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bstract

Coactivation of the rotator cuff is vital to glenohumeral joint stability by centralising the humeral head within the glenoid fossa. Yet in
ndividuals with subacromial impingement, it is hypothesised that rotator cuff coactivation abnormalities are present that could contribute
o their shoulder pain. The purpose of this study was to determine if abnormal rotator cuff coactivation and deltoid activation patterns exist
n participants with subacromial impingement. Rotator cuff (supraspinatus, infraspinatus, and subscapularis) coactivation and middle del-
oid activation was assessed during an elevation task. ANOVA models were used to compare muscle activation patterns in 10 participants
ith 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
umeral elevation). The participants with impingement also had higher subscapularis–infraspinatus and supraspinatus–infraspinatus coacti-

◦
ation above the level of the shoulder where pain is typically present (90–120 of humeral elevation). The results indicate that individuals with
ubacromial impingement exhibit rotator cuff muscle coactivation and deltoid activation abnormalities during humeral elevation that might
ontribute 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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. Introduction

The primary purpose of the rotator cuff muscles is to
reate compressive forces through coactivation to stabilise
he humeral head within the glenoid fossa [8,17,22]. During
umeral elevation, compression by the rotator cuff creates a
table fulcrum for the humeral head on the scapula, allowing
he deltoid to elevate the arm without superiorly translating
he humeral head on the glenoid [13]. But in patients with sub-
Please cite this article in press as: Myers JB, et al. Rotator cuff coactivatio
J Sci Med Sport (2008), doi:10.1016/j.jsams.2008.06.003

cromial impingement, superior translation during humeral
levation has been identified, contributing to the compression
f the subacromial structures [4,6,19]. Potentially, poor coac-

∗ Corresponding author.
E-mail address: joemyers@email.unc.edu (J.B. Myers).

w
i
t
s
t
d

440-2440/$ – see front matter © 2008 Sports Medicine Australia. Published by El
oi:10.1016/j.jsams.2008.06.003
; Injury

ivation by the rotator cuff muscles combined with increased
ctivation by the deltoid could be contributing to this supe-
ior humeral migration and ultimately impingement. While
ctivation of each rotator cuff muscle and humeral mover
as been assessed in patients with subacromial impinge-
ent [14,20], it is the coactivation between the rotator cuff
uscles that is most important functionally. To date, coacti-

ation has not been quantified in individuals diagnosed with
ubacromial impingement. We hypothesise that individuals
ith subacromial impingement will demonstrate differences

n rotator cuff coactivation and deltoid activation compared
n ratios in participants with subacromial impingement syndrome.

o individuals with no history of shoulder pain and injury. As
uch, the purpose of this study is to measure rotator cuff coac-
ivation and middle deltoid muscle activation in participants
iagnosed with subacromial impingement syndrome.

sevier Ltd. All rights reserved.
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Table 1
Study participant demographics

Subacromial impingement
participants (5 males, 5 females)

Control participants (5 males,
5 females)

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

Mean ±S.D. Mean ±S.D.

Age (years) 42.70 10.61 36.58 7.61 1.6(18), 0.13
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eight (cm) 170.27 10.60
ass (kg) 73.76 13.68

AS pain level 5.00 1.54

. Methods

Twenty participants took part in this study including ten
ndividuals diagnosed with subacromial impingement and ten
ontrol participants. Participants with subacromial impinge-
ent were recruited by providing information to patients with

ubacromial impingement seen within our orthopedic clinic.
nterested participants contacted the investigators. Subacro-
ial impingement was defined as localised pain lasting longer

han 2 weeks in duration on the proximal anterolateral shoul-
er region, positive impingement signs, including positive
eer, Hawkins, and empty can tests, a painful arc of move-
ent (60–120◦), and/or tenderness to palpation in the region

f the greater tuberosity or rotator cuff tendons. All diag-
oses were made by an orthopedic surgeon and confirmed
y lidocaine injection in the subacromial space to verify
ubacromial impingement. Subsequent follow-up with par-
icipant records indicated that nine out of the 10 participants
ith subacromial impingement eventually opted for sub-

cromial decompression surgical intervention. Ten control
roup participants were matched with the impingement par-
icipants were matched according to gender, age, height,
eight, and limb (dominance and involvement). All con-

rol participants had no self-reported history of shoulder pain
r injury that required medical intervention. Control partic-
pants were recruited by posted advertisements. All study
articipant demographics are shown in Table 1.

Each participant attended one laboratory testing session.
efore testing, each participant provided consent as required
y the Institutional Review Board. Initially, each participant’s
aximum humeral elevation torque was recorded isomet-

ically on a dynamometer (Biodex System III Isokinetic
ynamometer, Biodex Medical, Shirley, NY) with the par-

icipants seated and their limb positioned at 20◦ elevation
n the scapular plane. Maximal elevation torque was used to
alculate the load to be held during subsequent functional ele-
ation tasks. The load held equalled 25% of their maximum
levation torque.

Dual finewire electrodes constructed with 0.05 mm nickel
hromium alloy wire insulated with nylon (California Fine
ire Company, Grover Beach, CA) were prepared according

o published recommendations [2,11] and inserted intra-
Please cite this article in press as: Myers JB, et al. Rotator cuff coactivatio
J Sci Med Sport (2008), doi:10.1016/j.jsams.2008.06.003

uscularly through a 1.5-in. 25-gauge needle into the
ubscapularis, supraspinatus, and infraspinatus. Insertion
ites were sanitised using 70% isopropyl alcohol and an
odine solution before insertion. Silver–silver chloride sur-

p

a
t

176.22 6.83 −1.6(18), .13
81.14 17.27 −1.8(18), 0.28

ace electrodes (Medicotest Inc., Rolling Meadows, IL)
ere used to measure middle deltoid muscle activity. Two

urface electrodes were placed side-by-side and perpen-
icular to the orientation of the muscle fibers with 2 cm
eparating the center of each electrode. Correct positions
f all electrodes were confirmed through isolated man-
al muscle testing. Electromyographic data were collected
ith the Noraxon Telemyo (Noraxon, Scottsdale, AZ) elec-

romyography system. Electromyographic signals collected
ere passed through a single ended amplifier (gain, 500)

o an eight-channel FM transmitter. A receiver unit col-
ected the telemetry signals from the transmitter, where the
eceiver amplified (gain, 500) and hardware filtered (range,
5–500 Hz band pass Butterworth filter; common mode rejec-
ion ratio of 130 dB) the signals. Signals from the receiver
ere then converted from analog to digital data at a rate
f 1000 Hz. Additionally, all participants were fitted with
lectromagnetic receivers (MotionMonitor electromagnetic
racking device (Innovative Sports Training, Inc., Chicago,
L)) that were used for calculation of humeral elevation dur-
ng the elevation trials [16].

Collection trials consisted of each participant elevating
is/her arm in the scapular plane (30◦ anterior to the frontal
lane) from 0◦ elevation (arm at the side) to maximum
levation and returning to 0◦ elevation. The participants
ere seated during the elevation tasks. Through the use
f a metronome, each elevation–depression task lasted 4 s
2 s to complete humeral elevation and 2 s to complete
umeral depression). Participants were provided with a
eriod of trial practice to until they felt comfortable perform-
ng the elevation–depression task with the metronome. For
ata collection, each participant performed 10 continuous
levation–depression repetitions while holding the previ-
usly determined resistance (sandbags). Elevation in the
capular plane was maintained through the use of a guide
ube.

To calculate rotator cuff and deltoid muscle activation
nd rotator cuff coactivation at the desired phases of eleva-
ion, humeral elevation relative to the thorax was calculated
sing recommended Euler angle sequence [23]. The phases
f interest studied were 0–30◦, 30–60◦, 60–90◦, and 90–120◦
umeral elevation (relative to the thorax) in the scapular
n ratios in participants with subacromial impingement syndrome.

lane.
All raw EMG data was smoothed by root mean square at

time constant of 50 ms. Mean activation of the supraspina-
us, infraspinatus, subscapularis, and middle deltoid were

dx.doi.org/10.1016/j.jsams.2008.06.003
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alculated for each phase of interest studied from the middle
ight repetitions. All muscle activation data were normalised
o mean activation of the entire 10 elevation–depression
ycles [24]. Thus each data point for each muscle was
ivided by the average of the amount of activation during all
0 repetitions. We opted to use this normalisation technique
or two reasons including concern for our patient group
erforming a maximum voluntary contraction given their
mpingement diagnosis and because it has shown better
eliability for normalisation then maximum voluntary
ontractions [24]. The normalised mean activation of the
upraspinatus, infraspinatus, and subscapularis were used
o calculate coactivation ratios for each phase established
or humeral elevation. All EMG processing was completed
hrough a custom written analysis program within MatLab
rogramming software (Mathworks, Natick, MA).

Coactivation ratios for the rotator cuff force were cal-
ulated for the supraspinatus–infraspinatus, supraspinatus–
ubscapularis, and subscapularis–infraspinatus. We defined
oactivation, according to Rudolph et al. [21], as the simulta-
eous activation of two muscles using the following equation:

EMGLow

EMGHigh
× (EMGLow + EMGHigh)

here EMGLow is the mean activation of the less active mus-
le and EMGHigh is the mean activation in the more active
uscle. Using this equation, high coactivation values signify
high level of activation of both muscles, whereas low coac-

ivation values indicate either low level activation of both
uscles or a high level activation of one muscle along with
low level activation of the other muscle in the pair [21].

One within, one between ANOVA models were utilised to
nalyse each muscle coactivation pair and the middle deltoid
ctivation. The within factor was level of humeral elevation
0–30◦; 30–60◦; 60–90◦; 90–120◦ of elevation) while the
etween factor was group (impingement participants vs. con-
rol participants). Bonferroni post hoc analyses were utilised
hen significant findings presented from the ANOVA mod-

ls, to determine group differences at each elevation angle. An
lpha level of 0.05 was set before analyses. Descriptive statis-
ics for the each rotator cuff activation level was calculated
o assist with interpretation of the coactivation findings.

. Results

Significant humeral elevation by group interactions were
resent for middle deltoid mean activation (F[3, 54] = 6.29;
= 0.005), supraspinatus–subscapularis coactivation (F[3,
4] = 10.64; p < 0.001), supraspinatus–infraspinatus coac-
ivation (F[3, 54] = 5.30; p = 0.01), and subscapularis–
Please cite this article in press as: Myers JB, et al. Rotator cuff coactivatio
J Sci Med Sport (2008), doi:10.1016/j.jsams.2008.06.003

nfraspinatus coactivation (F[3, 54] = 15.09; p < 0.001). From
he post hoc analyses, it was determined that participants
ith impingement had less subscapularis–infraspinatus (post
oc p = 0.012) and supraspinatus–subscapularis (post hoc

t

i
h
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= 0.018) coactivation at the initiation of elevation (0–30◦).
t 30–60◦ of elevation, less supraspinatus–infraspinatus

post hoc p = 0.011) coactivation was shown in the impinge-
ent group. The participants with impingement had

igher subscapularis–infraspinatus (post hoc p = 0.033) and
upraspinatus–infraspinatus (post hoc p = 0.022) coactivation
t 90–120◦ of humeral elevation. In addition to the coacti-
ation differences shown in the impingement participants,
hese individuals also had increased middle deltoid activity
t 0–30◦ (post hoc p = 0.038). The descriptive statistics for
otator cuff coactivation, rotator cuff activation, and middle
eltoid activation and post hoc p-values for rotator cuff coac-
ivation and middle deltoid mean activation are presented in
able 2.

. Discussion

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

To counteract this tendency for superior migration, the
otator cuff must coactivate, creating force couples to cen-
ralise the humeral head within the glenoid. Some authors
ave reported that supraspinatus, infraspinatus, teres minor,
nd subscapularis play an equally substantial role in main-
aining position [3,18] while others suggest that only the
ubscapularis and infraspinatus play a substantial role [9,17].
n either case, it appears that the force couple function of the
upraspinatus, subscapularis, and infraspinatus play a vital
ole in opposing the superior migration force generated by
he deltoid at the initiation of humeral elevation. In the cur-
ent study, not only did the participants with impingement
ave increased middle deltoid activation that may contribute
o humeral head superior migration, but the coactiva-
ion between the subscapularis–infraspinatus, supraspinatus–
nfraspinatus, and subscapularis–supraspinatus was sup-
ressed as well at the initiation of motion when the tendency
or deltoid shearing is highest. These suppressed coactiva-
ion ratios most likely result from observed decreases in
upraspinatus, infraspinatus, and subscapularis mean activa-
n ratios in participants with subacromial impingement syndrome.

ion (from Table 2).
This would suggest that patients with subacromial

mpingement may not only have the tendency for increased
umeral head superior migration attributable to increased

dx.doi.org/10.1016/j.jsams.2008.06.003
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Table 2
Rotator cuff coactivation ratios and muscle activation mean amplitudes for the study participants

Subacromial impingement participants Control participants t-Test [t(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

3.58
8.36
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Infraspinatus 130.63 1
Subscapularis 120.19

* Significant difference between the impingement and control group.

ctivation of the deltoid, but a compromised ability to oppose
his migration because of suppressed rotator cuff coac-
ivation. Therefore, the encroachment of the subacromial
tructures and resulting pain that occurs during the painful
rc may be attributed to these muscle activation alterations
hat are occurring during the pain free initiation of humeral
levation.

As the participants with impingement continued to ele-
ate their humerus into the region that corresponds with
he commonly described painful arc, there were coactiva-
ion alterations in shoulder muscle activation similar to those
n previous reports [14,20]. Toward the end of the tested
levation (90–120◦), the participants with impingement had
ncreased coactivation of both subscapularis–infraspinatus
nd supraspinatus–infraspinatus. The posterior orientation of
he infraspinatus and supraspinatus [3,18] as well as action
y the transverse force couple (subscapularis–infraspinatus)
Please cite this article in press as: Myers JB, et al. Rotator cuff coactivatio
J Sci Med Sport (2008), doi:10.1016/j.jsams.2008.06.003

9,17] suggests that combined action by these muscles may
e suitable for counteracting any increased anterior humeral
ranslation on the glenoid that may be present in participants
ith subacromial impingement at 60–120◦ elevation [15]. In

i
t
i
h

101.73 18.66
104.11 21.66

he current study, this increased coactivation in this position
ay be an attempt to minimise the superior humeral transla-

ion that may be present at this position (90–120◦ elevation)
6,22].

The implications of these results are that patients with
ubacromial impingement have muscle activation alterations
t the initiation of humeral elevation. These abnormalities
ay facilitate encroachment of the subacromial structures as
patient continues to elevate the arm overhead. The deltoid

hearing which could result from the increased middle deltoid
ctivation and poor opposing force-couple action) may be
ontributing to the pain associated with impingement later in
he phase of elevation. This is important information for clin-
cians when implementing therapeutic treatment regimens.
linicians may better treat impingement by facilitating the
oactivation of the rotator cuff, counteracting any potential
umeral shearing by the deltoid. By facilitating coactivation
n ratios in participants with subacromial impingement syndrome.

n positions where the alterations are present (0–30◦ eleva-
ion), patients can most likely perform therapeutic exercise
n this position, given that patients with impingement rarely
ave pain at the initiation of motion.

dx.doi.org/10.1016/j.jsams.2008.06.003
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While the findings of this study in combination with the
urrent literature [14,20] clearly show that muscle activation
bnormalities are present in participants with subacromial
mpingement, questions remain as to the source of these
bnormalities. It is not known if these muscle activation
bnormalities were present before the participants developed
houlder pain, thus contributing to the risk of impingement,
r if the activation alterations manifested as a result of the
mpingement. To answer such questions, a true prospective
tudy (before patients experience shoulder pain for the first
ime) to identify abnormal muscle activation as a risk factor
or injury would have to be initiated. Currently, the literature
s void of any such investigation. While a study of this type
as not been performed, we believe that the muscle activation
lterations present in patients with subacromial impingement
esult from the impingement syndrome and specifically from
he pain manifestation. For example, Bandholm et al. [1]
emonstrated that shoulder pain artificially induced with sub-
cromial injection of hypertonic saline, showed potent pain
ffects on muscle activation. Specifically, activation of all
uscles tested increased during humeral elevation, similar to

eltoid activity patterns in the current study. Addressing ques-
ions related to whether muscle activation alterations result
rom or contribute to subacromial impingement would be a
ertile area for future research.

The authors recognise several limitations in the current
tudy. Throughout this paper, the authors discuss how mus-
le activation may contribute to the humeral head translation,
hich is suggested to contribute to impingement and to be
resent in patients with subacromial impingement [4,6,19].
owever, humeral head translation was not measured in the

urrent study. While the electromagnetic tracking instrumen-
ation has the capability to indirectly measure if humeral
ranslation is present [15], measurement of the small amounts
f translation that are shown to exist [4,6,19] can be dif-
cult because of the electromagnetic receiver movement
t the receiver–skin interface [15]. As such, we speculate
hat muscle activation alterations may be contributing to
bnormal humeral head translations present in patients with
mpingement [4,6,19]. A second limitation relates to the nor-
alisation procedures used for the electromyography data.
ommonly, electromyographic data are normalised to a max-

mum voluntary contraction to facilitate comparison between
ubjects. One assumption with this normalisation procedure
s that the subjects are able to perform a muscle contraction
hat represents maximum force development within the mus-
le. In the current study we were concerned about our patient
roup performing such a maximum test, given the impinge-
ent diagnosis. Thus, we opted for normalising to the mean

ctivation of the entire series of elevation–depression cycles,
imilar to what is reported as a valid and reliable method for
yclic motions like the task used in the current study and gait
Please cite this article in press as: Myers JB, et al. Rotator cuff coactivatio
J Sci Med Sport (2008), doi:10.1016/j.jsams.2008.06.003

24]. Because of the different means of normalisation, com-
arison with similar research [20] is difficult. An additional
imitation is in the procedures for calculation of coactiva-
ion. In the coactivation calculation used in this study, only
 PRESS
edicine in Sport xxx (2008) xxx–xxx 5

wo muscle amplitudes could be included at one time (such
s subscapularis–supraspinatus, subscapularis–infraspinatus,
r supraspinatus–infraspinatus). However, at the shoulder it
s suggested that contraction of all of the rotator cuff muscles
imultaneously plays a role in maintaining the humeral head
ithin the glenoid rather than just two muscles opposing each
ther [3,18]. All possible rotator cuff coactivation combina-
ions were measured in the current study, to appreciate the
oactivation function of all of the rotator cuff muscles.

The results of the current study indicate that participants
ith subacromial impingement have coactivation and other
uscle activation alterations at the initiation of humeral ele-

ation. It is these alterations that may facilitate encroachment
f the subacromial structures as a patient continues to ele-
ate the limb over their head. Muscle activation alterations
ontinued to manifest throughout elevation of the limb.

ractical implications

Individuals with subacromial impingement exhibited
abnormal rotator cuff muscle activation patterns.
Abnormal muscle activation patterns may be contributing
to their impingement syndrome.
Clinicians should seek to restore normal muscle activation
as part of the treatment for impingement syndrome.
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