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Abstract: Selective serratus anterior (SA) strengthening without compensatory movement of the
shoulder stabilizers is essential for shoulder stability and functional movement without causing
shoulder injury and dysfunction. The purpose of this study was to compare electromyographic
(EMG) activity between the SA, upper trapezius (UT), lower trapezius (LT), and pectoralis major
(PM) during the knee push-up plus (KPUP) and modified Vojta’s 3-point support (MV3PS) exercises.
Scapular stabilizer muscle activity (UT, LT, SA, and PM) was investigated during the KPUP and
MV3PS exercises in 40 healthy adults (19 males, 21 females) using surface EMG. Muscle activity of the
SA was significantly higher during the MV3PS exercise than during the KPUP (p < 0.05). However,
muscle activity in the PM was significantly lower during the MV3PS exercise (p < 0.05). In addition,
the LT and UT showed less muscle activity during the MV3PS exercise, although the difference was
not statistically significant (p > 0.05). These findings suggest that the MV3PS exercise better activates
the SA than KPUP.

Keywords: push-up plus; knee push-up plus; vojta therapy; scapular stabilizer muscles

1. Introduction

Competitive sports, especially overhead sports, are physically demanding on the
shoulder since they require a large range of motion and high-speed movements [1]. In some
individuals, specific muscle imbalances have been implicated in the etiology of shoulder
disorders such as scapular dyskinesis and shoulder impingement syndrome [2]. Scapular
dyskinesia, which refers to abnormal mobility or function of the scapula, can result in
muscle imbalance [3–5]. Impairments to the serratus anterior (SA) such as muscle imbalance
or weakness often result in altered scapula positioning, scapulothoracic and humeral
motion, and muscle activation patterns, which increase the risk of developing shoulder
impingement, glenohumeral instability, pain, and other musculoskeletal disorders [6]. The
SA is the primary muscle used to stabilize the medial border and inferior angle of the
scapula and prevent winging and anterior tilting of the scapula [7,8]. Abnormal muscle
firing patterns in the SA caused by muscle weakness or fatigue are associated with painful
shoulder conditions such as subacromial impingement and scapular winging [9,10]. Most
exercises recommended for activating the SA mainly include a protraction component, and
the push-up exercise is known to be one of the most effective exercises for activating the
SA [11]. In particular, the plus phase of the push-up exercise shows the highest degree of
SA activation compared to other SA activation exercises [9,12]. Ludewig et al. [9] found that
the SA was more selectively activated during push-up plus (PUP) exercises than standard
push-up exercises. PUP is a closed kinetic chain (CKC) exercise, and unstable surfaces
are often used during CKC exercises to increase the activation level of stabilizing muscles
without drastically increasing muscle activity in agonists [2]. However, a previous study
reported greater activation of the pectoralis compared to the SA in subjects with scapular
wings during the plus phase of PUP [13]. Such excessive pectoralis major (PM) activation
may lead to glenohumeral and scapulothoracic pathologies, such as shoulder anterior
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joint translations or decreased compressive forces on the glenoid fossa [14–16]. Therefore,
selective SA activation without high PM activation is needed to reduce the likelihood of
glenohumeral and scapulothoracic joint dyskinesias.

Vojta therapy is a treatment method developed by Dr. Vaclav Vojta, a pediatric
neurologist from the Czech Republic, in which a systemic motor response in the body is
prompted by specific peripheral stimuli in specific starting positions. The components
of Vojta therapy include reflex turning and reflex creeping. The final motor response of
the reflex creeping component is three-point support, which is supported by the medial
epicondyle of the humerus, the ipsilateral medial femur condyle, and the heel on the
contralateral side [17]. In Vojta therapy, each open kinetic chain and CKC exercise leads
to a treatment response, which can be expressed as differentiation of muscle function [17].
This differentiation of muscle function occurs in CKC and also causes the coordinated
contraction of various muscles through mechanical compression of the articular surface
by strengthening muscles and increasing endurance [18]. There have been many recent
studies on the clinical effects and treatment mechanisms of Vojta therapy [19–23]. This
study hypothesized that three-point support, the final muscle response in Vojta therapy,
would be effective for enhancing shoulder joint stability by prompting the coordinated
contraction of various muscles and stimulating proprioceptors by triggering differentiation
of muscle function through CKC.

Typically, clinicians utilize the push-up, PUP, and other push-up variations for re-
training the SA, lower trapezius (LT), and upper trapezius (UT) muscles [24]. In addition,
clinicians often recommend that female patients perform push-ups from a kneeling position
to reduce the physical demands of the exercise by decreasing the long moment arms [25].
The knee-plus exercise is a more effective method for both selective activation of the SA
and low activity of the UT than the knee push-up plus (KPUP) [25]. Maeo et al. [26] sug-
gested that push-ups on an unstable surface require greater muscle activity in the proximal
muscles to stabilize the upper limbs. However, other researchers have reported conflicting
results, finding no difference in the muscle activity of the scapula stabilizing muscle when
using an unstable surface [27–30]. In addition, studies have found that muscle activity in
push-ups under different conditions was not related to exercise difficulty [11,24].

Therefore, the purpose of this study was to compare muscle activity in the scapular
stabilizers when performing the KPUP and modified Vojta’s three-point support (MV3PS)
exercises, both of which are recommended for scapulothoracic joint instability. The fol-
lowing hypotheses were formulated: (1) the MV3PS exercise will show higher SA muscle
activity than the KPUP, and (2) the MV3PS exercise will show lower PM, UT, and LT muscle
activity than the KPUP.

2. Materials and Methods
2.1. Subjects

This study was conducted with 40 healthy adults aged 20 to 29 years old who at-
tended Dankook University. All study subjects voluntarily consented to the experiment
after listening to an explanation of the study’s purpose and the exercise methods that
would be used in the experiment. Once the participants provided written informed con-
sent, the experiment was conducted. The criteria for the selection of study subjects were
(1) those who did not have neck, shoulder, and upper extremity instability or musculoskele-
tal problems, (2) those who had not performed muscle strengthening exercises for the
muscles around the shoulder within the previous 6 months, (3) those who did not have
neurological problems, and (4) those who had not undergone shoulder surgery within the
previous 6 months. Those who complained of pain during maximum voluntary isometric
contraction (MVIC) were excluded from the experiment. This study was approved by
Dankook University’s institutional review board (approval number DKU 2020-04-019).



Healthcare 2021, 9, 1636 3 of 9

2.2. Electromyographic Recording and Data Analysis

For surface electromyographic (EMG) measurements, the Desk DTS EMG system
(Noraxon Inc., Scottsdale, AZ, USA, 2007) was used, and EMG signals were recorded to
compare muscle activity while KPUP and MV3PS exercises were performed. The collected
data were analyzed using Noraxon MyoResearch version 3.6. The sampling rate was set
at 1000 Hz. A band pass filter was used between 20 Hz and 450 Hz. The raw data were
processed to calculate the root mean square using a 50 ms window. MVIC was performed
to normalize the EMG signals. In order to measure muscle activity, the electrode attachment
locations for each muscle were determined based on previous studies [27,28]. The electrode
attachment areas were prepared by abrading the area with fine sandpaper and cleansing it
with alcohol. Some of the participants’ hair was shaved if necessary. Disposable Ag/AgCl
surface electrode pairs were positioned at an interelectrode distance of 2 cm. Electrode
attachment sites refer to where the surface electrodes were placed to measure muscle
activity in the subjects’ UT, LT, SA, and PM muscles. The electrodes were attached to the
upper extremity of the subjects’ dominant side, and the dominant side was the right side
for every subject. In order to quantify the surface EMG values of the UT, LT, SA, and PM
muscles, the MVIC of each muscle was measured while they were held in standardized
manual muscle-testing positions. For the UT test, resistance was applied in a downward
vertical direction with both shoulders raised from a sitting position. For testing the LT, the
subject’s arm was placed at the height of their head along the direction of the muscle fibers
while in the prone position, and the opposite side of the pelvis was gripped with one hand
so that the pelvis did not lift. Then, the arm was placed on the distal part of the forearm with
the opposite hand in the direction of the examination table while resistance was applied. To
test the SA, the subject flexed his or her arm along the shoulder joint plane at a 120◦ angle
in a sitting position and applied resistance in the direction of scapular retraction while
protracting the scapula. To test the PM, resistance was exerted in the direction of horizontal
abduction with the shoulder joint abducted at a 90◦ angle, the subject in the supine position,
and the elbow joint flexed at a 90◦ angle, and the upper extremities were moved toward the
chest to horizontal abduction with the shoulder joint [25,26]. The subjects maintained each
position for 5 s, and in order to minimize persistent muscle fatigue that could occur during
MVIC measurements, the subjects rested for 1 min after each measurement was taken. The
MVIC of each muscle was measured three times, and after processing the root-mean-square
data value for 5 s, the average EMG signal volume for 3 s, excluding the first and last
seconds, was used as the muscle activity measurement (%MVIC).

2.3. Procedures

Before performing each exercise in this study, the subjects were familiarized with the
KPUP and MV3PS postures for five minutes by listening to a thorough explanation, watch-
ing a video, and receiving a demonstration from the researcher. All subjects performed
the two postures at random in order to exclude the order effect. In this study, the starting
phase, holding phase, and ending phase were operationally defined in order to standardize
exercise posture and performance under the two conditions and to control unnecessary
movements. The participants each performed three trials of push-up exercises with a 1 min
resting period between trials to minimize muscle fatigue. EMG signals were collected
during the middle 3 s of the ending phase. The mean values of the three trials for each PUP
exercise were used for data analysis. Data were not collected if the standardized starting
phase, holding phase, and ending phase were not maintained.

2.3.1. Knee Push-Up Plus

All trials were completed in a standardized, quadruped position with the hands
shoulder-width apart, elbows fully extended, and shoulders flexed at a 90◦ angle during
the exercise [20]. A target bar was placed at the level of the T-4 spinous process so that the
subject could protract the scapula to the same height in order to maintain the same posture
for each KPUP trial. In addition, the target line was positioned in the palm support position
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to prevent the body from moving forward excessively [27]. The KPUP phases were as
follows: (a) the starting phase, during which the scapula was protracted by translating the
thorax posteriorly until the spinous process of the thoracic vertebra touched the target bar
for 2 s, (b) the holding phase, during which the position was held for 5 s, and (c) the ending
phase, during which the subject returned to the starting position for 2 s. The duration of
each exercise was controlled using an auditory signal generated by a metronome. When
the subject’s T4 spinous process reached the target bar and the position of both shoulders
was maintained without crossing the target line, the KPUP was considered to have been
successfully performed (Figure 1).
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2.3.2. Modified Vojta’s 3-Point Support

In this study, the starting position of the MV3PS exercise was modified to be a four-
point support posture so that the subject’s weight was maintained on both the medial
epicondyle of the humerus and the medial femur condyle in order to be in the quadruped
position, which is the same position subjects assumed when performing the KPUP exercise.
The target bar and target line were also placed in the same manner as the KPUP. Other
procedures were also performed in the same manner as the KPUP. The phases of the MV3PS
exercise were as follows: (a) the starting phase, during which the scapula was protracted by
translating the thorax posteriorly until the spinous process of the thoracic vertebra touched
a target bar for 2 s, (b) the holding phase, during which the subject maximized extension of
the ipsilateral wrist and held the position for 5 s, and (c) the ending phase, during which
the subject returned to the starting position for 2 s (Figure 1).

2.4. Statistical Analysis

Statistical analysis was performed using SPSS for Windows version 21.0 (IBM Inc.,
Armonk, NY, USA). The paired t-test was performed to compare differences in the muscle
activity of the UT, LT, SA, and PM muscles when the KPUP and MV3PS exercises were
performed. The level of significance was set at α = 0.05. Cohen’s d was calculated to
determine the effect size of the results.
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3. Results
3.1. General Characteristics of the Subjects

The descriptive characteristics of the subjects can be found in Table 1.

Table 1. General characteristics of subjects (N = 40).

Gender Number of Subjects Age (Years) Height (cm) Weight (kg)

Male 19 20.86 ± 2.31 168.00 ± 7.13 63.9 ± 11.50
Female 21 21.02 ± 2.24 167.80 ± 7.21 62.6 ± 10.50

3.2. Comparison of Muscle Activity between Scapular Stabilizers during KPUP and MV3PS

The MV3PS exercise showed significantly higher muscle activity in the SA than the
KPUP (p < 0.05). However, muscle activity in the PM was significantly lower during the
MV3PS exercise than the KPUP (p < 0.05). In addition, muscle activity in the LT and UT
during the MV3PS exercise was lower than during the KPUP, but the difference was not
statistically significant (p > 0.05). The effect size of each muscle was 0.720 for the PM,
0.175 for the LT, 0.678 for the SA, and 0.024 for the UT (Table 2) (Figure 2).

Table 2. Comparison of scapular stabilizer muscle activity (%MVIC) during exercises.

Muscle
KPUP MV3PS p Effect Size

Mean ± SD Mean ± SD

PM 88.28 ± 11.40 60.76 ± 9.76 <0.001 * 0.720
LT 34.91 ± 6.95 27.43 ± 3.25 0.276 0.175
SA 44.88 ± 3.69 64.36 ± 6.04 <0.001 * 0.678
UT 26.86 ± 5.44 26.10 ± 4.29 0.880 0.024

MVIC, maximum voluntary isometric contraction; PM, pectoralis major; LT, lower trapezius; SA, serratus anterior;
UT, upper trapezius; KPUP, knee push-up plus; MV3PS, modified Vojta’s 3-point support. * p < 0.05.
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4. Discussion

This study was based on Vojta therapy, and the main findings were that muscle activity
in the SA was higher during the MV3PS exercise than during the KPUP, while muscle
activity in the PM was lower during the MV3PS exercise. In addition, muscle activity in
the UT and LT was lower during the MV3PS exercise than the KPUP, but the difference
was not statistically significant. In this study, the effect size was calculated using Cohen’s d,
and the medium effect size was 0.720 and 0.678 in the PM and SA muscles, respectively.
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In a previous study, exercises involving low PM activity to promote selective SA
activation and reduced risk of glenohumeral joint pathology were found to be an important
factor in rehabilitation [28]. In addition, high muscle activity in the PM increased the
anterior translation of the humerus and caused instability of the anterior joint capsule [8].
Another study reported that, when the PUP was performed in a standardized position,
less scapular protraction due to decreased SA activity may have caused an increase in
PM activity to achieve the same range of motion using additional clavicle protraction and
humeral translation [28]. Another previous study reported that loads greater than 35%
of a person’s body weight were exerted on a single upper extremity during the standard
PUP [30]. De Mey et al. [2] reported that muscle activity in the SA decreased and muscle
activity in the PM increased when a knee prone bridging exercise similar to the exercise
posture used in this study was performed on an unstable surface sling (a Redcord sling;
RS). The previous study argued that the PM was the only muscle with a significant increase
in muscle activity levels due to the RS. The study explained, first, that low muscle activity
in the SA was a response to the unstable surface and, second, that the hand was in a
relatively high position, which placed less weight on the upper extremities than the lower
extremities [2]. This finding is consistent with the results of the present study. Although
this study did not use an unstable surface, the MV3PS exercise features a lower hand
position than the KPUP, so more weight can be applied on the upper extremities during
the MV3PS exercise than the KPUP. Therefore, the low position featured in the MV3PS
exercise could explain the increase in muscle activity in the SA. Maeo et al. [26] reported
that trunk muscle activity during instability exercises increased as the difficulty of the
task increased. However, other studies have reported results that were not affected by the
difficulty of push-up exercises under various conditions [11,24]. Castelein et al. [11], for
example, examined muscle activity in the SA and pectoralis minor under different exercise
conditions. The highest muscle activity in the SA was found when subjects performed the
serratus punch without upper extremity weight-bearing. The pectoralis minor also showed
high muscle activity during the serratus punch, but there was no difference in muscle
activity compared to the modified PUP floor version in which weight was applied to the
upper extremity [11]. Horsak et al. [24] suggested that the knee-plus exercise, which is
relatively less difficult to perform, is an effective method for inducing isolated activation of
the SA and low activity in the UT compared to the KPUP. In this study, despite differences
in exercise difficulty, unlike previous studies, an ideal result was obtained in that SA activity
increased and PM activity decreased. For this reason, during the plus phase of the KPUP,
the weight load of the upper extremity is distributed to the hands, elbows, and shoulders,
whereas during the plus phase of the MV3PS exercise, the weight load is believed to be
concentrated on the elbow and shoulder joints, increasing the need for shoulder muscles to
be used. Contreras et al. found that the percentage of body mass supported by changes in
moment arm flexion during push-ups was 75% in the down position and 69% in the up
position [31]. Therefore, it is believed that the MV3PS exercise requires greater force in a
position relatively closer to the floor than the KPUP, and the increased difficulty of the task
may have led to higher core muscle activity.

Gajewska et al. [32] conducted a study to explain the mechanism of Vojta therapy
in healthy subjects, in which muscle activation was observed in the contralateral deltoid,
ipsilateral deltoid, and contralateral rectus femoris muscles after stimulation of the lower
femoral epicondyle. Their study reported that stimulation of the acromion and femoral
epicondyle led to cross-excitation of spinal centers that mainly coordinated the muscles
of the lower and upper extremities. Ha and Sung [23] reported improvements in trunk
stability and gait after Vojta therapy was conducted for children with cerebral palsy. The
MV3PS exercise was thought to induce reflex creeping in Vojta therapy, and it was modified
to suit the needs of this study. The plus phase of this CKC involved posterior translation
of the thorax in a relatively fixed scapula. In Vojta therapy, the plus phase is enabled
through the support of the elbow on the face and the heel on the occipital side. The
MV3PS exercise was a CKC with the thoracic wall moving relative to the arm. This was a



Healthcare 2021, 9, 1636 7 of 9

modification of the expected response based on Vojta therapy. In the plus phase, posterior
translation is performed for a relatively fixed scapula. This is possible through both the
medial epicondyle of the humerus and the medial condyle of the femur. At this time,
the scapula on the side of the elbow support covers the humerus head, which is possible
through activation of the SA, and muscle contraction in the PM is reversed through elbow
support. In other words, especially in the MV3PS exercise, PM muscle action is reversed as
the elbow is supported despite the difference in exercise mode and body position (hand
vs. elbow support). This is called differentiation of muscle function in Vojta therapy [17].
The bearing medial epicondyle of the humerus causes eccentric contractions in the PM,
which lift the trunk off the ground. Therefore, the MV3PS exercise features a narrower
base of support than the KPUP, which leads to a more dynamic posture and requires trunk
stabilization. Push-ups and their variations require a certain level of strength in the upper
extremity in addition to well-developed trunk stability [24]. Therefore, it is thought that
the increase in upper extremity weight-bearing through eccentric contraction in the PM
and elbow support increases the demands on the scapula muscle, resulting in increased
muscle activity in the SA and low muscle activity in the PM. Ebben et al. [33] examined the
maximum ground reaction forces (GRFs) according to various push-up conditions (regular,
flexed knee, with the feet elevated on 30.48 cm and 60.96 cm boxes, and with the hands
elevated on 30.48 cm and 60.96 cm boxes) to quantify exercise load. High GRFs were found
for push-ups with the feet elevated, whereas low GRFs were found for push-ups with the
hands elevated in the knee flexion state [33]. A greater maximum GRF indicates that more
muscles were recruited. Therefore, in the present study, the MV3PS exercise, since it had
a lower upper limb height than the KPUP, produced a higher GRF, which is believed to
have resulted in more muscle recruitment. In this study, muscle activity in the UT and
LT during the MV3PS exercise was not statistically significant, though it was found to be
low. Horsak et al. [24] found that the KPUP slightly increased muscle activity in the UT
and LT compared to knee-plus exercises due to increased physical demands for flexion
and extension of the elbow joint and stabilization of the scapulothoracic and shoulder
joint complex. The fact that peak EMG amplitudes were lower for comparable exercises
suggests that differences are primarily due to the lower level of force used in this study [34].
Average amplitude is a quantitative measure of electrical activity relative to a specific
phase of movement [34]. Although the relationship between EMG activity and force is
multifactorial, during isometric conditions, “almost without exception, investigators report
either linear relationships or a more than linear increase of the EMG signal with increasing
force” [35]. Therefore, the KPUP increased muscle activity in the UT and LT, stabiliz-
ing the scapulothoracic and shoulder joint complex, which the MV3PS exercise did not.
Martins et al. [36] found that excessive UT activity was a characteristic of individuals
with weakness of the SA, which corresponds to a high risk of developing impingement
syndrome and shoulder pain. The SA is a primary agonist for widening the subacromial
space to prevent impingement of the underlying tissue [37]. In a study comparing plus
exercise under different conditions, decreases in UT muscle activity and increases in LT
muscle activity were not statistically significant without RS conditions during a knee prone
bridging plus exercise, which was similar to the exercises featured in this study [24]. In
addition, SA muscle activity increased and PM muscle activity decreased in non-RS con-
ditions, which is consistent with the results of this study [24]. This was likely due to the
larger glenohumeral muscles, such as the PM, compensating for the smaller scapulothoracic
muscles such as the SA, LT, and UT, which acted as stabilizing muscles [24]. Therefore, the
MV3PS exercise requires a higher level of force than the KPUP, and it may be possible to
activate the muscles around the scapulothoracic joint rather than the muscles around the
glenohumeral joint according to differences in the position of the body.

Selective SA activation without high PM activation is an important factor for reducing
the likelihood of glenohumeral and scapulothoracic joint dyskinesia [28]. Therefore, the
MV3PS exercise, with low PM muscle activity and non-statistically significant but low
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muscle activity in the UT and LT, would be an important factor in rehabilitation to promote
selective SA muscle activation and reduce the risk of glenohumeral joint pathology.

A limiting factor to be aware of when interpreting the present results is that the results
of this study cannot be generalized to a population of other age groups with different
symptoms since our study sample was limited to a young population without scapular
winging. Second, the pectoralis minor is also known to be closely related to the topic of
this study since it is attached to the anterior chest wall. Therefore, other muscles should
be examined in future studies. Third, it was not possible in this study to quantify the
difficulty of different exercises. In future studies, the exercise load of subjects with shoulder
pathology should be quantified, and the methodology of this study should be expanded to
various muscles, exercise modes, and exercise conditions.

5. Conclusions

This study was based on Vojta therapy, and the following results were obtained. The
MV3PS exercise showed greater muscle activity in the SA and lower muscle activity in
the PM than the KPUP. In addition, although muscle activity in the LT and UT was not
statistically significant, it was lower than that of the KPUP during the MV3PS exercise,
which was consistent with the hypothesis of the study. Therefore, the MV3PS exercise is
recommended for healthy subjects as an optimal exercise when maximum SA activation
and minimal PM activation is required.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and was approved by the Institutional Review Board of Dankook University
(IRB No. DKU-2020-04-019).

Informed Consent Statement: Written informed consent was obtained from all subjects participating
in this study, and the researcher kept all data confidential.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Curl, L.; Warren, R.F. Glenohumeral joint stability. Selective cutting studies on the static capsular restraints.

Clin. Orthop. Relat. Res. 1996, 1996, 54–65. [CrossRef]
2. De Mey, K.; Danneels, L.; Cagnie, B.; Borms, D.; T’Jonck, Z.; Van Damme, E.; Cools, A.M. Shoulder Muscle Activation Levels

During Four Closed Kinetic Chain Exercises With and Without Redcord Slings. J. Strength Cond. Res. 2014, 28, 1626–1635.
[CrossRef] [PubMed]

3. Chester, R.; Smith, T.; Hooper, L.; Dixon, J. The impact of subacromial impingement syndrome on muscle activity patterns of
the shoulder complex: A systematic review of electromyographic studies. BMC Musculoskelet. Disord. 2010, 11, 45. [CrossRef]
[PubMed]

4. Ludewig, P.M.; Braman, J.P. Shoulder impingement: Biomechanical considerations in rehabilitation. Man. Ther. 2011, 16, 33–39.
[CrossRef]

5. Phadke, V.; Camargo, P.; Ludewig, P. Scapular and rotator cuff muscle activity during arm elevation: A review of normal function
and alterations with shoulder impingement. Braz. J. Phys. Ther. 2009, 13, 1–9. [CrossRef]

6. Ludewig, P.M.; Reynolds, J.F. The association of scapular kinematics and glenohumeral joint pathologies. J. Orthop. Sports Phys. Ther.
2009, 39, 90–104. [CrossRef]

7. Escamilla, R.F.; Yamashiro, K.; Paulos, L.; Andrews, J.R. Shoulder Muscle Activity and Function in Common Shoulder Rehabilita-
tion Exercises. Sports Med. 2009, 39, 663–685. [CrossRef] [PubMed]

8. Donald, A.N. Kinesiology of the Musculoskeletal System; Mosby: Maryland Heights, MO, USA, 2002.
9. Ludewig, P.M.; Hoff, M.S.; Osowski, E.E.; Meschke, S.A.; Rundquist, P.J. Relative Balance of Serratus Anterior and Upper

Trapezius Muscle Activity during Push-Up Exercises. Am. J. Sports Med. 2004, 32, 484–493. [CrossRef] [PubMed]
10. Lukasiewicz, A.C.; McClure, P.; Michener, L.; Pratt, N.; Sennett, B.; Ludewig, P. Comparison of 3-Dimensional Scapular Position

and Orientation Between Subjects With and Without Shoulder Impingement. J. Orthop. Sports Phys. Ther. 1999, 29, 574–586.
[CrossRef]

11. Castelein, B.; Cagnie, B.; Parlevliet, T.; Cools, A. Serratus anterior or pectoralis minor: Which muscle has the upper hand during
protraction exercises? Man. Ther. 2016, 22, 158–164. [CrossRef]

12. Decker, M.J.; Hintermeister, R.A.; Faber, K.J.; Hawkins, R.J. Serratus Anterior Muscle Activity During Selected Rehabilitation
Exercises. Am. J. Sports Med. 1999, 27, 784–791. [CrossRef] [PubMed]

http://doi.org/10.1097/00003086-199609000-00008
http://doi.org/10.1519/JSC.0000000000000292
http://www.ncbi.nlm.nih.gov/pubmed/24172720
http://doi.org/10.1186/1471-2474-11-45
http://www.ncbi.nlm.nih.gov/pubmed/20214817
http://doi.org/10.1016/j.math.2010.08.004
http://doi.org/10.1590/S1413-35552009005000012
http://doi.org/10.2519/jospt.2009.2808
http://doi.org/10.2165/00007256-200939080-00004
http://www.ncbi.nlm.nih.gov/pubmed/19769415
http://doi.org/10.1177/0363546503258911
http://www.ncbi.nlm.nih.gov/pubmed/14977678
http://doi.org/10.2519/jospt.1999.29.10.574
http://doi.org/10.1016/j.math.2015.12.002
http://doi.org/10.1177/03635465990270061601
http://www.ncbi.nlm.nih.gov/pubmed/10569366


Healthcare 2021, 9, 1636 9 of 9

13. Kim, B.; Gong, W.; Lee, S.-Y. The Effect of Push-up Plus Exercise with Visual Biofeedback on The Activity of Shoulder Stabilizer
Muscles for Winged Scapula. J. Phys. Ther. Sci. 2010, 22, 355–358. [CrossRef]

14. Konrad, G.G.; Jolly, J.T.; Labriola, J.E.; McMahon, P.J.; Debski, R.E. Thoracohumeral muscle activity alters glenohumeral joint
biomechanics during active abduction. J. Orthop. Res. 2006, 24, 748–756. [CrossRef]

15. Labriola, J.E.; Lee, T.Q.; Debski, R.E.; McMahon, P.J. Stability and instability of the glenohumeral joint: The role of shoulder
muscles. J. Shoulder Elb. Surg. 2005, 14, S32–S38. [CrossRef]

16. McMahon, P.J.; Chow, S.; Sciaroni, L.; Yang, B.Y.; Lee, T.Q. A novel cadaveric model for anterior-inferior shoulder dislocation
using forcible apprehension positioning. J. Rehabilitation Res. Dev. 2014, 40, 349–359. [CrossRef]

17. Vojta, V.; Peters, A. Das Vojta-Prinzip: Muskelspiele in Reflexfortbewegung und Motorischer Ontogenese; Springer: Berlin/Heidelberg,
Germany, 2007.

18. Ellenbecker, T.S.; Davies, G.J. Closed Kinetic Chain Exercise: A Comprehensive Guide to Multiple Joint Exercise; Human Kinetics:
Champaign, IL, USA, 2001.
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