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Abstract

Coactivation of the rotator cuff is vital to glenohumeral joint stability by centralising the humeral head within the glenoid fossa. Yet in
individuals with subacromial impingement, it is hypothesised that rotator cuff coactivation abnormalities are present that could contribute
to their shoulder pain. The purpose of this study was to determine if abnormal rotator cuff coactivation and deltoid activation patterns exist
in participants with subacromial impingement. Rotator cuff (supraspinatus, infraspinatus, and subscapularis) coactivation and middle del-
toid activation was assessed during an elevation task. ANOVA models were used to compare muscle activation patterns in 10 participants
with subacromial impingement and 10 control participants. Participants with impingement exhibited decreased rotator cuff coactivation
(subscapularis—infraspinatus and supraspinatus—infraspinatus) and increased middle deltoid activation at the initiation of elevation (0-30° of
humeral elevation). The participants with impingement also had higher subscapularis—infraspinatus and supraspinatus—infraspinatus coacti-
vation above the level of the shoulder where pain is typically present (90-120° of humeral elevation). The results indicate that individuals with
subacromial impingement exhibit rotator cuff muscle coactivation and deltoid activation abnormalities during humeral elevation that might

contribute to the encroachment of the subacromial structures associated with subacromial impingement.
© 2008 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The primary purpose of the rotator cuff muscles is to
create compressive forces through coactivation to stabilise
the humeral head within the glenoid fossa [8,17,22]. During
humeral elevation, compression by the rotator cuff creates a
stable fulcrum for the humeral head on the scapula, allowing
the deltoid to elevate the arm without superiorly translating
the humeral head on the glenoid [13]. But in patients with sub-
acromial impingement, superior translation during humeral
elevation has been identified, contributing to the compression
of the subacromial structures [4,6,19]. Potentially, poor coac-
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tivation by the rotator cuff muscles combined with increased
activation by the deltoid could be contributing to this supe-
rior humeral migration and ultimately impingement. While
activation of each rotator cuff muscle and humeral mover
has been assessed in patients with subacromial impinge-
ment [14,20], it is the coactivation between the rotator cuff
muscles that is most important functionally. To date, coacti-
vation has not been quantified in individuals diagnosed with
subacromial impingement. We hypothesise that individuals
with subacromial impingement will demonstrate differences
in rotator cuff coactivation and deltoid activation compared
to individuals with no history of shoulder pain and injury. As
such, the purpose of this study is to measure rotator cuff coac-
tivation and middle deltoid muscle activation in participants
diagnosed with subacromial impingement syndrome.
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Table 1
Study participant demographics

Subacromial impingement

Control participants (5 males, t-Test [#(d.f.), p]

participants (5 males, 5 females) 5 females)

Mean +S.D. Mean +S.D.
Age (years) 42.70 10.61 36.58 7.61 1.6(18), 0.13
Height (cm) 170.27 10.60 176.22 6.83 —1.6(18), .13
Mass (kg) 73.76 13.68 81.14 17.27 —1.8(18), 0.28
VAS pain level 5.00 1.54

2. Methods

Twenty participants took part in this study including ten
individuals diagnosed with subacromial impingement and ten
control participants. Participants with subacromial impinge-
ment were recruited by providing information to patients with
subacromial impingement seen within our orthopedic clinic.
Interested participants contacted the investigators. Subacro-
mial impingement was defined as localised pain lasting longer
than 2 weeks in duration on the proximal anterolateral shoul-
der region, positive impingement signs, including positive
Neer, Hawkins, and empty can tests, a painful arc of move-
ment (60—120°), and/or tenderness to palpation in the region
of the greater tuberosity or rotator cuff tendons. All diag-
noses were made by an orthopedic surgeon and confirmed
by lidocaine injection in the subacromial space to verify
subacromial impingement. Subsequent follow-up with par-
ticipant records indicated that nine out of the 10 participants
with subacromial impingement eventually opted for sub-
acromial decompression surgical intervention. Ten control
group participants were matched with the impingement par-
ticipants were matched according to gender, age, height,
weight, and limb (dominance and involvement). All con-
trol participants had no self-reported history of shoulder pain
or injury that required medical intervention. Control partic-
ipants were recruited by posted advertisements. All study
participant demographics are shown in Table 1.

Each participant attended one laboratory testing session.
Before testing, each participant provided consent as required
by the Institutional Review Board. Initially, each participant’s
maximum humeral elevation torque was recorded isomet-
rically on a dynamometer (Biodex System III Isokinetic
Dynamometer, Biodex Medical, Shirley, NY) with the par-
ticipants seated and their limb positioned at 20° elevation
in the scapular plane. Maximal elevation torque was used to
calculate the load to be held during subsequent functional ele-
vation tasks. The load held equalled 25% of their maximum
elevation torque.

Dual finewire electrodes constructed with 0.05 mm nickel
chromium alloy wire insulated with nylon (California Fine
Wire Company, Grover Beach, CA) were prepared according
to published recommendations [2,11] and inserted intra-
muscularly through a 1.5-in. 25-gauge needle into the
subscapularis, supraspinatus, and infraspinatus. Insertion
sites were sanitised using 70% isopropyl alcohol and an
iodine solution before insertion. Silver—silver chloride sur-

face electrodes (Medicotest Inc., Rolling Meadows, IL)
were used to measure middle deltoid muscle activity. Two
surface electrodes were placed side-by-side and perpen-
dicular to the orientation of the muscle fibers with 2cm
separating the center of each electrode. Correct positions
of all electrodes were confirmed through isolated man-
ual muscle testing. Electromyographic data were collected
with the Noraxon Telemyo (Noraxon, Scottsdale, AZ) elec-
tromyography system. Electromyographic signals collected
were passed through a single ended amplifier (gain, 500)
to an eight-channel FM transmitter. A receiver unit col-
lected the telemetry signals from the transmitter, where the
receiver amplified (gain, 500) and hardware filtered (range,
15-500 Hz band pass Butterworth filter; common mode rejec-
tion ratio of 130dB) the signals. Signals from the receiver
were then converted from analog to digital data at a rate
of 1000 Hz. Additionally, all participants were fitted with
electromagnetic receivers (MotionMonitor electromagnetic
tracking device (Innovative Sports Training, Inc., Chicago,
IL)) that were used for calculation of humeral elevation dur-
ing the elevation trials [16].

Collection trials consisted of each participant elevating
his/her arm in the scapular plane (30° anterior to the frontal
plane) from 0° elevation (arm at the side) to maximum
elevation and returning to 0° elevation. The participants
were seated during the elevation tasks. Through the use
of a metronome, each elevation—depression task lasted 4 s
(2s to complete humeral elevation and 2s to complete
humeral depression). Participants were provided with a
period of trial practice to until they felt comfortable perform-
ing the elevation—depression task with the metronome. For
data collection, each participant performed 10 continuous
elevation—depression repetitions while holding the previ-
ously determined resistance (sandbags). Elevation in the
scapular plane was maintained through the use of a guide
tube.

To calculate rotator cuff and deltoid muscle activation
and rotator cuff coactivation at the desired phases of eleva-
tion, humeral elevation relative to the thorax was calculated
using recommended Euler angle sequence [23]. The phases
of interest studied were 0-30°, 30-60°, 60-90°, and 90-120°
humeral elevation (relative to the thorax) in the scapular
plane.

All raw EMG data was smoothed by root mean square at
a time constant of 50 ms. Mean activation of the supraspina-
tus, infraspinatus, subscapularis, and middle deltoid were
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calculated for each phase of interest studied from the middle
eight repetitions. All muscle activation data were normalised
to mean activation of the entire 10 elevation—depression
cycles [24]. Thus each data point for each muscle was
divided by the average of the amount of activation during all
10 repetitions. We opted to use this normalisation technique
for two reasons including concern for our patient group
performing a maximum voluntary contraction given their
impingement diagnosis and because it has shown better
reliability for normalisation then maximum voluntary
contractions [24]. The normalised mean activation of the
supraspinatus, infraspinatus, and subscapularis were used
to calculate coactivation ratios for each phase established
for humeral elevation. All EMG processing was completed
through a custom written analysis program within MatLab
programming software (Mathworks, Natick, MA).
Coactivation ratios for the rotator cuff force were cal-
culated for the supraspinatus—infraspinatus, supraspinatus—
subscapularis, and subscapularis—infraspinatus. We defined
coactivation, according to Rudolph et al. [21], as the simulta-
neous activation of two muscles using the following equation:

EMG;i ow

—— x (EMG EMGy;
EMGHigh ( Low 1 ngh)

where EMGy o is the mean activation of the less active mus-
cle and EMGgjgp is the mean activation in the more active
muscle. Using this equation, high coactivation values signify
a high level of activation of both muscles, whereas low coac-
tivation values indicate either low level activation of both
muscles or a high level activation of one muscle along with
a low level activation of the other muscle in the pair [21].

One within, one between ANOVA models were utilised to
analyse each muscle coactivation pair and the middle deltoid
activation. The within factor was level of humeral elevation
(0-30°; 30-60°; 60-90°; 90-120° of elevation) while the
between factor was group (impingement participants vs. con-
trol participants). Bonferroni post hoc analyses were utilised
when significant findings presented from the ANOVA mod-
els, to determine group differences at each elevation angle. An
alpha level of 0.05 was set before analyses. Descriptive statis-
tics for the each rotator cuff activation level was calculated
to assist with interpretation of the coactivation findings.

3. Results

Significant humeral elevation by group interactions were
present for middle deltoid mean activation (F[3, 54]=6.29;
p=0.005), supraspinatus—subscapularis coactivation (F[3,
54]=10.64; p<0.001), supraspinatus—infraspinatus coac-
tivation (F[3, 54]=5.30; p=0.01), and subscapularis—
infraspinatus coactivation (F[3, 54] =15.09; p <0.001). From
the post hoc analyses, it was determined that participants
with impingement had less subscapularis—infraspinatus (post
hoc p=0.012) and supraspinatus—subscapularis (post hoc

p=0.018) coactivation at the initiation of elevation (0-30°).
At 30-60° of elevation, less supraspinatus—infraspinatus
(post hoc p=0.011) coactivation was shown in the impinge-
ment group. The participants with impingement had
higher subscapularis—infraspinatus (post hoc p =0.033) and
supraspinatus—infraspinatus (post hoc p = 0.022) coactivation
at 90-120° of humeral elevation. In addition to the coacti-
vation differences shown in the impingement participants,
these individuals also had increased middle deltoid activity
at 0-30° (post hoc p=0.038). The descriptive statistics for
rotator cuff coactivation, rotator cuff activation, and middle
deltoid activation and post hoc p-values for rotator cuff coac-
tivation and middle deltoid mean activation are presented in
Table 2.

4. Discussion

Humeral elevation results from muscle activation and
resulting force generated by the deltoid [9,10]. Yet at the
initiation of elevation, the deltoid’s lines of action results
in a majority of the force from contraction causing supe-
rior translation rather than the rotary force needed to elevate
the humerus [5]. The use of cadaveric models has shown
that the middle portion of the deltoid is most capable of
causing superior humeral head migration in this position
[7,12]. This superior humeral migration would be problem-
atic in patients with subacromial impingement. In the current
study, the results indicate that participants with subacromial
impingement have increased middle deltoid activity at the ini-
tiation of motion, where the tendency for superior migration
is high [7].

To counteract this tendency for superior migration, the
rotator cuff must coactivate, creating force couples to cen-
tralise the humeral head within the glenoid. Some authors
have reported that supraspinatus, infraspinatus, teres minor,
and subscapularis play an equally substantial role in main-
taining position [3,18] while others suggest that only the
subscapularis and infraspinatus play a substantial role [9,17].
In either case, it appears that the force couple function of the
supraspinatus, subscapularis, and infraspinatus play a vital
role in opposing the superior migration force generated by
the deltoid at the initiation of humeral elevation. In the cur-
rent study, not only did the participants with impingement
have increased middle deltoid activation that may contribute
to humeral head superior migration, but the coactiva-
tion between the subscapularis—infraspinatus, supraspinatus—
infraspinatus, and subscapularis—supraspinatus was sup-
pressed as well at the initiation of motion when the tendency
for deltoid shearing is highest. These suppressed coactiva-
tion ratios most likely result from observed decreases in
supraspinatus, infraspinatus, and subscapularis mean activa-
tion (from Table 2).

This would suggest that patients with subacromial
impingement may not only have the tendency for increased
humeral head superior migration attributable to increased
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Rotator cuff coactivation ratios and muscle activation mean amplitudes for the study participants

Subacromial impingement participants

Control participants

t-Test [#(d.f.), p]

Mean +S.D. Mean +S.D.

Phase 0-30°
Subscapularis—infraspinatus” 116.73 25.60 143.74 20.55 —3.6(18), 0.012
Supraspinatus—infraspinatus 124.36 36.11 136.36 27.12 —0.9(18), 0.384
Supraspinatus—subscapularis” 107.50 20.99 133.28 26.89 —3.1(18), 0.018
Middle deltoid” 60.32 21.18 44.68 14.43 2.3(18), 0.038
Supraspinatus 64.62 11.27 92.10 15.34
Infraspinatus 75.57 17.53 82.58 12.29
Subscapularis 62.41 9.05 91.75 18.22

Phase 30-60°
Subscapularis—infraspinatus 162.25 29.39 175.67 25.41 —1.2(18), 0.264
Supraspinatus—infraspinatus” 149.09 17.84 170.25 18.32 —3.1(18), 0.011
Supraspinatus—subscapularis 164.68 13.55 170.99 16.99 —0.9(18), 0.354
Middle deltoid 95.82 21.07 80.61 17.39 1.2(18), 0.229
Supraspinatus 93.20 12.91 103.79 9.84
Infraspinatus” 92.00 15.09 105.36 13.00
Subscapularis 101.09 10.26 102.45 19.47

Phase 60-90°
Subscapularis—infraspinatus 168.61 16.10 184.30 24.35 —1.9(18), 0.097
Supraspinatus—infraspinatus 223.57 86.47 190.33 20.84 1.3(18), 0.211
Supraspinatus—subscapularis 188.69 23.30 183.99 13.41 0.6(18), 0.560
Middle deltoid 110.42 9.35 121.86 9.10 0.7(18), 0.469
Supraspinatus 133.56 37.44 98.90 8.38
Infraspinatus 135.40 44.56 110.02 7.94
Subscapularis 110.20 17.58 102.79 10.63

Phase 90-120°
Subscapularis—infraspinatus” 191.28 24.78 160.85 35.36 2.7(18), 0.033
Supraspinatus—infraspinatus” 204.95 35.01 169.22 32.52 2.7(18), 0.022
Supraspinatus—subscapularis 188.92 15.22 178.22 31.02 1.0(18), 0.333
Middle deltoid 132.37 36.00 146.38 30.80 —1.0(18), 0.340
Supraspinatus 126.13 23.77 101.37 14.60
Infraspinatus 130.63 13.58 101.73 18.66
Subscapularis 120.19 8.36 104.11 21.66

* Significant difference between the impingement and control group.

activation of the deltoid, but a compromised ability to oppose
this migration because of suppressed rotator cuff coac-
tivation. Therefore, the encroachment of the subacromial
structures and resulting pain that occurs during the painful
arc may be attributed to these muscle activation alterations
that are occurring during the pain free initiation of humeral
elevation.

As the participants with impingement continued to ele-
vate their humerus into the region that corresponds with
the commonly described painful arc, there were coactiva-
tion alterations in shoulder muscle activation similar to those
in previous reports [14,20]. Toward the end of the tested
elevation (90-120°), the participants with impingement had
increased coactivation of both subscapularis—infraspinatus
and supraspinatus—infraspinatus. The posterior orientation of
the infraspinatus and supraspinatus [3,18] as well as action
by the transverse force couple (subscapularis—infraspinatus)
[9,17] suggests that combined action by these muscles may
be suitable for counteracting any increased anterior humeral
translation on the glenoid that may be present in participants
with subacromial impingement at 60—120° elevation [15]. In

the current study, this increased coactivation in this position
may be an attempt to minimise the superior humeral transla-
tion that may be present at this position (90—120° elevation)
[6,22].

The implications of these results are that patients with
subacromial impingement have muscle activation alterations
at the initiation of humeral elevation. These abnormalities
may facilitate encroachment of the subacromial structures as
a patient continues to elevate the arm overhead. The deltoid
shearing which could result from the increased middle deltoid
activation and poor opposing force-couple action) may be
contributing to the pain associated with impingement later in
the phase of elevation. This is important information for clin-
icians when implementing therapeutic treatment regimens.
Clinicians may better treat impingement by facilitating the
coactivation of the rotator cuff, counteracting any potential
humeral shearing by the deltoid. By facilitating coactivation
in positions where the alterations are present (0-30° eleva-
tion), patients can most likely perform therapeutic exercise
in this position, given that patients with impingement rarely
have pain at the initiation of motion.
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While the findings of this study in combination with the
current literature [14,20] clearly show that muscle activation
abnormalities are present in participants with subacromial
impingement, questions remain as to the source of these
abnormalities. It is not known if these muscle activation
abnormalities were present before the participants developed
shoulder pain, thus contributing to the risk of impingement,
or if the activation alterations manifested as a result of the
impingement. To answer such questions, a true prospective
study (before patients experience shoulder pain for the first
time) to identify abnormal muscle activation as a risk factor
for injury would have to be initiated. Currently, the literature
is void of any such investigation. While a study of this type
has not been performed, we believe that the muscle activation
alterations present in patients with subacromial impingement
result from the impingement syndrome and specifically from
the pain manifestation. For example, Bandholm et al. [1]
demonstrated that shoulder pain artificially induced with sub-
acromial injection of hypertonic saline, showed potent pain
effects on muscle activation. Specifically, activation of all
muscles tested increased during humeral elevation, similar to
deltoid activity patterns in the current study. Addressing ques-
tions related to whether muscle activation alterations result
from or contribute to subacromial impingement would be a
fertile area for future research.

The authors recognise several limitations in the current
study. Throughout this paper, the authors discuss how mus-
cle activation may contribute to the humeral head translation,
which is suggested to contribute to impingement and to be
present in patients with subacromial impingement [4,6,19].
However, humeral head translation was not measured in the
current study. While the electromagnetic tracking instrumen-
tation has the capability to indirectly measure if humeral
translation is present [15], measurement of the small amounts
of translation that are shown to exist [4,6,19] can be dif-
ficult because of the electromagnetic receiver movement
at the receiver—skin interface [15]. As such, we speculate
that muscle activation alterations may be contributing to
abnormal humeral head translations present in patients with
impingement [4,6,19]. A second limitation relates to the nor-
malisation procedures used for the electromyography data.
Commonly, electromyographic data are normalised to a max-
imum voluntary contraction to facilitate comparison between
subjects. One assumption with this normalisation procedure
is that the subjects are able to perform a muscle contraction
that represents maximum force development within the mus-
cle. In the current study we were concerned about our patient
group performing such a maximum test, given the impinge-
ment diagnosis. Thus, we opted for normalising to the mean
activation of the entire series of elevation—depression cycles,
similar to what is reported as a valid and reliable method for
cyclic motions like the task used in the current study and gait
[24]. Because of the different means of normalisation, com-
parison with similar research [20] is difficult. An additional
limitation is in the procedures for calculation of coactiva-
tion. In the coactivation calculation used in this study, only

two muscle amplitudes could be included at one time (such
as subscapularis—supraspinatus, subscapularis—infraspinatus,
or supraspinatus—infraspinatus). However, at the shoulder it
is suggested that contraction of all of the rotator cuff muscles
simultaneously plays a role in maintaining the humeral head
within the glenoid rather than just two muscles opposing each
other [3,18]. All possible rotator cuff coactivation combina-
tions were measured in the current study, to appreciate the
coactivation function of all of the rotator cuff muscles.

The results of the current study indicate that participants
with subacromial impingement have coactivation and other
muscle activation alterations at the initiation of humeral ele-
vation. It is these alterations that may facilitate encroachment
of the subacromial structures as a patient continues to ele-
vate the limb over their head. Muscle activation alterations
continued to manifest throughout elevation of the limb.

Practical implications

e Individuals with subacromial impingement exhibited
abnormal rotator cuff muscle activation patterns.

e Abnormal muscle activation patterns may be contributing
to their impingement syndrome.

e Clinicians should seek to restore normal muscle activation
as part of the treatment for impingement syndrome.
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