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ABSTRACT
Muscle activity is typically normalized to maximal activation from isometric maximum voluntary 
exertions (MVE) in posture and direction specific exertions for each muscle. This is challenging for 
the shoulder complex due to the large number of muscles. The objective of this investigation was to 
compare maximum shoulder muscle activity elicited from a multi-muscle MVE test protocol versus 
individual muscle MVE tests and determine their reliability. Ten healthy males had muscle activity 
recorded from 12 trunk and upper extremity muscles while performing 3 repetitions of 12 individual 
and 4 multi-muscle MVEs. Peak surface EMG (sEMG) amplitudes were compared using paired 
sample t-tests between the two protocols for each muscle. Individual muscle test maximum sEMG 
amplitudes differed significantly from the multi-muscle test protocol in 3 of 12 muscles (p < 0.05). 
In muscles that did not attain statistical significance, maximum amplitude differences of 6–15% 
were found. There was high reliability (Interclass Correlation Coefficient, ICC = 0.831–0.986) and no 
significant differences between the second and third repetitions of the protocol. Since differences 
of 6–15% could have functional significance, 8 MVE tests (3 multi-muscle, 5 individual muscle) were 
selected for future use. Using two repetitions of the reduced MVE protocol will reduce time, risk of 
pain and injury during experiments.

Introduction

Surface electromyography (sEMG) is an important tool in 
many therapeutic and rehabilitation applications of the 
shoulder. Surface EMG provides non-invasive informa-
tion on the amplitude and timing of muscle activity as 
well as muscle fatigue (De Luca 1997). Many muscle- and 
subject-specific factors affect the sEMG signal, making it 
essential to normalize the signal when comparing between 
individuals or muscles (Veiersted 1991; Mathiassen et al. 
1995; De Luca 1997). Muscle activity is most often normal-
ized to maximal activation found using isometric maxi-
mum voluntary exertions (MVE) in specific postures and 
direction of exertion for each muscle.

The muscles of the shoulder complex are challenging 
to obtain MVEs for normalizing because of their number 
and multiple functions. Multiple MVEs for each of the 
shoulder muscles can cause pain and discomfort, tissue 
trauma, delayed soreness, and are very time-consuming 
during experimental protocols (Veiersted 1991; Bao et al. 
1995; Mathiassen et al. 1995). Repeated maximal exertions 
can also lead to muscle fatigue, which can be identified 

through increases in sEMG amplitude and decreases in 
frequency. To reduce the number of MVEs required, tests 
to elicit maximum activation from multiple muscles simul-
taneously have been used. Kelly et al. (1996), concluded 
that 4 of the 27 exertions they tested were necessary to 
maximally activate the 8 shoulder muscles examined; how-
ever, they did not compare these results to individual mus-
cle (IM) tests. Maximum activation is more dependent on 
exertion direction than posture itself (Chopp et al. 2010), 
making this an important limitation in the application of 
this work. Boettcher et al. (2008), also developed a protocol 
of four tests to elicit maximal activity from a large subset of 
the shoulder muscles. Although they examined many pos-
tures and exertion directions, they did not include tradi-
tional IM tests in their design. Previous work examined the 
utility of combining multiple and single muscle tests, and 
although they have found this method to be successful, 
only a subset of shoulder muscles were examined (Chopp 
et al. 2010; Rota et al. 2013). Attempts to expand this four 
test protocol to include rhomboid major and teres major 
demonstrated IM tests elicited greater activation levels for 
these muscles (Ekstrom et al. 2005). However, research to 
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1983). All participants were free from upper extremity 
pathologies within the last year and recruited from the 
university population. The study was approved by the 
Hamilton Integrated Research Ethics Board. Participants 
provided informed, written consent prior to participation, 
completed the protocol in a single visit and were free to 
withdraw from the study at any time. The protocol and 
analyses are outlined in Figure 1.

Muscle activity was recorded from 12 right trunk, and 
upper extremity muscles (anterior, middle and posterior 
deltoids, infraspinatus, supraspinatus, upper, middle and 
lower trapezius, latissimus dorsi, serratus anterior and the 
clavicular and sternal heads of the pectoralis major) using 
a wireless surface EMG system (Trigno, Delsys Inc., Natick, 
MA, USA). Electrodes sites were located with guidance from 
the literature (Ekstrom et al. 2005; Waite et al. 2010; Hodder 
& Keir 2013) and confirmed with manual palpation. Sites 
were shaved and cleansed with isopropyl alcohol prior to 

date has not provided insight into how activation levels 
differ between multi-muscle and IM tests.

The purpose of this investigation was to compare max-
imum activity elicited from a previously published mul-
ti-muscle test MVE protocol (Boettcher et al. 2008) against 
a protocol of IM MVE tests. Furthermore, we aimed to eval-
uate the reliability of these protocols, and to determine the 
MVE test protocol, consisting of both multi-muscle and IM 
tests, that should be used in future shoulder investigations. 
We hypothesized that the two test protocols (IM and mul-
ti-muscle) would elicit comparable maximum values and 
would be reliable.

Methods

Ten right-handed men participated in the laboratory study 
(23.6 ± 3.4 years, 179.0 ± 4.8 cm, 79.4 ± 12.6 kg), this sample 
size is consistent with previous literature (Yang & Winter 

Figure 1. Overview of study protocol and analyses. IM = individual muscle test, MM = multi-muscle test.
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electrode placement. Electrodes were oriented parallel 
to muscle fibres. EMG signals were sampled at 2000 Hz, 
differentially amplified (input impedance 1015Ω, CMRR > 
80 dB), band-pass filtered (20–450 Hz), and converted with 
a 16-bit card with a ±5 V range.

Following electrode placement, a five-second quiet trial 
was collected. To evaluate muscle fatigue development 
in the anterior and middle deltoid muscles, participants 
performed two static submaximal reference exertions. 
Participants elevated their arm (1) to 90° in the sagittal 
plane, and (2) to 90° in the frontal plane, supporting only 
the weight of their arm. In these postures, a hand load is 
not required to elicit muscle activity over 15–20% MVE 
(Öberg et al. 1994; Antony & Keir 2010). Following the 
reference exertions, participants performed 12 IM, and 4 
multi-muscle MVEs (Table 1). Each MVE was repeated 3 
times for a total of 48 maximal exertions. Postures were 
confirmed with a manual goniometer. Each 5 s MVE was 
followed by 2 min of rest between repetitions of the same 
MVE. No rest was given between MVEs for different mus-
cles (e.g. moving between the MVE for anterior deltoid and 
posterior deltoid), and order of exertions was block ran-
domized for each participant. Two minutes following the 
final maximum exertion, the two submaximal reference 
exertions were repeated to evaluate muscle fatigue over 
the course of the protocol. Participants did not report any 
pain during the MVE protocol.

Data analysis

Bias was removed from raw sEMG data by subtracting the 
mean of the quiet trial for each muscle. The sEMG data 

were linear enveloped with a 2nd order, 4 Hz dual-pass 
Butterworth filter. Single peak values for each muscle 
were extracted from each test and used in subsequent 
evaluations. To quantify fatigue development, the median 
power frequency (MDF) of the middle and anterior del-
toid muscles was calculated from a middle 3-s window 
in each of the pre- and post-test submaximal trials using 
the raw sEMG signal. Myoelectric fatigue was defined as 
an 8% decrease in the MDF from the pre- to the post-test 
exertion (Öberg et al. 1990).

The sEMG data were initially divided into two sets for 
the analysis, peak amplitudes for each muscle were cal-
culated from the 4 multi-muscle tests and from the 12 IM 
tests. Paired sample t-tests were used to compare each 
muscle’s maximum sEMG amplitude from the multi-mus-
cle tests with the maximum amplitude from the IM tests. 
Within each test set (IM test set and multi-muscle test set), 
the maximum amplitude obtained for each muscle in any 
of the three repetitions was used, regardless of which spe-
cific MVE test or repetition elicited the value.

The specific MVE test that elicited the peak amplitude 
for each muscle varied between individual participants, 
thus based on preliminary results, a post hoc criterion was 
developed heuristically to select a minimum number of 
tests applicable to the most participants. This criterion was 
based on a trade off between minimizing the number of 
tests required and maximizing muscle activity across all 
of the included muscles. The criteria ensured the set of 
tests selected obtained 95% of each muscle’s maximum 
amplitude for at least 70% of participants. Once the opti-
mal set of tests were selected, reliability was evaluated 
using Interclass Correlation Coefficients (ICC, two-way 

Table 1. Test postures and exertions for the individual muscle (IM) and the multi-muscle (MM) test protocols (Ekstrom et al. 2005; Dark  
et al. 2007; Boettcher et al. 2008; Waite et al. 2010; Hodder & Keir 2013). Test postures were confirmed with a manual goniometer.

Test Posture Exertion
Anterior deltoid (IM) Straight arm with 45° flexion Shoulder flexion with resistance at wrist
Middle deltoid (IM) Straight arm with 45° abduction Shoulder abduction with resistance at wrist
Posterior deltoid (IM) Shoulder 90° abduction; Elbow 90° Horizontal extension with resistance at elbow
Infraspinatus (IM) Arm at side with 90° elbow flexion External rotation with resistance at wrist
Supraspinatus (IM) Straight arm with slight abduction Abduct
Upper trapezius (IM) Arm abducted to 90° with neck side-bent, rotated to the 

opposite side and extended
Abduct

Middle trapezius (IM) Abduct 120°, thumb pointing backward Exert backwards/lateral scapular rotation
Lower trapezius (IM) Arm abducted to 90°, elbow flexed to 90° Squeeze scapula together with resistance proximal to 

the humerus
Latissimus dorsi (IM) Arm abducted 90°, elbow flexed to 90° Shoulder adduction and extension with resistance under 

elbow
Serratus (IM) Arm abducted 90°, elbow 180° Push forward in horizontal flexion
Pectoralis major sternal head (IM) Shoulder ~90°; Elbow ~90° Bilateral palm press
Pectoralis major clavicular head (IM) Shoulder 90° flexion; Elbow 90° Horizontal (axial plane) adduction with resistance 

proximal to elbow
Empty can (MM) Arm abducted 90°, 30° cross flexion, humerus internally 

rotated (thumb pointing down)
Flex and abduct with resistance at wrist

125° Flexion (MM) Arm flexed 125°, forearm pronated, elbow 180° Flexion with resistance above elbow, pressure on inferior 
angle of scapula

Palm press (MM) Arm flexed 90°, elbow 20°, forearm semi prone Horizontal adduction, resistance at heel of palm
Internal rotation (MM) Arm abducted 90°, cross flex 30°, elbow 90° Internal rotation with residence at wrist
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Figure 2. Percent of participants that achieved at least 95% of the listed muscles maximum amplitude with each test. Each vertical 
dashed line represents 10% of the participants. Tests marked with * are the ones selected for the recommended test protocol for future 
work. For example, using the palm press test, anterior deltoid was activated to greater than or equal to 95% of maximum in 10% of 
participants, serratus anterior in 10%, pectoralis major sternal 70% and pectoralis major clavicular in 60% of participants.

Table 2. Maximum EMG voltage for each muscle from the 12 individual muscle tests (IM) and the 4 multi-muscle tests (MM). Muscles 
with significantly different mean values are denoted with *. The muscles % difference values that are less than 100% had greater max 
values with the individual muscle (IM) tests and those that are greater than 100% had greater values from the multi-muscle (MM) tests.

Muscle Test Mean (V) SD MM max as a % of IM max (%)
Anterior deltoid (AD) IM 0.215 0.095 87

MM 0.188 0.075
Middle deltoid (MD) IM 0.129 0.087 91

MM 0.117 0.053
Posterior deltoid* (PD) IM 0.217 0.091 71

MM 0.154 0.064
Infraspinatus* (IN) IM 0.112 0.077 70

MM 0.079 0.059
Supraspinatus (SU) IM 0.169 0.113 91

MM 0.154 0.105
Upper trapezius (UT) IM 0.117 0.073 85

MM 0.100 0.067
Middle trapezius (MT) IM 0.123 0.097 89

MM 0.110 0.085
Lower trapezius (LT) IM 0.100 0.074 89

MM 0.090 0.072
Latissimus doris* (LD) IM 0.047 0.019 40

MM 0.019 0.011
Serratus anterior (SA) IM 0.158 0.152 106

MM 0.168 0.155
Pectoralis major sternal (PS) IM 0.055 0.038 108

MM 0.060 0.037
Pectoralis major clav (PC) IM 0.081 0.045 111

MM 0.090 0.065
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the individual tests for the anterior and posterior del-
toids, infraspinatus, latissimus dorsi and upper trapezius 
muscles and the 125° flexion, empty can and palm press 
multi-muscle tests (Table 1). The specific test that elicited 
the maximum amplitude for each muscle varied between 
participants (Figure 3). ICC between the three repetitions 
of each muscle’s maximum amplitude in the set of eight 

random effects model) and the set of tests selected were 
analyzed collectively for their reliability. Reliability was 
assessed between repetitions two and three only, allowing 
participants to use the first repetition of the test to famil-
iarize themselves with the required action. Paired t-tests 
were used to evaluate differences between the maximum 
activities obtained in the second and the third repetitions 
of each test. All statistical tests were conducted in SPSS 
(v20.0, IBM, NY, USA) with α = 0.05.

Results

IM specific tests elicited 29–60% greater activation for the 
infraspinatus, posterior deltoid and latissimus dorsi mus-
cles (p < 0.05) than the set of multi-muscle (MM) MVE tests. 
For the remaining nine muscles, there were no statistically 
significant differences in the maximum sEMG amplitudes 
obtained from the two sets of tests (IM and MM) (p > 0.05), 
however, these maximum sEMG amplitudes differed by 
6–15% (Table 2).

A set of eight tests was selected from the 16 exertions 
that obtained 95% of each muscle’s maximum for at least 
70% of the participants (Figure 2). These tests included 

Figure 3. The percent of participants that had at least 95% of the listed muscles maximum amplitude with the listed tests. Each vertical 
dashed line represents 10% of the participants. For example, the latissimus dorsi was activated to greater than or equal to 95% of 
maximum activation for 60% of participants in the IM-LD test, 10% in the IM-IN test, 20% in the IM-PD test and 10% of participants in 
the IN-MD test.

Table 3.  ICC values (mean measures) and 95% confidence 
intervals showing the reliability between the three repetitions of 
each muscle’s maximum amplitude in the set of eight tests.

Muscle
ICC (Mean 
measures)

95% confidence interval

Lower bound Upper bound
Anterior deltoid 0.966 0.902 0.991
Middle deltoid 0.952 0.858 0.987
Posterior deltoid 0.979 0.939 0.994
Infraspinatus 0.983 0.95 0.995
Supraspinatus 0.986 0.959 0.996
Upper trapezius 0.97 0.912 0.992
Middle trapezius 0.985 0.955 0.996
Lower trapezius 0.993 0.979 0.998
Latissimus dorsi 0.979 0.939 0.994
Serratus anterior 0.995 0.985 0.999
Pectoralis 

major-clavicular 
0.995 0.986 0.999

Pectoralis 
major-sternal 

0.936 0.814 0.983
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repetitions of the exertions was found to be excellent and 
that participants were able to complete 48 maximum 
exertions within 1 test session without developing signs 
of myoelectric fatigue when given 2 min of rest between 
each exertion.

Although there were few statistical differences 
between the two test sets (12 IM vs. 4 MM tests), we found 
differences of 6–15% MVE between statistically non-sig-
nificant values. Underestimating maximum activity by as 
little as these statistically non-significant levels can lead 
to overestimating submaximal sEMG amplitude, which, 
depending on the amplitude and the research question 
or ergonomic assessment goals, may lead to a functional 
difference or increased variability inherent to the normali-
zation process (Yang & Winter 1983). For example, Jonsson 
(1978), recommended that static submaximal work not 
exceed 2–5% MVC, thus even small overestimations of 
muscle activations can have significant implications in 
the design and evaluation of return to work task assess-
ments. Using upper extremity muscles, including a subset 
of the shoulder muscles, previous work found a combina-
tion of strength exercises and IM tests was the best way 
to normalize sEMG data (Rota et al. 2013). Investigations 
involving the shoulder complex often require a larger 
number of shoulder muscles than included in Rota et al. 
(2013); the current investigation expands this literature by 

tests listed above ranged from 0.831 to 0.986 (excellent 
according to Fleiss 1986) (Table 3). Paired t-tests showed 
that there were no significant differences between the 
maximum amplitudes obtained in the second and third 
repetitions of the tests (p > 0.05) (Figure 4).

No signs of myoelectric fatigue were found in the sub-
maximal reference contractions of anterior or middle del-
toid muscles following the 48 maximum exertions (less 
than 8% decrease in MDF (Öberg et al. 1990)).

Discussion

The aims of this investigation were to determine if a previ-
ously published set of four multi-muscle MVE tests could 
effectively replace individual shoulder muscle MVE tests 
for a more time efficient and safe protocol for experimen-
tal studies, and to examine the reliability of these values 
between multiple repetitions of each exertion. The statisti-
cal analysis revealed few differences between the two test 
sets (IM and MM), however, large differences in the actual 
values suggest that this four MVE test protocol might 
have limitations in practical and research applications. To 
develop a protocol that would elicit maximum activation 
in all muscles in the fewest number of tests, a heuristic post 
hoc analysis was completed to select a set of individual 
and multi-muscle MVE tests. Reliability between multiple 

Figure 4. Comparison of maximum sEMG amplitude between the second and third repetitions of the recommended eight test protocol 
for each muscle. Reliability of maximum sEMG amplitude (V) between the second and third repetitions. There were no statistically 
significant differences in the maximum values elicited between the second (grey bars) and third (black bars) repetitions of the protocol 
(p > 0.05). Error bars depict the within subject standard deviations between the two repetitions.
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reduce the time of the MVE portion of the data collec-
tions for 2–3 min/muscle tested, which can have a siza-
ble impact in shoulder muscle assessment, rehabilitation 
and research. It was confirmed with EMG amplitude and 
frequency, that the 48 MVE protocol did not elicit muscle 
fatigue when 2 min rest was given between each exertion. 
Although this protocol focused on shoulder muscles, the 
recommendation of 2 min of rest between exertions can 
be applied to different muscle groups.

There are limitations to the current investigation. 
The order of the MVE tests were randomized for each 
participant and it is possible that two tests targeting the 
same muscle could have directly followed each other. We 
controlled order effects by randomizing the test order 
between participants and confirmed that fatigue did not 
develop with this protocol by evaluating changes in MDF 
during submaximal exertions before and after the MVE 
protocol. Although there were several different options 
for shoulder muscle MVE tests in the published literature, 
a set of 16 tests was selected for this investigation. Since 
participants were completing 48 maximum exertions 
with the current protocol, we were not able to include 
and evaluate multiple tests for each muscle. Only healthy 
males were included in this investigation and future 
investigations are required to confirm that this test 
protocol is appropriate for female participants and clinical 
populations as well.

Conclusion

Two repetitions each of eight tests (empty can, palm press, 
125° flexion, anterior deltoid, posterior deltoid, latissimus 
dorsi, upper trapezius, infraspinatus) are recommended to 
effectively generate repeatable, maximal muscle activa-
tion in the examined 12 shoulder muscles using sEMG. The 
findings also show that, with two minutes of rest between 
each maximum exertion participants are able to complete 
at least 48 maximum exertions without signs of myoelec-
tric fatigue. This shoulder muscle normalizing protocol 
can be incorporated into other experimental protocols to 
elicit maximum sEMG amplitude in a more time efficient 
manner than previous protocols.
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recommending a set of 8 tests to normalize 12 shoulder 
muscles.

Selecting only one test for each muscle may be chal-
lenging due to between subject variability in shoulder 
muscle activation patterns (Nieminen et al. 1993), which 
was confirmed in our study as demonstrated by the 
between subject differences in which MVE tests elicited 
the maximum amplitude for each muscle (Figure 3). The 
multi-muscle tests elicited high sEMG amplitudes; how-
ever, because of between subject variability and large 
differences in each IMs function, these tests alone were 
not sufficient to elicit maximum sEMG amplitude from 
all muscles examined. Although 3 of the 4 multi-muscle 
tests evaluated (empty can, palm press, 125° flexion) were 
selected as part of the 8 test set, reducing the protocol to 
only 4 tests may prevent finding true maximum activity 
level, while 12 individual tests may prove too lengthy. The 
proposed 8 MVE tests (empty can, palm press, 125° flexion, 
anterior deltoid, posterior deltoid, latissimus dorsi, upper 
trapezius, infraspinatus) represent a trade-off between the 
convenience of 4 multi-muscle tests and the specificity of 
12 IM tests. This proposed test protocol produced higher 
maximum amplitudes than either of the other two test 
sets alone. Although the criterion used to select the 8-test 
set did not require maximal activation for every muscle in 
all participants, it performed better than the IM tests and 
multi-muscle tests alone. Depending on the muscle, the 
proportion of participants that obtained their maximum 
with this 8 test set ranged from 50 to 90%. Alternatively, 
30–100% of the participants reached their maximum in 
the IM protocol while 0–70% of participants reached their 
maximum with the multi-muscle protocol. The combina-
tion of multi-muscle and IM tests elicited greater muscle 
activation from all the test muscles, compared to either 
the multi-muscle or the IM tests alone.

The reliability of the maximum amplitude from of the 
eight recommended tests was excellent, suggesting two 
repetitions of each test is sufficient for obtaining maximum 
sEMG amplitude. Previous work has shown that shoulder 
MVE repeatability was dependent on the muscle tested 
(Fischer et al. 2011). The ICCs found in this investigation 
ranged from 0.831 to 0.986. According to Fleiss (1986), 
these would be considered excellent (0–0.4 weak, 0.4–0.75 
fair to good and greater than 0.75 excellent). This shows 
that the recommended protocol elicited reliable maximum 
amplitude from all of the muscles included in the inves-
tigation with only two repetitions of each test. Collecting 
MVEs for every muscle is very time consuming in shoulder 
research because of the large number of muscles typically 
included in these investigations. By reducing the number 
of repetitions for each test from 3 to 2, we are able to 
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