. Data of 43 participants were investigated (age: 50.2 ± 10.1 years, weight: 72.1 ± 13.3 kg, TSI: 27.1 ± 11.6 years, cause of injury: 93% traumatic, completeness: 84% incomplete, lesion level: 42% T2-T6, 42% T7-T12, 16% L1-L5, dominant hand: 93% right handed). Subject characteristics of the included participants did not significantly differ from the excluded participants except with regards to completeness of injury with 84% of the included participants had an incomplete injury compared to 43% in the excluded group (Table 1). During the F8F protocol, the participants completed 9.6 ± 1.4 laps (mean, SD) in the first bout of the protocol, 9.8 ± 1.4 in the second bout and 9.9 ± 1.5 in the last bout.
TABLE 1 | Characteristics of the included participants and the participants excluded due to technical problems.
[image: Table 1]The Greenhouse Geisser corrected repeated measure ANOVA’s showed a significant effect of time for HR (F (2.58, 105.58) = 378.88, p < 0.001, partial η2 = 0.90), RPE (F (2.81, 117.99) = 199.12, p < 0.001, partial η2 = 0.83) (Figure 2), RMS of M. trapezius pars descendens (F (1.83,71.31) = 9.01, p < 0.001, partial η2 = 0.19) (Supplementary Figure S2) and RMS of M. pectoralis major pars sternalis (F (1.90, 72.05) = 8.50, p < 0.01, partial η2 = .18) (Supplementary Figure S3). Post-hoc test results are reported in Figure 2 and Supplementary Figure S2, S3. No significant effects were found for the RMS of M. deltoideus pars accromialis (F (2.42,94.55) = 1.65, p = 0.191), M. trapezius pars ascendens (F (3.09, 120.57) = 0.946, p = 0.423), and M. Biceps brachii (F (3.67, 135.86) = 1.85, p = 0.129) (Figure 3). No significant effects were found for MPF of the five measured muscles.
[image: Figure 2]FIGURE 2 | Heart rate and RPE means ± SD over the figure-8 fatigue (F8F) protocol. ** marking highly (p < 0.001) significant difference to all other points of measurement. ° marking highly significant difference to all other points of measurement except with 900 s ×× marking highly significant difference to all other points of measurement except with 660 s ++ marking highly significant difference to all other points of measurement except with 570 s.
[image: Figure 3]FIGURE 3 | Mean Root Mean Square (RMS) in percentage of the start RMS of the EMG signal of the 5 shoulder muscles measured during the figure-8 fatigue (F8F) protocol.
Weak to moderate correlations were found between changes in HR and RPE as well as between changes in RMS of M. pectoralis pars sternalis and RMS of M. trapezius pars descendens. Table 2 gives an overview of the significant correlations. No other significant correlations (e.g., between changes in HR and changes in RMS) where found.
TABLE 2 | Spearman Rho for changes throughout and total change throughout the F8F.
[image: Table 2]4 DISCUSSION
This study investigated changes in local and global parameters of performance over the duration of the F8F. Significant changes indicating fatigability throughout the F8F were registered in HR, RPE and RMS of M. trapezius pars descendens and RMS of M. pectoralis major pars sternalis. More specifically the protocol showed changes in parameters of performance fatigability with an increase in mean heart rate from 79 ± 14 bpm right before the protocol to 159 ± 21 bpm right after the protocol and the expected HR and RMS patterns of M. trapezius pars descendens and M. pectoralis major pars sternalis during the protocol (increase at the end of every 4 min active propulsion phase, decrease after the 90 s rest). Furthermore, an increase in RPE as a parameter of perceived fatigability was observed from very light exertion to very hard exertion.
Interestingly, greatest changes in RMS were observed over the first 4 min of the F8F. The correlations between changes in RMS of the M. pectoralis major and RMS of the M. trapezius pars descendens showed that these two muscles fatigue simultaneously rather than sequentially. The correlation of changes in HR and RPE although weak further demonstrate the association of more global measures of performance and perceived fatigability. Nevertheless, these global measures of fatiguability did not correlate with the changes in RMS, a local measure of performance fatiguability.
An increase in RMS is related to an increase in estimated amplitude of force twitches of motor units and further demonstrates the size principle of recruitment of motor units present in fatiguing activities. In the unfatigued state, slow motor units are recruited, then during the course of activity or with increased intensity larger and faster motor units follow (De Luca, 1997). As the smaller motor units fatigue, fine coordination of the affected muscles could decrease, possibly leading to harmful changes. In case of wheelchair propulsion, scapulothoracic and glenohumeral movement patterns may be affected (Chopp et al., 2010). Fatigue in only a part of the shoulder stabilizing muscles could lead to/or increase muscle imbalances leading to more stress on the rotator cuff muscles and promoting shoulder injury and pain (Burnham et al., 1993). These findings underline the importance of exercise programs targeting strengthening and thus reducing the fatigability of the scapular stabilizers (Van Straaten et al., 2014). Furthermore, with muscle imbalance being one of the possible underlying factors for increased risk of shoulder problems in wheelchair sports (Heyward et al., 2017) further examination of fatiguing propulsion in sport specific settings is crucial.
No consistent patterns regarding fatigue on a muscular level were observed for the M. deltoideus pars acromialis, M. trapezius pars ascendens, and M. biceps brachii. Slowik et al. (2016) found high variations in the activity of the M. deltoideus pars acromialis between the different propulsion techniques especially during the recovery phase of each wheelchair push. The unclear results regarding fatigue of the M. deltoideus pars acromialis could be explained by this wide variety of movement techniques during the recovery phase. Subgroup analyses comparing different propulsion and recovery phase techniques could give further insight in the topic.
The lack of changes of MPF data during the F8F may be related to the discontinuous nature of the used protocol including and varying technical approaches in propulsion, breaking and turning between different participants. MPF is recommended for the analysis of isometric or strictly cyclic tasks (MacIsaac et al., 2001). Other investigations with the same participants showed a reduction in MPF for M. Pectoralis major, M. deltoideus, M. trapezius pars ascendens and M. biceps brachii during cyclic wheelchair propulsion on a treadmill after the F8F (Bossuyt et al., 2020a). Furthermore differences to the findings of Bossuyt et al. (2020a) regarding RMS and MPF values and level of changes can be explained by the temporal differences in the measurement protocols. In the study at hand, EMG data was collected during the protocol and the first measurement of the protocol was taken as 100% for RMS and MPF. Bossuyt et al. (2020a) analysed fatigue using data from testing pre and post protocol treadmill tests at fixed power output and investigated absolute values of the MPF. Measuring during the protocol might ignore that some participants where already fatigued due to the preparation procedure and previous measurements (e.g., participants performed a sprint test and wheelchair propulsion on the treadmill). Furthermore, it is questionable if changes in MPF indicating fatigue would take more time after exposure to manifest.
Several limitations need to be acknowledged. First, although the F8F more closely mimics propulsion in daily life or game play there is more variation in real life in length, slope and velocity of wheelchair propulsion, there are different terrains with varying frictional resistance and turns require changing radii. Furthermore, many demanding activities of daily life, like transfers, pressure relief lifts, reaching over head and sport specific activities like throwing and receiving a ball or tackling are missing. Nevertheless, this study focussed on the most repetitive activity of daily life and sports for wheelchair users, namely, wheelchair propulsion. Secondly, it remains unclear at which state of fatigue, influenced by the standardized foregoing parts of the investigation as described earlier and their journey to the movement laboratory, the participants started the F8F. Nevertheless, all participants completed the same assessments prior to the F8F. Thirdly, 8 participants used drugs to treat upper extremity pain in the last 3 months, however none of them had pain that limited their ability to propel. Fourthly important muscles to additionally include would be M. deltoideus pars clavicularis and spinalis. As weakness in the M. deltoideus has shown to be compensated by the rotator cuff muscles and vice versa (Slowik et al., 2016) it is important to investigate the influence of fatiguing propulsion on all three anatomical parts of the M. deltoideus. Additionally, shifts in activation ratio between these muscles is seen as a potential cause for decreased joint stability (van Drongelen et al., 2013). Finally, the strict inclusion and exclusion criteria (for example, pain limiting the ability to propel or congenital causes of SCI) may mean the study is not applicable to certain populations.
To gain further knowledge about the influence of fatigue on the development of shoulder pain in people with SCI it is important to develop fatigue protocols that include daily life or sport specific activities, survey their fatiguing effects on the muscular, neural, cardio-vascular and cognitive function and further validate the parameters applied. For validation of existent or future fatigue protocols a gold standard measure for propulsion induced fatigue is needed. Furthermore, the addition of resting HR, peak HR, localised RPE and the assessment of pain before, during and after the protocol is recommended. Also, the development of specific protocols to assess fatigue and its effect during other activities of daily life like pressure relief lifts, overhead activities, reaching and propulsion on uneven ground as well as developing new and adapting existing protocols to the specific demands of individual wheelchair sports is important. Furthermore, the following parameters are recommended to be included in future studies on the topic at hand: temporal onset of muscular fatigue and pain, propulsion technique, wheelchair settings, sitting posture and level of activity in daily life.
The current study is unique in giving clearer insight into the mechanisms of performance fatigability and perceived fatigability throughout the F8F, a protocol that has been used in previous investigations studying the effect of fatiguing wheelchair propulsion (Collinger et al., 2010a; Bossuyt et al., 2020a; Bossuyt et al., 2020c; Bossuyt et al., 2020d; Arnet et al., 2022a). Performance fatigability was shown in a consistent increase throughout the protocol in HR and RMS of the EMG signal of the M. pectoralis major pars sternalis and M. trapezius pars descendens. The subsequent significant consistent increase in RPE demonstrates the effect of the protocol with regards to perceived fatigability.
DATA AVAILABILITY STATEMENT 
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation. The datasets generated and/or analyzed during the current study are available from the corresponding author on reasonable request.
ETHICS STATEMENT 
The studies involving humans were approved by the Ethikkommision Nordwest-und Zentralschweiz. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS 
Conceptualization: FB, MB, UA, and UM. Methodology: FB. Formal Analysis: UM. Investigation: FB, UM, and UA. Writing–Original Draft: UM. Writing–Review and Editing: UM, FB, MB, UA, and EM. Visualization: UM. Supervision: FB, MB, UA, and EM. Project administration: FB. Funding acquisition: FB and MB. All authors contributed to the article and approved the submitted version.
FUNDING 
This project is supported by the Administration on Community Living, the National Institute on Disability, Independent Living, and Rehabilitation Research (NIDILRR) (Grant Number 90SI5014). The NIDILRR is a center within the Administration for Community Living (ACL) within the Department of Health and Human Services (HHS). The contents of this article do not necessarily represent the policy of NIDILRR, ACL, or HHS, and you should not assume endorsement by the US Government. This project has also been supported by the International Society of Biomechanics with the International Travel Grant to FMB (1 July 2016). This study has been financed in the framework of the Swiss Spinal Cord Injury Cohort Study (SwiSCI, http://www.swisci.ch), supported by the Swiss Paraplegic Foundation. We thank the SwiSCI Steering Committee with its members Xavier Jordan, Fabienne Reynard (Clinique Romande de Réadaptation, Sion); Michael Baumberger, Luca Jelmoni (Swiss Paraplegic Center, Nottwil); Armin Curt, Martin Schubert (Balgrist University Hospital, Zürich); Margret Hund-Georgiadis, NN (REHAB Basel, Basel); Laurent Prince (Swiss Paraplegic Association, Nottwil); Daniel Joggi (Representative of persons with SCI); Mirjana Bosnjakovic (Parahelp, Nottwil); Mirjam Brach, Gerold Stucki (Swiss Paraplegic Research, Nottwil); Carla Sabariego (SwiSCI Coordination Group at Swiss Paraplegic Research, Nottwil).
ACKNOWLEDGMENTS
The authors thank Benjamin Beirens, MSc, Angelene Fong, MSc, MA, and Stephanie Marino-Wäckerlin, MA for their contributions to the data collection.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2023.1220969/full#supplementary-material
REFERENCES
 Alm M., Saraste H., Norrbrink C. (2008). Shoulder pain in persons with thoracic spinal cord injury: prevalence and characteristics. J. Rehabilitation Med. 40 (4), 277–283. doi:10.2340/16501977-0173
 Anneken V., Hanssen-Doose A., Hirschfeld S., Scheuer T., Thietje R. (2010). Influence of physical exercise on quality of life in individuals with spinal cord injury. Spinal Cord. 48 (5), 393–399. doi:10.1038/sc.2009.137
 Arnet U., Boninger M. L., Cools A., Bossuyt F. M. (2022a). Effect of fatiguing wheelchair propulsion and weight relief lifts on subacromial space in wheelchair users. Front. Rehabilitation Sci. 3, 849629. doi:10.3389/fresc.2022.849629
 Arnet U., de Vries W. H., Eriks-Hoogland I., Wisianowsky C., van der Woude L. H. V. Veeger D., et al. (2022b). MRI evaluation of shoulder pathologies in wheelchair users with spinal cord injury and the relation to shoulder pain. J. Spinal Cord Med. 45 (6), 916–929. doi:10.1080/10790268.2021.1881238
 Arnoczky S. P., Lavagnino M., Egerbacher M. (2007). The mechanobiological aetiopathogenesis of tendinopathy: is it the over-stimulation or the under-stimulation of tendon cells?Int. J. Exp. pathology 88 (4), 217–226. doi:10.1111/j.1365-2613.2007.00548.x
 Barry B. K., Enoka R. M. (2007). The neurobiology of muscle fatigue: 15 years later. Integr. Comp. Biol. 47 (4), 465–473. doi:10.1093/icb/icm047
 Borg G. (1990). Psychophysical scaling with applications in physical work and the perception of exertion. Scand. J. work, Environ. health 16 (1), 55–58. doi:10.5271/sjweh.1815Suppl
 Bossuyt F. M., Arnet U., Brinkhof M. W., Eriks-Hoogland I., Lay V. Müller R., et al. (2018). Shoulder pain in the Swiss spinal cord injury community: prevalence and associated factors. Disabil. Rehabilitation 40 (7), 798–805. doi:10.1080/09638288.2016.1276974
 Bossuyt F. M., Arnet U., Cools A., Rigot S., de Vries W. Eriks-Hoogland I., et al. (2020a). Compensation strategies in response to fatiguing propulsion in wheelchair users: implications for shoulder injury risk. Am. J. Phys. Med. Rehabilitation 99 (2), 91–98. doi:10.1097/PHM.0000000000001267
 Bossuyt F. M., Boninger M. L., Cools A., Hogaboom N., Eriks-Hoogland I. Arnet U., et al. (2020b). Changes in supraspinatus and biceps tendon thickness: influence of fatiguing propulsion in wheelchair users with spinal cord injury. Spinal Cord. 58 (3), 324–333. doi:10.1038/s41393-019-0376-z
 Bossuyt F. M., Boninger M. L., Cools A., Hogaboom N., Eriks-Hoogland I. Arnet U., et al. (2020c). Changes in supraspinatus and biceps tendon thickness: influence of fatiguing propulsion in wheelchair users with spinal cord injury. Spinal Cord. 58 (3), 324–333. doi:10.1038/s41393-019-0376-z
 Bossuyt F. M., Hogaboom N. S., Worobey L. A., Koontz A. M., Arnet U., Boninger M. L. (2020d). Start-up propulsion biomechanics changes with fatiguing activity in persons with spinal cord injury. J. Spinal Cord Med. 43 (4), 476–484. doi:10.1080/10790268.2019.1582603
 Burnham R. S., May L., Nelson E., Steadward R., Reid D. C. (1993). Shoulder pain in wheelchair athletes: the role of muscle imbalance. Am. J. Sports Med. 21 (2), 238–242. doi:10.1177/036354659302100213
 Chopp J. N., O'Neill J. M., Hurley K., Dickerson C. R. (2010). Superior humeral head migration occurs after a protocol designed to fatigue the rotator cuff: a radiographic analysis. J. shoulder Elb. Surg. 19 (8), 1137–1144. doi:10.1016/j.jse.2010.03.017
 Collinger J. L., Impink B. G., Ozawa H., Boninger M. L. (2010a). Effect of an intense wheelchair propulsion task on quantitative ultrasound of shoulder tendons. PM&R 2 (10), 920–925. doi:10.1016/j.pmrj.2010.06.007
 Collinger J. L., Impink B. G., Ozawa H., Boninger M. L. (2010b). Effect of an intense wheelchair propulsion task on quantitative ultrasound of shoulder tendons. Phys. Rehabil. Med. 2 (10), 920–925. doi:10.1016/j.pmrj.2010.06.007
 Dancey C. P., Reidy J. (2007). Statistics without maths for psychology. Pearson education. Upper Saddle River, NJ, USA. 
 De Luca C. J. (1997). The use of surface electromyography in biomechanics. J. Appl. biomechanics 13 (2), 135–163. doi:10.1123/jab.13.2.135
 Devkota A. C., Weinhold P. S. (2010). Prostaglandin E2, collagenase, and cell death responses depend on cyclical load magnitude in an explant model of tendinopathy. Connect. tissue Res. 51 (4), 306–313. doi:10.3109/03008200903318261
 Diaz R., Miller E. K., Kraus E., Fredericson M. (2019). Impact of adaptive sports participation on quality of life. Sports Med. Arthrosc. Rev. 27 (2), 73–82. doi:10.1097/JSA.0000000000000242
 Ebaugh D. D., McClure P. W., Karduna A. R. (2006). Effects of shoulder muscle fatigue caused by repetitive overhead activities on scapulothoracic and glenohumeral kinematics. J. Electromyogr. Kinesiol. 16 (3), 224–235. doi:10.1016/j.jelekin.2005.06.015
 Enoka R. M., Duchateau J. (2016). Translating fatigue to human performance. Med. Sci. sports Exerc. 48 (11), 2228–2238. doi:10.1249/MSS.0000000000000929
 Finley M. A., Rodgers M. M. (2004). Prevalence and identification of shoulder pathology in athletic and nonathletic wheelchair users with shoulder pain: a pilot study. J. Rehabilitation Res. Dev. 41, 395–402. doi:10.1682/jrrd.2003.02.0022
 Fullerton H. D., Borckardt J. J., Alfano A. P. (2003). Shoulder pain: a comparison of wheelchair athletes and nonathletic wheelchair users. Med. Sci. Sports Exerc. 35 (12), 1958–1961. doi:10.1249/01.MSS.0000099082.54522.55
 Gironda R. J., Clark M., Neugaard B., Nelson A. (2004). Upper limb pain in Anational sample of veterans with paraplegia. J. Spinal Cord Med. 27 (2), 120–127. doi:10.1080/10790268.2004.11753742
 Gutierrez D. D., Thompson L., Kemp B., Mulroy S. J., Physical Therapy Clinical Research Network , Rehabilitation Research and Training Center on Aging-Related Changes in Impairment for Persons Living with Physical Disabilities (2007). The relationship of shoulder pain intensity to quality of life, physical activity, and community participation in persons with paraplegia. J. Spinal Cord Med. 30 (3), 251–255. doi:10.1080/10790268.2007.11753933
 Hermens H. J., Freriks B., Disselhorst-Klug C., Rau G. (2000). Development of recommendations for SEMG sensors and sensor placement procedures. J. Electromyogr. Kinesiol. 10 (5), 361–374. doi:10.1016/s1050-6411(00)00027-4
 Heyward O. W., Vegter R. J., De Groot S., Van Der Woude L. H. (2017). Shoulder complaints in wheelchair athletes: a systematic review. PLOS ONE 12 (11), e0188410. doi:10.1371/journal.pone.0188410
 Jahanian O., Van Straaten M. G., Goodwin B. M., Lennon R. J., Barlow J. D. Murthy N. S., et al. (2022). Shoulder magnetic resonance imaging findings in manual wheelchair users with spinal cord injury. J. Spinal Cord Med. 45 (4), 564–574. doi:10.1080/10790268.2020.1834774
 Karasuyama M., Oike T., Okamatsu S., Kawakami J. (2022). Shoulder pain in wheelchair basketball athletes: a scoping review. J. Spinal Cord Med. 46, 753–759. doi:10.1080/10790268.2022.2038050
 Lee H.-M., Liau J.-J., Cheng C.-K., Tan C.-M., Shih J.-T. (2003). Evaluation of shoulder proprioception following muscle fatigue. Clin. Biomech. 18 (9), 843–847. doi:10.1016/s0268-0033(03)00151-7
 Lewis J. S. (2010). Rotator cuff tendinopathy: a model for the continuum of pathology and related management. Br. J. Sports Med. 44 (13), 918–923. doi:10.1136/bjsm.2008.054817
 MacIsaac D., Parker P. A., Scott R. N. (2001). The short-time Fourier transform and muscle fatigue assessment in dynamic contractions. J. Electromyogr. Kinesiol. 11 (6), 439–449. doi:10.1016/s1050-6411(01)00021-9
 McVeigh S. A., Hitzig S. L., Craven B. C. (2009). Influence of sport participation on community integration and quality of life: a comparison between sport participants and non-sport participants with spinal cord injury. J. Spinal Cord Med. 32 (2), 115–124. doi:10.1080/10790268.2009.11760762
 Mercer J. L., Boninger M., Koontz A., Ren D., Dyson-Hudson T., Cooper R. (2006). Shoulder joint kinetics and pathology in manual wheelchair users. Clin. Biomech. 21 (8), 781–789. doi:10.1016/j.clinbiomech.2006.04.010
 Pol R., Hristovski R., Medina D., Balague N. (2019). From microscopic to macroscopic sports injuries. Applying the complex dynamic systems approach to sports medicine: a narrative review. Br. J. sports Med. 53 (19), 1214–1220. doi:10.1136/bjsports-2016-097395
 Porter K. N., Blanch P. D., Walker H. M., Shield A. J. (2020). The effect of previous shoulder pain on supraspinatus tendon thickness changes following swimming practice. Scand. J. Med. Sci. Sports 30 (8), 1442–1448. doi:10.1111/sms.13678
 Pozzi F., Sousa C. O., Plummer H. A., Andrade B., Awokuse D. Kono N., et al. (2022). Development of shoulder pain with job-related repetitive load: mechanisms of tendon pathology and anxiety. J. Shoulder Elb. Surg. 31 (2), 225–234. doi:10.1016/j.jse.2021.09.007
 Sinnott K., Milburn P., McNaughton H. (2000). Factors associated with thoracic spinal cord injury, lesion level and rotator cuff disorders. Spinal Cord. 38 (12), 748–753. doi:10.1038/sj.sc.3101095
 Slowik J. S., McNitt-Gray J. L., Requejo P. S., Mulroy S. J., Neptune R. R. (2016). Compensatory strategies during manual wheelchair propulsion in response to weakness in individual muscle groups: a simulation study. Clin. Biomech. 33, 34–41. doi:10.1016/j.clinbiomech.2016.02.003
 van Drongelen S., Boninger M. L., Impink B. G., Khalaf T. (2007). Ultrasound imaging of acute biceps tendon changes after wheelchair sports. Archives Phys. Med. rehabilitation 88 (3), 381–385. doi:10.1016/j.apmr.2006.11.024
 van Drongelen S., Schlüssel M., Arnet U., Veeger D. (2013). The influence of simulated rotator cuff tears on the risk for impingement in handbike and handrim wheelchair propulsion. Clin. Biomech. 28 (5), 495–501. doi:10.1016/j.clinbiomech.2013.04.007
 Van Straaten M. G., Cloud B. A., Morrow M. M., Ludewig P. M., Zhao K. D. (2014). Effectiveness of home exercise on pain, function, and strength of manual wheelchair users with spinal cord injury: a high-dose shoulder program with telerehabilitation. Archives Phys. Med. Rehabilitation 95 (10), 1810–1817. doi:10.1016/j.apmr.2014.05.004e1812
 Webborn N., Emery C. (2014). Descriptive epidemiology of Paralympic sports injuries. PM&R 6, S18–S22. doi:10.1016/j.pmrj.2014.06.003
Conflict of interest : The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Minder, Arnet, Müller, Boninger and Bossuyt. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-14-1220969-t002.jpg
Propulsion 1

(0s-240s)

Rest 1 Propulsion 2
(240s-330s) (330s-570s)

Rest 2
(5705-660s)

Propulsion 3
(6605-900s)

Total change
(0s-900s)

Correlations between HR | R 0.395*
and RPE

Sig. | 0.008
Correlation between R 0460%
RMS of TD and RMS
of PM Sig. | 0.003

0333 03100
0022 ‘ 0036
0434 ‘ 0397

0.005 ‘ 0010

0.158

0.288

0.368*

0.020

0333*

0022

0523+

0.000

0322¢

0035

0538

0.000

(* marking a weak correlation (0.1-0.3), ** marking a moderate correlation (0.4-0.6)). Abbreviations: HR, heart rate; RPE, rate of perceived exertion; RMS, root mean square; TD, M. trapezius

pars descendens; PM, M. pectoralis major pars sternalis.





OPS/images/fphys-14-1220969-g003.gif





OPS/images/fphys-14-1220969-t001.jpg
Included (N=43) Excluded (N
Age (years) 502 101 52668
7 Height (m) 1739 £7.7 1723 £92
Weight (Kg) 7214133 743 %142
‘Time since injury (years) | 271 £ 116 240125
Age at injury (years) 231 £101 286+ 94
Sex (n, %) male 35 (81%) 4 (57%)
female 8 (19%) 3 (43%)
Cause of injury (n, %) traumatic | 40 (93%) 6 (86%)
non-traumatic ) 1.(14%)
Completeness (n, %) complete | 7 (16%) 4 (57%) *
incomplete 36 (34%) 3 (43%) *
Dominant Hand (n, %) right | 40 (93%) 7 (100%)
left 3 (7%) 0
Lesion level (n, %) T2-T6 18 (42%) 2 (29%)
T7-T12 18 (42%) 4 (57%)
VLl—LS 77 (16%) I 1 (14%)

* indicating siniRcant differerice betwesh inciiided and excluded gooup.p 2/008:






OPS/xhtml/nav.xhtml
Contents

		Cover

		Changes in neuromuscular activation, heart rate and rate of perceived exertion over the course of a wheelchair propulsion fatigue protocol		1 Introduction

		2 Materials and methods		2.1 Study design and study population

		2.2 Procedure

		2.3 Figure-8 fatigue protocol

		2.4 Data collection

		2.5 Data analysis

		2.6 Statistical analysis





		3 Results

		4 Discussion

		Data availability statement 

		Ethics statement 

		Author contributions 

		Funding 

		Acknowledgments

		Publisher’s note

		Supplementary material 

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Physiology

Changes in neuromuscular
activation, heart rate and rate of
perceived exertion over the
course of a wheelchair
propulsion fatigue protocol





OPS/images/fphys-14-1220969-g001.gif





OPS/images/fphys-14-1220969-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





