
INTRODUCTION

The rotator cuff plays an important role in stabilisa-
tion and control of the complex course of motion of the
gleno-humeral joint (GHJ) . Lesions of the rotator cuff
are a common source of pain, impairment and disabili-
ty of the shoulder, especially in people aged 60 years
and older . The prognosis and therapy of a full thickness
rotator cuff tear (RCT) depends on the location, size and
genesis of the lesion (10, 20, 29).

However, many patients with RCT have no discom-
fort due to the lesion (17). The influence of the superfi-
cial shoulder muscle activity, especially of the deltoid
muscle (MD) on the kinematic of the GHJ and the pre-
sence or absence of symptoms remains unclear. Previ-
ous electromyography (EMG) studies have shown, that

the shoulder muscle activity is altered in patients with
RCT (15, 26). This points toward impaired neuromus-
cular control mechanisms of the surrounding shoulder
muscles. However, the definitive origin of these neuro-
muscular deficits remains to be investigated. Especial-
ly, the central changes of neuromuscular control mecha-
nisms contributing to the functional alteration associated
with chronic RCT has, as yet not been studied in detail.

Transcranial magnetic stimulation (TMS) is a non-
invasive technique to investigate the human motor cor-
tex. It has been used for the assessment of excitability,
representation and function of the motor system (16).

Therefore, the purpose of this study was to investiga-
te the neuromuscular alterations of MD in patients with
a unilateral chronic RCT and in subjects without any
shoulder pathologies with TMS to provide a better
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ABSTRACT

PURPOSE OF THE STUDY
Previous surface EMG studies have shown that chronic rotator cuff tears (RCT) may be associated with a altered acti-

vation of adjacent shoulder muscles. The effect of RCT on central neuromuscular control mechanisms of the shoulder gird-
le muscles such as the deltoideus muscle (MD), a key muscle of shoulder function, has as yet not been studied in detail.
This study investigated the cortico-spinal excitability of the MD to assess the effects of RCT on the central neuromuscular
function of upper limb muscles.

MATERIAL AND METHODS
The motor evoked potentials (MEP) in response to transcranial magnetic stimulation of MD and first dorsal interosseus

muscle (FDI) on both sides were obtained of six right-handed men with chronic, symptomatic, full-thickness RCT on the
dominant sides. Stimulus response curves at four different levels were measured at two tasks (MD at rest and during acti-
vity).

RESULTS
Different interactions were found between stimulus intensity, task and side for MEP of the MD (F = 3.9, P = 0.03), indi-

cating that MD excitability on the affected side were lower when compared with the non-affected side. No correlation was
found between the correspondent MEP amplitudes of MD and FDI at rest (r = 0.1, P = 0.44) and MD activation (r = 0.3,
P = 0.05) on the affected side whereas a correlation existed on the non-affected side at rest (r = 0.5, P = 0.007) and during
activation (r = 0.8, P < 0.001).

CONCLUSIONS
These decreased cortico-motoneuronal excitability of the MD on the affected side seems to related to adaptive chan-

ges in motor cortex as a consequence of chronic RCT. The data suggest an involvement of central mechanisms and seem
to precede severe changes of osteoarthritis of the shoulder.

Key words: transcranial magnetic stimulation, motor evoked potentials, deltoid, rotator cuff tear, shoulder.
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understanding of adaptive changes in the motor cortex
after chronic RCT.

METHODS

Patients
Six right-handed men with chronic, symptomatic,

full-thickness RCT on the dominant side were selected
for this study. Full RCT were diagnosed preoperatively
with magnetic resonance imaging. Non of these subjects
reported about discomfort in the shoulder of the non-
dominant side. The non-affected shoulder was exami-
ned clinically and showed no signs of a RCT. Additio-
nally, the investigation by ultrasound showed moderate
signs of tendon degeneration but no full-thickness RCT.
Anteroposterior, axial and scapular view radiographs on
the affected side were performed to exclude that consi-
derable osteoarthritis of the shoulder was present. All
patients had symptoms longer than 6 month before sur-
gery and underwent a course of conservative treatment
including anti-inflammatory medication and home-
based physical therapy. At time of surgery, subjects 
ranged in age from 55 to 66 years (mean, 62.7 years; 
SD ± 3.8 years). No other significant neuromuscular or
skeletal pathologies were present. All patients under-
went an open rotator cuff repair after an antecedent dia-
gnostic arthroscopy. On the basis of the arthroscopic fin-
dings the tear configuration was analyzed and other
shoulder pathologies were excluded. During the open
rotator cuff repair the tear size were measured in both
the anteroposterior and the mediolateral dimension. All
subjects gave their informed consent to the TMS inves-
tigation, which were approved by the local ethic com-
mittee.

Clinical assessment
Patients were assessed using the Constant-Score, non-

adjusted with respect to age and the Dash-Score (5). In
addition, the Waterloo Handedness Questionnaire
(WHQ) (4) were examined in order to determine the
degree to which hand dominance may influence the usa-
ge of the arm. The WHQ is comprised of 36 questions,
which ask individuals to indicate their preferred hand
for a variety of unimanual tasks. A total composite sco-
re was calculated for the subject by summing all items.
Right-handers would be expected to have positive sco-
res on the questionnaire, while left-handers were expec-
ted to have negative scores.

EMG recordings
Conventional silver/silver chloride electrodes

(3 M Red Dot) were used to record the surface electro-
myographic (EMG) activity of MD and first dorsal inter-
osseus muscle (FDI). For both muscles the recording
electrode was mounted on the muscle belly, whereas the
reference electrode was placed on a bony landmark clo-
se to target muscle (deltoid tuberosity of the humerus
for MD, proximal phalanx of index finger for FDI). The
surface EMG signal was amplified by a conventional
electromyograph (Counterpoint, Dantec, Skovlunde,

Figure 1. Experimental set-up of the study (investigation of the
right, affected side). The MEP of the MD and FDI were recor-
ded after TMS over the scalp during rest and slight voluntary
activation of the MD. Voluntary effort of MD was exerted with
a constant abduction of the arm against resistance (strap) in
an angle of 40°.

Denmark) with a bandpass filter (20 Hz to 5 kHz). The
amplified signal was digitised by a laboratory computer
with an analog-digital (AD)-conversion card at a sam-
pling rate of 25 kHz per Channel.

Transcranial magnetic stimulation
A high-power Magstim 200 stimulator and a Magstim

figure-of-eight-coil (PIN 9925, Magstim Co., Whitland,
Wales, UK) was used to apply monophasic TMS. The
coil was orientated that the induced current had a poste-
rior-anterior direction (the handle pointing backwards).
The coil was held tangentially to the skull and positio-
ned at 45° in relation to the nasion-inion line. According
to the study of Tyč et al. (27) the junction of the coil was
placed over the maximal peak location of the elicited
motor evoked potentials (MEP) of the MD, which was
located about 2 cm in front and 3 cm left (right) of the
vertex. Coil movement during the recording sessions
was minimised by drawing a line on the skull which
mark the optimal position of the coil. The stimulator had
a remote-control interface, allowing to control the sti-
mulus timing and stimulus strength by a laboratory com-
puter (Fig. 1).

Experimental protocol
Patients lay in supine position and were instructed to

relax as completely as possible. The order of investiga-
tion of the affected and non-affected side of the patients
was randomised counterbalanced between subjects. The
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experimental procedure was started by estimating the
resting motor threshold (RMT) of the FDI by using the
maximum likelihood procedure with 15 stimuli (2). The
RMT is the basic unit of TMS dosing and provides a non-
invasive global index of cortical excitability of a target
muscle. Determining the correct RMT is important for
determining the proper TMS dose for each subject and
also is important with respect to safety. The RMT is then
defined as the TMS stimulus strength at which the res-
ponse (the elicited motor evoked potentials, MEP) pro-
bability equals 0.5. The threshold determination of FDI
was used for a proper modulation of stimulus intensiti-
es in the following stimulus-response experiments of the
MD, because the muscle responses to corticospinal
inputs generated by TMS in proximal muscles are gene-
rally more difficult to elicit than in distal muscles (24).
Furthermore, FDI and MD have overlapping central
muscle representations, suggesting co-ordination in con-
trol of these muscles (6). After RMT determination, the
stimulus-response experiment was conducted the evalu-
ation of the MEP of the medial division of the MD and
the FDI of the affected and the non-affected side of the
subjects after transcranial magnetic stimulation of the
motor cortex on both hemispheres. The relationship bet-
ween the increased magnetic stimulus intensity and rise
in the evoked MEP can be distinguished in stimulus res-
ponse curves (or input – output curves, I / O curves).
The progression of the I / O curves offers an informa-
tion about the cortico-spinal excitability of a given motor
representation (22, 23). These I / O curves can be esti-
mated under resting condition as well as under a well
defined voluntary activation of the target muscle (the so
called „facilitation“). These facilitation leads under phy-
siological conditions to an increased neuronal (cortico-
spinal) excitability and thus to a clear increase of the
MEP amplitude and shortening of the MEP latency by
a central stimulation (13). The subjects received 5 sing-
le stimuli at 4 different stimulus levels. The magnetic
stimulus intensity at each stimulus level (expressed in
percentage of the maximum stimulator output) increa-
sed from the threshold value in 5% steps up to 15% abo-
ve the estimated threshold value. The order of applica-
tion of these 25 stimuli and the interstimulus interval
(distributed between 9 and 11 s) was randomised by the
laboratory computer. The 5 evoked MEP at the 4 diffe-
rent stimulus levels were averaged and stored for ana-
lysis. Mappings for MD and FDI were done during rest
and low -level muscular activity of the MD in slight
voluntary abduction of the shoulder against resistance.
The patients were examined 1 day prior to surgery.

Statistical analysis
Analysis of variance for repeated measures was per-

formed to compare the excitability of MD and FDI on
the affected and non-affected side of the patients. The
innersubject factors were stimulus strength (4 Levels),
task (rest, activity of MD) and side (affected, non-affec-
ted). Regression analysis was performed of MEP of the
MD and FDI on both sides at each stimulus intensity and
the Spearman’s rank coefficient of correlation was cal-

culated. A significance level less than 0.05 was assumed.
We used SPSS statistical software, version 12.0, for
Windows, for all calculations. Unless specified other-
wise, results are given as mean ± standard deviation.

RESULTS

Clinical assessment
Before surgery, the Constant-Score of the subjects

ranged from 20 to 49 points (mean, 34.8 points, 
SD ± 10.8 points), the WHQ score ranged from 22 to 53
points (mean, 40.5 points, SD ± 11.9 points) and the
Dash-Score ranged from 19.1 to 62.5 points (mean, 46.3
points, SD ± 17.2 points).

The intraoperative evaluation of location and size of
the rotator cuff tear showed that in all subjects the rota-
tor cuff tears were located in the supraspinatus- and / or
infraspinatus-tendon and the size of the defect ranged
from 4 to 9 cm2 (mean, 6.3 cm2; SD ± 2.7 cm2).

Stimulus response experiments
The data of the MEP obtained from the MD and FDI

on both sides during rest and slight voluntary activation
of the MD are summarized in Table 1.

The results of the stimulus response experiments
shows that there is a strong correlation between the inc-
rease in stimulus intensity and the rise in MEP ampli-
tudes for MD (F = 14.5, P < 0.001) and FDI (F = 17. 6,
P < 0.001) on both sides.

Furthermore, the EMG recordings demonstrated
a facilitation of the elicited MEP of the MD during
voluntary activation of the MD on both sides (F = 19.8,
P = 0.007). On the other hand, we could not detect a sig-
nificant influence of MD activation on the MEP of the
FDI (F = 0.18, P = 0.685).

The pre-stimulus muscle activation of the MD of the
affected and non-affected side shows no significant dif-
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Data are given as mean standard deviation. (µV = Microvolt,
RMT = resting motor threshold, MEP = motor-evoked poten-
tials)

Table 1. Mean MEP amplitudes of the deltoid muscle (MD)
and first dorsal interosseus muscle (FDI) of the affected and
non-affected side of the patients during rest (Session 1) and
low -level muscular activity of the MD in slight voluntary
abduction of the shoulder against resistance (session 2) after
TMS at 4 different stimuli levels (RMT, RMT ± increasing mag-
netic stimulus intensities given in % of the stimulator output).

MD FDI
Affected (µV) Non-Affected (µV) Affected (µV) Non-Affected (µV)

Session 1

RMT 3.1 ± 3.8 24.0 ± 11.1 33.3 ± 21.6 56.0 ± 61.8
RMT + 5 % 15.6 ± 4.4 30.0 ± 28.7 168.6 ± 124.9 404.6 ± 614.5

RMT + 10 % 17.2 ± 8.9 67.0 ± 73.9 543.4 ± 518.4 640.4 ± 630.6
RMT + 15 % 41.2 ± 26.9 93.7 ± 65.2 1037.4 ± 986.8 1583.2 ± 1310.9

Session 2

RMT 152.2 ± 82.1 310.4 ± 175.7 43.8 v 44.8 97.7 ± 107.5
RMT + 5 % 184.6 ± 87.97 384.6 ± 280.6 112.1 ± 125.6 338.7 ± 240.1

RMT + 10 % 228.7 ± 106.7 557.6 ± 387.2 349.8 ± 308.2 730.6 ± 405.1
RMT + 15 % 298.8 ± 216.3 786.6 ± 477.4 828.0 ± 614.6 1417.5 ± 656.6
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Figure 2. Relationship between the elicited MEP of the MD to the correspondent MEP of the FDI at rest (Fig. 2 a) and during
slight activation of the MD (Fig. 2 b) of the affected (filled circles) and non-affected side (open circles) of the patients.

ference before the beginning of the stimulus response
experiments at rest (F = 3.07, P = 0.14) as well as befo-
re session 2 with slight voluntary activation of the MD
(F = 2.6, P = 0.166).

Additionally, we found a significant 3-way interac-
tion between TMS stimulus intensity, task (MD at rest,
MD activity) and side for MEP of the MD (F = 3.9, 
P = 0.03), which indicate that the MD of the affected
side were significantly lower when compared with the
non-affected side. In contrast, the stimulus – task – side
interaction for the FDI MEP was not significant 
(F = 0.086, P = 0.966). These results suggest, that the
MD of the affected side has a different behaviour as the
MD of the non-affected side during activation.

Figure 2 shows the relationship of the elicited MEP
of the MD to the correspondent MEP of the FDI at rest
(Fig. 2a) and during slight activation of the MD (Fig. 2b)
of the affected (filled circles) and non-affected side
(open circles) of the patients. A strong correlation exists
between the MEP of the MD and FDI on the non-affec-
ted side during rest (r = 0.5, P = 0.007) and activation
(r = 0.8, P < 0.001) of the MD. In contrast, the MEP of
MD and FDI on the affected side showed no correlation
at rest (r = 0.1, P = 0.44) as well as in activation of the
MD (r = 0.3, P = 0.05).

DISCUSSION

This study investigated the effects of chronic RCT on
the neuromuscular function of the MD with TMS to pro-
vide a better understanding of central changes in the pat-
homechanics of chronic RCT. Measurements were per-
formed with TMS, an established technique for the
evaluation of human motor cortex (11). TMS is an non-
invasive method and allows the researchers to investi-
gate adaptive changes in the central human motoneuro-
ne system. The relationship between the MEP amplitude
and stimulus intensity reflects the excitability of motor
cortex and subcortical structures. In a recent study using

TMS Héroux et. al. could demonstrate asymmetries at
the corticomotor level in the excitability of lower limb
muscles in patients with unilateral knee dysfunction due
to an anterior cruciate ligament injury (12). They sho-
wed, that the resting motor threshold of the quadriceps
femoris muscle, which gives an information about the
neuronal excitability of the muscle, was significantly
reduced on the side of the injured leg.

The present study demonstrates that the cortical exci-
tability of the MD on the affected side in patients with
unilateral chronic RCT is different as compared to the
non-affected side. This result needs to be emphasized
because in healthy persons the cortical excitability of
motoneurons show no major inter-hemispheric diffe-
rence (18). Furthermore, the input-output properties of
the MD on the affected side was significantly lower
when compared with the non-affected side due to a
3-way interaction between stimulus intensity, side and
task. Thus in contrast to often encountered descriptions
of enhanced activity of the MD (15), we could show
that the cortical excitability of the MD on the affected
side is significantly decreased.

Especially the biomechanics of the GHJ requires
a combination of high mobility with stability. The super-
ficial shoulder muscles are responsible in the transpor-
tation and positioning of the forearm and hand in the
space for several task, whereas the rotator cuff serves
as a primary stabilizer of the GHJ. The motor cortex is
responsible for the coordination of these multi-joint
movements and the control of multiple muscle tasks.
Recent anatomical and physiological studies verify the
assumption that the human motor cortex controls the
upper limb segments as a whole rather than the single
muscles separately (25). For instance, TMS studies
could demonstrated that the central recruitment of
motoneurons of hand muscles is influenced by the acti-
vity of shoulder muscles or changes in static shoulder
positions (7, 8). Additionally, investigations of primary
motor cortex showed that distal and proximal muscles

a b
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of the arm have overlapped cortical representations,
suggesting co-ordination in the control of these musc-
les (6). Therefore, in healthy persons the pattern of MEP
of muscles of the arm tend to be symmetrical between
both sides .

Surprisingly, the major finding of the present study
demonstrates no correlation between the MEP of the
MD and FDI of the affected side during voluntary motor
task. This indicates, that the physiologic movement rela-
ted synergy of proximal and distal upper limb muscles
are disrupted. Interestingly, on the non-affected side we
could show the task dependent correlation between the
activity of the FDI and MD (see fig. 2). We suggest, that
the findings on the affected side have been attributed to
the altered afferent input from the GHJ, which causes
a central reprogramming of the cortical excitability and
representation of the MD. We hypothesized, that this
kind of deafferentation of the shoulder can probably 
attribute to a non-specific central reaction, functioning
as an mechanism to prevent further joint or soft tissue
damage. With respect to the pre-stimulus activity of
MD, we found no differences between both sides. This
indicates that the reduced MEP of the affected side is
related to adaptive changes in the motor cortex as a con-
sequence of the RCT and is not an artificial effect of the
estimation procedure. Furthermore, it can be specula-
ted that the constant pull of the MD at rest and not during
activity is one responsible factor for the superior trans-
lation of the humerus head often seen in massive RCT.

A limitation of the current study is that our investi-
gation has solely focused on the central changes of the
MD and it still remains unclear if the cortical excitabi-
lity of several additional shoulder muscles especially
the depressors of the humeral head such as the latissi-
mus, pectoralis major or teres major et minor muscle
are influenced as well.

The recent study might have also some implication
for the physical therapy (PT) in conservative treatment
of several shoulder pathologies or after shoulder surge-
ry. Our results indicate, that rehabilitation programs
which base on voluntary activation of the shoulder
muscles are less sufficient. It is unclear whether other
modalities in PT such as biofeedback, proprioceptive
training or TMS (28) have an effect on neuromuscular
dysfunction of the MD. To what extent such PT influ-
ences the muscle activation remains to be investigated.

In conclusion, from the present study it seems, that
chronic RCT leads to a cortico-spinal excitability alte-
ration of the MD. Although speculative, our data sug-
gest an involvement of central mechanisms and seem to
precede severe changes of osteoarthritis of the shoulder
joint such as the rotator cuff tear arthropathy. Further
studies will have to prove this hypothesis and should
study the role of other shoulder muscles.

ZÁVĚR

Předcházející EMG studie prokázaly, že chronická
léze rotátorové manžety (RCT) může být spojena
s poruchou aktivace přilehlých ramenních svalů. Efekt

RCT na neuromuskulární mechanismus ovládání svalů
pletence ramenního, zejména m. deltoideus, nebyla ješ-
tě podrobně studována. Naše studie zkoumala kortikos-
pinální excitabilitu m. deltoideus kvůli zhodnocení
efektu RCT na centrální neuromuskulární funkci svalů
horní končetiny. U skupiny šesti mužů – praváků s chro-
nickou symptomatickou úplnou lézí rotátorové manže-
ty na dominantní straně byly vyšetřeny motorické evo-
kované potenciály (MEP) v odpovědi na transkraniální
magnetickou stimulaci m. deltoideus a prvního dorzál-
ního interosálního svalu. Byly hodnoceny odpovědní
krivky na stimuly ve čtyřech různých úrovních ve dvou
modech zatížení m. deltoideus – v klidu a při aktivitě.

Byly nalezeny různé závislosti mezi intenzitou sti-
mulu, mírou zátěže a snímanou stranou. Excitabilita m.
deltoideus na postižené straně byla nižší vzhledem ke
zdravé straně. Snížená koritiko-motoneurální excitabi-
lita m. deltoideus na postižené straně se jeví závislá na
adaptivních změnách v motorické kůře jako následek
chronické RCT. Zjištěná data prokazují účast centrál-
ních mechanismů, které předcházejí výraznější změny
vývoje osteoartrózy ramena.
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