Biomechanical analysis of the shoulder of swimmers after a maximal effort test.
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ABSTRACT 
Objectives: To compare the kinematics and the Electromyography of the periscapular muscles in swimmers before and after a 3-minute maximal effort test.
Participants: 16 competitive swimmers.
Main outcome measurements: Infrared cameras were used to record kinematics in the scapular plane in synchronization with the electromyography system. 
[bookmark: _gjdgxs]Results: There was an increase in internal rotation in all angles (p < 0.05), an increase of the anterior tilt, with 120° of elevation (p = 0.04). The serratus anterior showed a decrease in the intervals of 120-90° and 60-30° (p = 0.04; p = 0.02). There was a linear relation between the variation before and after the maximal effort of the anterior tilt in relation to the variation of muscular activation of the transverse trapezius (p = 0.01) and the lower trapezius (42%, p = 0.01); an internal rotation in 120° and 90° of elevation in relation to the transverse trapezius (p = 0.01); and an internal rotation in 60° and 30° of elevation in relation to the serratus anterior (p = 0.04, p = 0.03). 
Conclusion: A maximal 3-minute effort test resulted in altered scapular biomechanics. More studies are needed to verify if the changes correspond to a risk factor for injuries.
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INTRODUCTION
Swimming is characterized by cyclic and coordinated movements between body segments. A swimmer performs up to 2500 strokes on a training day, making them susceptible to injury from repetitive microtrauma (Pink & Tibone, 2000). 
Biomechanical changes in the shoulder may be related to several causes such as fatigue, strength deficit, a decrease in range of motion (ROM) or proprioceptive deficit (Matthews, Green, Matthews, & Swanwick, 2017). Fatigue during swimming may lead to non-optimal kinematics to perform the swimming stroke and can result in compensatory movement strategies (Stirn, Jarm, Kapus, & Strojnik, 2011). Specifically, 82% of swimming athletes can present with altered scapular function in the final part of the training (Madsen, Bak, Jensen, & Welter, 2011).
The effects of an exhaustive task on the kinematics and electromyographic activity of periscapular muscles in overhead sport were studied by Joshi et al. (2011), which involved a fatigue protocol for the external rotator with the participants placed prone on an adjustable table and the shoulder positioned in 90° of abduction and asked externally rotate their humerus whilst holding a weight. Participants were considered fatigued when external rotation peak force decreased by more than 25% from baseline peak force. After the fatigue there was an increase in scapular upward rotation, an increase in infraspinatus activity and decrease in the lower trapezius (LT) activity. 	Differently, using a fatigue protocol for the same muscle group whilst employing a Thera-band to provide resistance, Tsai et al. (2003) found an increased internal rotation, increased anterior tilt, and less upward rotation, with the authors considering them as possible risks factor for shoulder pathologies (Tsai, McClure, & Karduna, 2003).
Studies with kinematic and electromyographic analysis specifically in the scapulothoracic joint in swimmers after maximal effort were not performed. Considering the changes found after maximal effort and its repercussions on shoulder biomechanics, the objective of this study was to verify the three-dimensional kinematics and electromyographic activity of the scapula during the movement of arm elevation in the plane of the scapula before and after a maximal effort test that simulates the sporting movement of swimming. Secondly, this study aimed to analyze how the variation of muscle activity after maximal effort influences scapular kinematics.

 MATERIALS AND METHODS
Characterization of the sample 
Sixteen male athletes aged 15-24 years participated in the study. The recruitment was carried out in swimming teams and university athletic associations in Ribeirão Preto-SP Brazil. Athletes had participated in competitions at university, state and/or national level. The styles of swimming practiced were crawl and butterfly, in distances 50 m, 100 m, 200 m and 800 m. Demographic data of age, weight, height, time of practice and training hours per week are in Table 1.
Volunteers with ROM less than 150° of elevation in scapular plane, who had undergone shoulder surgeries, presenting severe deformity of the thoracic spine, pain and paresthesia in the upper limb (Leite, & Faloppa, 2013). Systemic joint diseases, shoulder pain (VAS >  3) or presenting Impact Syndrome (SIS), considering when found in at least two tests: Neer, Hawkins-Kennedy and Painful arc (Michener, Walsworth, & Burnet, 2004), were excluded. 
The present study was approved by the Ethics and Research Committee of the School of Physical Education and Sport of Ribeirão Preto (EEFERP-USP). 

Instruments
Kinematics 
Kinematic data were captured using the VICON system (Contennial, CO, USA), composed of eight MX-T-40 cameras (Vicon Motion Systems, Oxford, UK) operating at a frequency of 120 Hz. ST joint rotations were obtained using the Acromion Marker Cluster (AMC) method (Warner, Chappell, & Stokes, 2015). The AMC method was validated for lifting movements up to 120° (Karduna, McClure, Michener, & Sennett, 2001; Meskers, van de Sande, & de Groot, 2007) and lowering of the arm (Warner, Chappell, & Stokes, 2012).
A wand with four markers was used to determine the position of the anatomical landmarks of the acromial angle (AA), inferior angle of the scapula (AI) and medial spine of the scapula (TS) about the AMC. The tip of the wand was positioned at the anatomical points, and 3-second collections were performed at each point. The location of the anatomical points about the AMC coordinate system was recreated during the dynamic movement. Another cluster was placed in the lateral region of the humerus to determine the movement of the arm, and collections were made with the wand for calibration of humeral points (medial and lateral epicondyle). The glenohumeral rotation center was defined according to the pivot point of the helical axis method (Veeger, 2000). 
The thorax coordinate system was defined by reflex markers positioned in the xiphoid process (PX), jugular incision (IJ), C7 (spinous process of the C7 vertebra), T8 (spinous process of the T8 vertebra). Local coordinate systems for the thorax, scapula and humerus were then constructed based on the recommendations of the International Society of Biomechanics (ISB) (Wu et al., 2005). 
The rotation sequence of Euler YX'Z" was used to describe the rotation of the scapula relative to the thorax with Y representing the internal/external rotation, X the upward rotation and Z the anterior/posterior tilt (Wu et al., 2005). The orientation of the humerus relative to the thorax followed the order XZY, in which X represents the elevation angle, Z the plane of elevation and Y the axial axis of rotation (López-Pascual, Cáceres, De Rosario, & Page, 2016).

Electromyography (EMG)
The electromyographic activity of the scapular muscles was performed with the EMG TrignoTM Wireless System (Delsys Trigno EMG system, Boston, MA, USA), with the frequency of acquisition of 2400 Hz. The surface sensors were bipolar, wireless, in the form of a parallel bar (size: 37 mm x 26 mm x 15 mm) and with a fixed distance between sensors of 1 cm.
The skin of the evaluated site was prepared by performing trichotomy and cleaning with 70% alcohol. Then, EMG signal checks were performed during the specific movements of the test. The placement of the sensors was performed by the same investigator in all tests and it is in table 2. (Ekstrom, Soderberg, & Donatelli, 2005; Hermens, 2000).

Maximum voluntary isometric contraction (MVIC)
Recording of the electromyographic activity of the MVIC was performed to obtain the reference value to normalize the myoelectric range of the tests. The volunteers performed three contractions for each of the muscles during 5 seconds, with a 60-second interval. The reference value for normalization is the mean of the maximum values of the EMG of the three MVICs. 
	The MVIC of the LT muscle was tested with the volunteer in the lying prone position on a stretcher, with shoulder abduction of 120° and external rotation. Resistance was applied in the distal region of the forearm and force was applied downward in the direction the floor. The subject was asked to perform shoulder flexion against the resistance of the researcher (Ekstrom et al., 2005).  The tranverse trapezius (TT) muscle was tested with the volunteer in the lying prone position with 90° shoulder abduction and neutral rotation. Resistance was applied in the distal region of the forearm and force was applied downward in the direction the floor. The subject was asked to perform shoulder horizontal abduction against the resistance of the researcher (Ekstrom et al., 2005). The MVIC of the serratus anterior (SA) was obtained with the volunteer in the sitting position, shoulder at 120° elevation in the plane of the scapula and neutral rotation. Resistance was applied in the distal region of the forearm force was applied downward in the direction the floor. The subject was asked to perform shoulder abduction in scapular plane against the resistance of the researcher (Schüldt et al., 1988). Finally, the MVIC of the upper trapezius (UT) was obtained with the volunteer in the sitting position, shoulder 90° abducted and neutral rotation. Resistance was applied in the distal region of the forearm force was applied downward in the direction of the floor. The subject was asked to perform shoulder abduction against the resistance of the researcher (McLean, Chislett, Keith, Murphy, & Walton, 2003).

Maximal effort test 
The task was performed using a swimming bench. Reflective markers of the anterior region of the thorax were removed during the test. The skin was scratched with a demographic pencil in the corresponding area to replace the reflective markers after finishing the test in the bench, to perform the post-task collection. The surface sensors of the electromyography were kept fixed to the patient, but it was not possible to collect data during the test due to the noise in the electromyographic signal caused by the quick movement of shoulders and the slight contact of the arm with the SA muscle.
Two hand paddles, attached to an elastic band (14 mm medium resistance Auriflex™) and coupled to a fixed structure to apply resistance on the upper limbs. Athletes were instructed to perform the movement of the test for familiarization. During the protocol volunteers performed multiple repetitions of the simulated pull phase of swimming at maximum intensity for 3 minutes and were encouraged by standard verbal stimulation to maintain shoulder movement in flexion and extension (Figure-1). Thus during an extension of the shoulder, there was elastic resistance, while the return to the starting position was controlled via eccentric muscle action. 

Procedures
The order of the procedures is listed in Figure-6. Kinematics and electromyography were performed in the dominant arms during the movement of raising and lowering the arm in the plane of the scapula. Tests were performed in the standing position with the upper limbs initially in anatomical position. The volunteers performed three repetitions of arm elevation keeping the thumb directed upwards, avoiding rotations. The plane of the scapula was defined as 30° anterior to the coronal plane. Lines traced on the ground served as guidance for correct movement. The movements lasted four seconds (Karduna et al., 2001), of which two seconds were used to raise and two seconds to lower the arm, with verbal feedback for time control. A 1 kg halter was used during the test (Reed, Cathers, Halaki, & Ginn, 2016).
DATA ANALYSIS
Kinematics
	Data were processed in the software NEXUS® 1.8, filtered with a low pass of 6Hz and exported in the form of C3D files. Then the angular values of rotation of the scapula related to the thorax were calculated using a MatLab 2014a Software (Mathworks Inc. Natick, MA, USA) and were select the initial angulation data, 30°, 60°, 90°, 120°, in the ascending and descending phases of the arm movement.

Electromyography
The electromyographic signal processing was performed with the MatLab 2014a Software (Mathworks Inc. Natick, MA, USA). The signals were filtered with a 4th order Butterworth with bandwidth frequency of 20-450 Hz.
The muscular activity was determined for each attempt in the descending phase of the movement in the windows of 120°-90°, 90°-60° and 60°-30° of arm movement. The descending part of the movement was chosen due to the greater muscular tension in the eccentric phase (Huang, Ou, Huang, & Lin, 2015; Ludewig, Cook, & Nawoczenski, 1996). After separation, the data were smoothed by using a Root Mean Square (RMS) algorithm with a 0.125 s window size and 0.0625 s overlap. Finally, for data normalization, the results were divided by the maximum value recorded in the MVIC, multiplied by 100 and referred as percentage. From the results of the three attempts of lowering of the arm, averages of the electromyographic amplitude values were obtained for each of the pre and post-task. 
STATISTICAL ANALYSIS
Descriptive analysis was performed as mean and standard error (SE) for kinematic and electromyographic variables. The Shapiro-Wilk test was used to check the normal distribution of the data. After verifying the normality assumptions of the model, the kinematic variables of internal rotation, the upward rotation and anterior tilt of the scapula and the electromyographic activity of the muscles LT, UT, SA, TT were compared by Student's t-test for paired samples for detection of differences between pre and post-test conditions.
The analyses were matched for each of the angles in the ascending and descending phases of the arm movement (ascending: initial, 30°, 60°, 90°, 120°, descending: 120°, 90°, 60°, 30°) and for the electromyographic variables of the descending phase of arm movement (120°-90°, 90°-60°, 60°-30°). A significance level of 5% was adopted.
Effect size (ES) calculation was performed by Cohen's d; d = M1-M2/ DPpooled, in which M1 is the initial mean, M2 is the final mean and SDpooled is the pooled standard deviation. For the calculation of the pooled standard deviation, the following formula was used: SDpooled = √[Sd1²+SD2²) /2]. The ES was interpreted as small (< 0.5), moderate ( >  0.5 to  <  0.8) and large ( >  0.8) (Cohen, 1992). A significance level of 5% was adopted.
In order to analyze the explanatory power of the muscular activation variation in the kinematic variation, six simple linear regression models were proposed: A: explanatory power of variation of muscular activation of the TT 120°-90° on the kinematic variation of the anterior tilt at 90°; B: explanatory power of the variation of muscular activation of the LT 60°-30° on the kinematic variation of the anterior tilt at 60°; C: explanatory power of variation of muscular activation of the TT 120°-90° on the kinematic variation of the internal rotation at 120°; D: explanatory power of the variation of muscular activation of the TT 120°-90° on the kinematic variation of the internal rotation  at 90°; E: explanatory power of the variation of muscular activation of the TT 60°-30° on the kinematic variation of the internal rotation  at 60°; and F: explanatory power of the variation of muscular activation of the TT 60°-30° on the kinematic variation of the internal rotation  at 30°. The regression data were in accordance with the assumptions of homoscedasticity, normal distribution of residues, non-multicollinearity between the independent variables, and a significance level of 5% was adopted. All data analyses were performed with SPSS (Version 22, IBM Corp, Armonk, NY, USA).

RESULTS
Kinematics
There was an increase in the internal rotation of the scapula after the maximal effort test in all angles of humeral elevation analyzed with small ES (Ascending. Initial: difference = 2.19, p = 0.01, d = 0.36; 30°: difference = 2.18, p = 0.10, d = 0.26; 60°: difference = 1.78, p = 0.04, d = 0.20; 90°: difference = 1.95, p = 0.04, d = 0.21, 120°: difference 2.27, p = 0.05, d = 0.24; descending. 120°: difference = 2.45, p = 0.03, d = 0.29; 90°: difference = 2.53, p = 0.02, d = 0.29, 60°: difference = 2.79, p = 0.01, d = 0.35 and 30°: difference 2.71, p = 0.01, d = 0.32) (Figure-2).
 There was an increase of 2,14° in upward rotation only at the initial angulation with small effect size (p = 0.01, d =  0.47) (Figure-3) and in the anterior tilt at 120° angles in the phase ascending of 2.31° and descending of 2.69° with small effect size (p = 0.04, d = 0.22; p = 0.04; d = 0.32) (Figure-4).
Electromyography
Statistically significant differences were found in the reduction of the electromyographic amplitude in the SA muscle in the intervals 60-30° of 4.59% (Figure-5) and 120-90° of 4.16% (Figure-6) with moderate effect size (p = 0.04, d = 0.57; p = 0.02, d = 0.56).
Explanatory power of muscular activity on kinematics
Dispersion graphs demonstrate linear relationship between the pre and post-test variation of kinematics and muscle activity during the descending phase of arm movement. The coefficient of determination showed that 38% (p = 0.01) of the kinematic variation in relation to the scapular tilt at 90° of elevation can be explained by the muscle TT in the 120-90° interval. The muscle LT in the range of 60-30° was responsible for 42% (p = 0.01) of the variation of the scapular tilt at 60° of elevation (Figure-7).
The TT in the range of 120°-90° was responsible for 38% and 42% (p  =  0.01, p  =  0.01) in relation to the variation of internal rotation of the scapula at 120° and 90° of arm elevation, respectively. The SA 60°-30° contributed in 25% and 31% (p = 0.04, p = 0.03) of the variation of internal rotation at 60° and 30°, respectively (Figure-8).

DISCUSSION
The aim of this study was to compare the scapulothoracic joint rotations and the electromyographic amplitude of periscapular muscles before and after a maximal effort test in swimmers. Secondarily, it aimed to analyze how the changes in the electromyographic activity influenced the kinematics of the ST joint.
The results showed an increase of the anterior tilt of the scapula at 120° of elevation and increase of internal rotation throughout the ROM. Similar results were found in subjects with pain (Ludewig & Cook, 2000; Struyf et al., 2014) and asymptomatic patients with scapular dyskinesis (Huang et al., 2015).  
The present study found an increase of the anterior tilt of the scapula with 120° of elevation of the arm, both during elevation and lowering of the arm, considered a critical ROM for the occurrence of SIS (Ludewig & Reynolds, 2009). The posterior tilt elevates the anterior region of the acromion and favors the passage of the greater humeral tubercle with a lower risk of mechanical impact (Flatow et al., 1994).  On the other hand, even of small magnitude (2.69°), the increase in anterior tilt was similar to that found in studies in subjects with shoulder pain (Cole Lukasiewicz et al., 1999; Endo, K., Ikata, 2001; Ludewig & Cook, 2000). The cause and effect relationship between kinematic changes and shoulder pain is unclear, but during the stroke in swimming the posterior tilt of the scapula is required during the phase that occurs maximal external rotation and elevation of the shoulder joint, and the decrease in posterior tilt may overload the GH joint (Virag, Hibberd, Oyama, Padua, & Myers, 2014).
In this work, an increase the internal scapular rotation was observed throughout the ROM. The consequence of increased internal rotation of the scapula in shoulder kinematics is uncertain due to the variability of the magnitude of this movement between subjects and the measurement errors (Warner et al., 2015). With increased internal rotation of scapula, there would be a relative increase in the external rotation of the GH joint during overhead movement, which is anatomically positive because it increases the space for the greater humeral tubercle during arm lift movements. However, this increase generates impact of RC tendons between the posterior aspect of the humeral head and the glenoid in movements that combine external rotation and GH abduction, as in the stroke of swimming (Ludewig & Reynolds, 2009; Paley, Jobe, Pink, Kvitne, & ElAttrache, 2000).
 Biomechanical changes found in this work may be due to several sources. One plausible hypothesis would be shoulder muscle fatigue, which has been previously been associated with biomechanical changes (Ebaugh, McClure, & Karduna, 2006). The increase of the anterior tilt of the scapula found in this work differs from the results found by Chopp Hurley et al., 2011. Although the protocols performed were global for shoulder musculature, only in the present study, there was a decrease in SA activation. Among its functions, SA performs the posterior tilt and external rotation of the scapula and a decrease in its activation justifies the increase of the anterior tilt and the internal rotation of the scapula.
The exhaustive protocol performed in this study involved several muscle groups including the RC. The literature demonstrates that RC fatigue leads to an increase in the anterior tilt of the scapula (Ebaugh et al., 2006; Tsai et al., 2003). Therefore, it is not possible to discard RC fatigue as the cause of the kinematic changes in this work.
Of the muscles analyzed in this study, SA was the only one to present a decrease in electromyographic activity after the effort test. During the maximal effort test, the shoulder flexion movement was performed in favor of the elastic resistance, and thus the force required for the muscles to rotate the scapula superiorly was minimized. In the shoulder extension phase, which occurred against elastic resistance, because the muscles studied were primarily the superior rotators of the scapula, they did not have to perform primary torque, only synergistic activation. However, the SA, besides rotating superiorly to the scapula, acts as the main ST joint stabilizer in the thoracic wall. In this way the SA was required in the two phases of the movement, rotating the scapula superiorly during flexion of the arm and stabilizing the medial border of the scapula during extension. Thus, among the analyzed muscles, SA was the one that spent the most time activated during the test, consequently more exposed to fatigue, although we can’t ensure this information.
Another possible source of biomechanical changes is proprioceptive deficits, which can be found after exhaustive tasks (Chang, Chen, Wei, & Huang, 2006).  The deterioration of the positional joint sense in the shoulder of swimmers can interfere in the muscular recruitment and cause modifications in the patterns of movement (Matthews et al., 2017).
Regarding the explanatory power of muscular activation variation in the kinematics, this study showed that volunteers with increased anterior tilt had a greater increase in LT muscle activity. In the same sense, the increase in the internal rotation of the scapula was accompanied by an increase in the muscular activity of the TT in the angulations 120°-90° and of the SA in angulations 60-30°. As the force output of a muscle increases, the firing rate in the motor units increases. However, if the increase is even greater, the contribution force from the motor unit is saturated, and thus each motor unit continues to provide energy for the EMG signal while the contribution to force remains at a constant value. This non-linear relationship causes a greater increase of the EMG signal that of the force produced (Lawrence & De Luca, 1983). The 42% relationship between the increase in anterior lift and increase in LT activation shows that in athletes with the greatest changes there was an attempt by the central nervous system to increase the LT muscle activity as a compensatory strategy to supply the reduction in the activity of the SA and control the increase of the anterior tilt. However, the muscular activation variation increase of the LT was not able to compensate for the decrease in the SA. Interestingly, despite the fact that there was no statistical difference, the LT obtained higher values in all the angulations in before and after the test.
Finally, another possible cause of biomechanical changes is central or metabolic fatigue. Kalva-Filho et al., 2017 found that after a maximum effort of 3 minutes with tethered swimming, the volunteers showed diminished strength due to fatigue. Obviously, the extrapolation of the tethered swimming to the test performed in this work is limited. The test applied in the present study focused on the movement of the shoulder, while the tethered swimming used the entire body including the lower limbs and trunk. However, the level of training of the athletes and the duration of the tests are identical, as well as their objective.
There are some limitations of our study that should be acknowledged. First, the maximal effort test was realized with volunteer lying prone and the swim bench afforded stability for the trunk and pelvis. Second, the movement of the test was a bilateral synchronous task, whereas front crawl is an alternating, asynchronous task, which may have contributed to altered recruitment patterns within the shoulder during the test.

CONCLUSION 
Swimming athletes submitted a maximal 3-minute effort test had altered scapular kinematics and declined the SA muscle activity. Although the results were statistically significant, the differences found were small, and the clinical repercussions are uncertain. Longitudinal studies are needed to verify the implications of these findings over time, to determine if the changes are only acute neuromuscular adaptations of exhaustive exercise and whether their presence corresponds to a risk factor for injuries to the shoulder of swimmers.
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List of Figures

 (
Figure-1
: 3-minute maximal effort test. A= Starting position, B= Mid-position and C= Final position.
) [image: ]


 (
Figure-2
. Pre and post 3-minute maximal effort test. Scapular internal/external rotation angles in the ascending and descending phases. Error bars represent the SE of the mean. *P<.05.
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 (
Figure-3
. Pre and post 3-minute maximal effort test. Scapular Upward/downward rotation angles in the ascending and descending phases. Error bars represent the SE of the mean. *P<.05.
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 (
Figure-4
. Pre and post 3-minute maximal effort test. Scapular anterior/posterior tilt angles in the ascending and descending phases. Error bars represent the SE of the mean. *P<.05.
)[image: ]

 (
Figure-5
. Electromyographic activity normalized by the MVIC during the intervals of humeral elevation  60°-30° in the descending phase of arm movement.
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 (
Figure-6
. Electromyographic activity normalized by the MVIC during the intervals of humeral elevation  120°-90° in the descending phase of arm movement.
)[image: ]
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Figure-7:
 Kinematics variation scatter plot of the anterior tilt at 90° and 60° in relation to the muscular activation variation of the TT 120°-90° and LT 60°-30°. R² = coefficient of determination, p <0.05.
)
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Figure-8:
 Kinematics variation scatter plot of internal rotation at 120°, 90°, 60° and 30°  in relation to the muscular activation variation of TT 120°-90 ° and LT 60°-30°. R² = coefficient of determination, p <0.05.
)




    









List of tables
	Table 1- Characteristics of participants.

	Age (years)
	18.6 ±4.1

	Weight (kg)
	71 ±9.5

	Height (m)
	1.78 ±4.1

	Time of practice (years)
	7.3 ±3.1

	Hours of training per week 
	11.6 ±3.8


Results: mean ± standard deviation.

	Table 2- Electromyography sensors placement.

	SA
	Anterior to the fibers of the latissimus dorsi muscle in the seventh intercostal space with the abducted shoulder at 90°.

	LT
	2/3 of a line drawn between the root of medial spine and the eighth thoracic vertebra.

	UT
	Midpoint of a line between the spinous process of the seventh cervical vertebra to the AA.

	TT
	Midpoint between the medial border of the scapula and the spinous process of T3.


SA: serratus anterior; LT: lower trapezius, UT: Upper trapezius; TT: transverse trapezius.
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