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Abstract

Background Previous surface electromyogram (EMG)

studies have shown that chronic rotator cuff tears (RCT)

may be associated with a altered activation of adjacent

shoulder muscles. The effect of RCT on central neuro-

muscular control mechanisms of the shoulder girdle mus-

cles such as the deltoideus muscle (DM), a key muscle of

shoulder function, has as not yet been studied in detail.

Materials and methods This study investigated the cor-

ticospinal excitability of the DM to assess the effects of

RCT on the central neuromuscular function of proximal

upper limb muscles. The motor-evoked potentials (MEP) in

response to transcranial magnetic stimulation of DM on

both sides were obtained from patients with unilateral RCT

and compared with healthy control subjects.

Results In patients, stimulus response curves of DM

demonstrated a bilateral hyperexcitability at rest and a

hypoexcitability during voluntary activation (F = 3.82,

P = 0.007).

Conclusions The DM hyperexcitability may be related to

alterations in the sensory output from the shoulder. The

insufficient facilitation of the DM points toward a bilateral

central activation deficit. These findings seem to be

assigned to adaptive changes in the motor cortex as a

consequence of chronic RCT, and the neuromuscular

alteration of the DM should be considered when treating

patients with RCT.
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Introduction

The rotator cuff plays an important role in stabilization and

control of the complex course of motion of the glenohu-

meral joint (GHJ) [1]. Lesions of the rotator cuff are a

common source of pain, impairment, and disability of the

shoulder, especially in people aged 60 years and older [2,

3]. The prognosis and therapy of a full-thickness rotator

cuff tear (RCT) depends on the location, size, and genesis

of the lesion [4–6]. However, many patients with RCT

have no discomfort due to the lesion [7]. The influence of

the superficial shoulder-muscle activity, especially of the

deltoid muscle (DM), on the kinematic of the GHJ and the

presence or absence of symptoms remains unclear. Previ-

ous electromyography (EMG) studies have shown that the

shoulder-muscle activity is altered in patients with RCT [8,

9]. This points toward impaired neuromuscular control

mechanisms of the surrounding shoulder muscles. How-

ever, the definitive origin of these neuromuscular deficits

remains to be investigated. In particular, the central chan-

ges of neuromuscular control mechanisms contributing to

the functional alteration associated with chronic RCT has

as yet not been studied in detail.

Transcranial magnetic stimulation (TMS) is a noninva-

sive technique to investigate the human motor cortex. It

has been used to assess excitability, representation, and
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function of the motor system [10]. Therefore, the purpose

of this study was to investigate with TMS the neuromus-

cular alterations of DM in patients with a unilateral chronic

RCT and in subjects without any shoulder pathologies in

order to provide a better understanding of adaptive changes

in the motor cortex after chronic RCT.

Materials and methods

Patients

Ten right-handed men with chronic, symptomatic, full-

thickness RCT (six on the right side, four on the left side)

were selected for this study. Full RCT was diagnosed

preoperatively with magnetic resonance imaging. None of

these patients reported discomfort in the shoulder on the

contralateral side. The nonaffected shoulder was examined

clinically and showed no signs of an RCT. Additionally,

the investigation by ultrasound showed moderate signs of

tendon degeneration but no full-thickness RCT. Radio-

graphs in the anteroposterior, axial, and scapular views on

the affected side were performed to exclude considerable

osteoarthritis of the shoulder. All patients had symptoms

for more than 6 months before surgery and underwent a

course of conservative treatment, including anti-inflam-

matory medication and home-based physical therapy. At

time of surgery, subjects ranged in age from 55 to 71 years

[mean 64.9 years; standard deviation (SD) ± 4.6 years].

No other significant neuromuscular or skeletal pathologies

were present. All patients underwent an open rotator cuff

repair after an antecedent diagnostic arthroscopy. On the

basis of the arthroscopic findings, the tear configuration

was analyzed and other shoulder pathologies were exclu-

ded. During the open rotator cuff repair, the tear size was

measured in both the anteroposterior and the mediolateral

dimension.

Control group

Thirteen healthy volunteers (ten men, three women) rang-

ing in age from 20 to 48 (mean 27.2; SD ± 8.1) years

served as the control group. These subjects had no shoulder

pain, previous shoulder injuries, or neurologic deficits.

Both shoulders were examined clinically and radiologically

by ultrasound, which showed no signs of considerable

tendon degeneration or other pathologies (e.g., bursitis

subacromialis).

Clinical assessment

Subjects were assessed using the Constant score [11],

nonadjusted with respect to age, and the Disabilities of the

Arm, Shoulder, and Hand (DASH) score [12]. In addition,

the Waterloo Handedness Questionnaire (WHQ) [13] was

used to quantify handedness. The WHQ comprises 36

questions, which ask individuals to indicate their preferred

hand for a variety of unimanual tasks. A total composite

score was calculated for the subject by summing all items.

Right-handers would be expected to have positive scores

on the questionnaire, whereas left-handers were expected

to have negative scores.

Transcranial magnetic stimulation

TMS is a noninvasive technique to investigate the human

motor cortex. The first successful TMS study was per-

formed in 1985 by Barker et al. [14] and based on Fara-

day’s principles of electromagnetic induction. For

magnetic stimulation of the human brain, a brief, high-

current pulse is produced with a magnetic coil, which is

placed above the scalp. A pulse of current flowing through

the magnetic coil generates a magnetic field passing nearly

unattenuated through the scalp, which in turn induces an

electrical field within cortical tissue. Stimulation-induced

neuronal activity subsequently generates a response in the

target muscle corresponding to the activated motor cortex

areal. These motor- (or magnetic)-evoked potentials (MEP)

can be recorded by surface electrodes applied over the

target muscle.

In this study, a high-power Magstim 200 stimulator

and a Magstim figure-of-eight coil (PN 9925, Magstim

Co., Whitland, Wales, UK) was used to apply mono-

phasic TMS. The coil was oriented so that the induced

current had a posterior–anterior direction (the handle

pointing backward). The coil was held tangentially to the

skull and positioned at 45� in relation to the nasion-inion

line. According to the study of Tyc et al. [15], the

junction of the coil was placed over the maximal peak

location of the elicited MEP (the so-called ‘‘hot spot’’) of

the DM, which is located about 2 cm in front and 3 cm

left (right) of the vertex. Coil movement during the

recording sessions was minimized by drawing a line on

the skull that marked the optimal position of the coil.

The stimulator had a remote-control interface, allowing

control of the stimulus timing and strength by a labora-

tory computer (Fig. 1).

Experimental protocol

Subjects lay in the supine position and were instructed to

maintain a constant active relaxation as complete as pos-

sible. TMS trials that were contaminated by voluntary

activation in either muscle were excluded from further

analysis (except stimulus–response experiments during

low-level muscular activity of the DM). The order of
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investigation of the affected and nonaffected side of the

patients and of the left or right side in the control group

was randomized and counterbalanced between subjects.

The experimental procedure was started by estimating the

resting motor threshold (RMT) of the first dorsal interos-

seus muscle (FDI) by using the maximum likelihood pro-

cedure with 15 stimuli [16]. The RMT is the basic unit of

TMS dosing and provides a noninvasive 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 is also important with respect to

safety. The RMT is then defined as the TMS stimulus

strength at which the response (the elicited MEP) proba-

bility equals 0.5. The RMT determination of FDI was used

for a proper modulation of stimulus intensities in the fol-

lowing stimulus–response experiments of the DM, because

the muscle responses to corticospinal inputs generated by

TMS in proximal muscles are generally more difficult to

elicit than in distal muscles [17]. Furthermore, FDI and

DM have overlapping central muscle representations,

suggesting coordination in control of these muscles [18].

After threshold determination, the stimulus–response

experiment was conducted to evaluate the MEP of the

medial division of the DM of the affected and the

nonaffected side of the patients and both sides in control

subjects after TMS of the motor cortex on both

hemispheres.

The relationship between the increased magnetic stim-

ulus intensity and rise in the evoked MEP can be distin-

guished in stimulus response curves, or input–output (I/O)

curves. The progression of the I/O curves offers informa-

tion about the corticospinal excitability of a given motor

representation [19–21]. These I/O curves can be estimated

under resting condition as well as under a well-defined

voluntary activation of the target muscle (the so-called

‘‘facilitation’’). This facilitation leads under physiological

conditions to an increased neuronal (corticospinal) excit-

ability and thus to a clear increase of the MEP amplitude

and shortening of the MEP latency by a central stimulation

[22].

The subjects and patients received five single stimuli at

five different stimulus levels. The magnetic stimulus

intensity at each stimulus level [expressed in percentage of

the maximum stimulator output (% MSO)] increased from

the threshold value in 5% steps up to 20% above the

estimated threshold value. The order of application of these

25 stimuli and the interstimulus interval (distributed

between 9 and 11 s) was randomized by the laboratory

computer. The median of the five MEPs at each of the five

different stimulus levels, which were measured from peak

to peak, were calculated and stored for analysis. The

stimulus–response experiments for DM were done during

rest and low-level muscular activity of the DM (about 5–

10% of the maximal voluntary contraction) in slight vol-

untary abduction of the shoulder against resistance. The

patients were examined 1 day prior to surgery.

All subjects gave their written informed consent to the

TMS investigation. The study was performed in accor-

dance with the ethical standards of the 1964 Declaration of

Helsinki and was approved by the ethical committee of our

institution. The experimental setup was identical for

patients and control subjects.

EMG recordings

Conventional silver/silver chloride electrodes (3 M Red

Dot) were used to record the surface EMG activity of DM

and FDI. For both muscles, the recording electrode was

mounted on the muscle belly, whereas the reference elec-

trode was placed on a bony landmark close to target muscle

(deltoid tuberosity of the humerus for DM, proximal pha-

lanx of index finger for FDI). The surface EMG signal was

amplified by a conventional EMG (Counterpoint, Dantec,

Skovlunde, Denmark) with a bandpass filter (20 Hz–

5 kHz). The amplified signal was digitized by a laboratory

computer with an analog–digital (AD) conversion card at a

sampling rate of 25 kHz per channel.

Dantec
Counter - 

point  

TMS 
Stimulator  

PC 

Fig. 1 Experimental setup of the study (investigation of the right

side). The motor-evoked potentials (MEP) of the deltoid muscle (DM)

and first dorsal interosseus muscle (FDI) were recorded after

transcranial magnetic stimulation (TMS) over the scalp during rest

and slight voluntary activation of the DM. Voluntary effort of the DM

was exerted with a constant abduction of the arm against resistance

(strap) at an angle of 40�
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Statistical analysis

Analysis of variance for repeated measures was performed

to compare the excitability of DM on the affected and

nonaffected side of the patients and on both sides in control

subjects. The intersubject factors were stimulus strength

(five levels), task (rest, activity of DM), and side (affected,

nonaffected, or left, right, respectively). The intersubject

factor was status (patients, control subjects). A significance

level \0.05 was assumed. We used SPSS statistical

software, version 12.0, for Windows, for all calculations.

Unless specified otherwise, results are given as

mean ± SD.

Results

Clinical assessment

Patients

Before surgery, patient Constant score ranged from 18 to

50 (mean 32.8, SD ± 11.5) points, the WHQ score from 22

to 69 (mean 47.2, SD ± 17.2) points, and the DASH score

from 19.1 to 50.8 (mean 39.4, SD ± 12.6) points. The

intraoperative evaluation of location and size of the RCT

showed that in all subjects the RCTs 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).

Control subjects

The Constant score of normal subjects ranged from 86 to

100 (mean 94, SD ± 4.3) points, the WHQ score from 32

to 60 (mean 49.3, SD ± 9.4) points, and the DASH score

was 0 points in all subjects.

Stimulus-response experiments

The results of measurement of stimulus-response experi-

ments of the DM on both sides in patients and controls are

summarized in Table 1.

With regard to the stimulus-response experiments for

the DM, we could not detect a main effect of side in control

subjects or in the patient group (F = 0.086, p = 0.773). A

significant three-way interaction was found between TMS

stimulus intensity, task, and status for MEP of the DM

(F = 3.829, p = 0.007), which indicated that the patients’

DM had a different behavior than the DM in controls.

Figure 2a shows the I/O curves of the DM in patients

(filled circles) and control subjects (open circles) at rest.

The MEP of the DM in both groups were averaged due to

the nonsignificant side by status interaction. The I/O curves

demonstrated an increased corticospinal excitability of the

DM in the patient group when compared with the normal

subjects at rest. In contrast, the MEP of DM in patients and

control subjects during slightly voluntary activation of the

DM has an opposite behavior (see Fig. 2b). The observed

stimulus-response curve shows a decreased corticospinal

excitability of the DM in patients when compared with

Table 1 Mean motor-evoked potential (MEP) amplitudes of the

deltoid muscle (DM) of the affected and nonaffected sides of patients

and the right and left sides in healthy controls during rest (Session 1)

and low-level muscular activity of the DM in slight voluntary

abduction of the shoulder against resistance (Session 2) after

transcranial magnetic stimulation (TMS) at four different stimuli

levels [resting motor threshold (RMT), RMT ? increasing magnetic

stimulus intensities given in percentage of stimulator output

DM controls DM patients

Affected (lV) Nonaffected (lV) Left (lV) Right (lV)

Session 1

RMT 10.2 ± 1.6 11.3 ± 2.9 22.4 ± 21.4 32.5 ± 35.5

RMT ? 5% 10.1 ± 2.2 11.7 ± 3.1 24.8 ± 24.6 43.0 ± 35.5

RMT ? 10% 25.7 ± 34.0 23.3 ± 22.7 40.6 ± 45.9 79.7 ± 62.9

RMT ? 15% 54.0 ± 83.9 49.6 ± 67.1 68.7 ± 59.7 116.0 ± 97.7

RMT ? 20% 89.8 ± 124.8 78.9 ± 113.2 87.9 ± 79.4 143.0 ± 85.9

Session 2

RMT 355.7 ± 303.1 308.7 ± 220.2 212.6 ± 98.8 341.3 ± 171.8

RMT ? 5% 562.9 ± 553.1 557.2 ± 783.6 256.9 ± 132.8 416.4 ± 290.0

RMT ? 10% 632.6 ± 517.6 728.7 ± 702.4 286.7 ± 168.6 554.5 ± 375.5

RMT ? 15% 910.6 ± 715.0 1,166.4 ± 1,109.1 468.2 ± 334.4 709.9 ± 501.1

RMT ? 20% 1,089.2 ± 747.0 1,356.5 ± 1,174.9 704.9 ± 747.6 779.8 ± 534.5

Data are given as mean ± standard deviation

lV microvolt
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control subjects, which indicates that there was insufficient

bilateral facilitation of the elicited MEP of the DM in

patients.

Discussion

This study investigated the effects of chronic RCT on the

neuromuscular function of the DM with TMS to provide a

better understanding of adaptive changes in the motor

cortex after chronic RCT. Measurements were performed

with TMS, an established technique for the evaluation of

human motor cortex [23]. TMS is a noninvasive method

and allows researchers to investigate adaptive changes in

the central human motoneuron system [24, 25]. The rela-

tionship between MEP amplitude and stimulus intensity

reflects the excitability of motor cortex and subcortical

structures.

Currently, to our knowledge, no study has investigated

the adaptive changes of the central part of the neuromus-

cular system in shoulder-muscle function on the basis of a

chronic RCT. On the basis of EMG investigations, there is

some evidence that different shoulder pathologies lead to

an atypical pattern of shoulder-muscle activity [9, 26].

However, how the motor cortex contributes to this atypical

activation pattern remains unclear.

We could demonstrate that the cortical excitability of

the DM on the affected and nonaffected side in patients

with unilateral chronic RCT is different compared with

normal control subjects. The I/O properties of the DM in

patients with chronic RCT demonstrated an enhanced

excitability at rest. Our results are in line with several other

studies, showing an increased MEP recruitment after

lower- or upper-limb disuse [27, 28]. Zanette et al. [27]

could demonstrate a hyperexcitability of hand muscles

after limb immobilization for unilateral wrist fractures on

the affected side when compared with the nonaffected side

and normal control subjects. The discrepancy of a bilater-

ally increased corticospinal excitability at rest of DM

observed in our study may be related to different periods of

limb disuse. The duration of temporary immobilization of

the forearm in Zanette’s study was about 37 days, whereas

the patients in our investigation suffered from unilateral

RCT for at least 6 months. There exists some evidence that

changes in cortical excitability depend on the duration of

limb disuse. For instance, resting motor threshold was

reduced after amputation [29] but not after ischemic nerve

block [30]. Our results suggest that bilateral changes may

occur after long-term sensomotor restriction. The contra-

lateral inhibition would be an index of this limb involve-

ment in motor-task adjustment and may be regarded as a

tool to maintain a balance of motor output. However, the

time course of cortical changes as a function of limb disuse

is not well understood in detail.

An explanation for our finding was that DM hyperex-

citability may be related to alterations in the sensory output

from the shoulder. We hypothesize that the motor hyper-

excitability may be a compensating mechanism for the

reduced firing rate of motor units after RCT, with the aim

of achieving a better optimal force reaction. Another major

finding of our study demonstrates insufficient facilitation of

the MEP of DM during voluntary activation in the patient

group. We assume that the reduced MEP of DM during

voluntary activation of the DM is related to adaptive

changes in the motor cortex as a consequence of the RCT.

We suggest that these findings are attributable to the altered

afferent input from the GHJ, which causes a central

Fig. 2 Motor-evoked potential (MEP) recruitment curves of the

deltoideus muscle (DM), both sides averaged, at rest (a) and low-level

muscular activity of the DM in slight voluntary abduction of the

shoulder against resistance (b) in patients (filled circles) and control

subjects (open circles) after transcranial magnetic stimulation (TMS)

at five different stimulus levels. T individual resting motor threshold

for first dorsal interosseus muscle (FDI); T? increasing stimulus

intensities given in percentage of the magnetic stimulator output

(MSO)
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reprogramming of the cortical excitability and representa-

tion of the DM. We hypothesize that this kind of deaffer-

entation of the shoulder can probably attribute to a

nonspecific central reaction, functioning as a mechanism to

prevent further joint or soft tissue damage.

A limitation of our study is that our investigation

focused solely on the central changes of the DM, and it

remains unclear whether the cortical excitability of several

additional shoulder muscles—especially the depressors of

the humeral head such as the latissimus dorsi, pectoralis

major, or teres major an minor muscle—are influenced as

well. Otherwise, it can be assumed that the overlapping

motor cortex representations of upper extremity muscle

representations leads to similar modifications in the corti-

comotoneuronal excitability, as shown for the DM [18, 31].

Furthermore, the two investigation groups differed sig-

nificantly in age. A recent study of Oliviero et al. [32]

could demonstrate that MEP were significantly smaller in

older than in younger controls. The results of our study

exhibited the opposite finding at rest. Furthermore, Was-

sermann [33] examined the variation in response to TMS in

the general population in a sample of 151 individuals with

an age range of 18–76 years. He showed a large variability

in MEP to TMS and concluded that age was not directly

related to cortical excitability. Therefore, it is assumed that

the significant difference in age did not contribute to the

findings of our study of a hyperexcitability of the DM at

rest.

Our study may serve as a baseline investigation of

motor-cortex alterations in several shoulder pathologies.

Our results might also have some implication for treatment

and rehabilitation of patients with chronic RCT. The

insufficient facilitation of the DM indicates that rehabili-

tation programs based on voluntary activation of the

shoulder muscles are less sufficient. It is unclear whether

surgical procedures such as rotator cuff repair can reduce

the disuse of the shoulder and subsequently improve the

facilitation of the DM. Furthermore, it can be speculated

whether other therapy modalities have a positive effect on

neuromuscular dysfunction of the DM alone or in combi-

nation with surgical interventions.

In conclusion, from this study, it seems that chronic

RCT leads to a bilateral corticospinal excitability altera-

tions of the DM. Although speculative, our data suggest an

involvement of central mechanisms and seem to precede

severe changes of the shoulder joint, such as RCT

arthropathy. Further studies will be required in order to

prove this hypothesis, and the influence of surgical proce-

dures on central motor alterations in patients with RCT or

other shoulder pathologies should be investigated.
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