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Abstract

Background

Non-invasive neurostimulation like muscle tendon vibration (VIB) and transcranial magnetic
stimulation (TMS) can provide valuable insights on mechanisms underlying sensorimotor
dysfunctions. However, their feasibility in the context of painful musculoskeletal disorders
like shoulder impingement syndrome (SIS) remain uncertain.

Methods

The present work used a case series design including 15 participants with SIS, as well as a
secondary group-based analysis comparing participants with SIS to 15 healthy counter-
parts. Proprioceptive processing was tested by VIB-induced kinesthetic illusions of shoulder
abduction, and TMS tested corticospinal excitability of the upper trapezius. Detailed individ-
ual data were collected, including any technical challenges and feasibility issues
encountered.

Results

VIB was in general well-tolerated and elicited a perceptible kinesthetic illusion in 13 partici-
pants with SIS and 14 controls. TMS presented with several challenges related to discom-
fort, fear-related behaviors, technical problems and high motor thresholds, especially in
participants with SIS. It was only possible to collect all TMS measures in 5 participants with
SIS (for both the painful and non/less-painful sides), in 7 controls on their dominant side and
10 controls on the non-dominant side. The only significant group-based analysis was a
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lower illusion speed/amplitude on the painful versus non-painful side in persons with SIS (p
=0.035).

Conclusion

Our study provides preliminary data on challenges encountered with TMS and VIB of trunk/
proximal muscle in persons with SIS and healthy counterparts. It might help future studies to
better address those challenges beforehand and improve the overall feasibility and impact
of neurostimulation tools in musculoskeletal disorders.

Introduction

The lifetime prevalence of suffering from musculoskeletal shoulder disorders like subacromial
impingement syndrome (SIS) varies from 6.7% to 66.7% of the population [1]. In 50% of cases
symptoms such as pain, stiffness and muscle weakness will persist for more than one year,
causing long-term personal and socio-economic consequences [1]. Although the etiology of
SIS remains unclear [2], scapular dyskinesia, resulting from weakness and a lack of coordina-
tion of scapular muscles during shoulder elevation (upper and lower trapezius, serratus ante-
rior) 3, 4] is often observed in patients with shoulder disorders [3-6]. An altered shoulder
proprioception (i.e. internal sense of joint and body movement and position in space) has
been recently proposed as another contributing factor to the lack of control over scapular mus-
cles during shoulder elevation [7, 8]. These sensorimotor impairments could be in turn exacer-
bated by the negative impact of pain itself on sensory and motor functions [9, 10].

However, the neural mechanisms involved in these sensorimotor alterations remain under-
studied. Non-invasive neurostimulation devices offer new opportunities to investigate specific
mechanisms involved in the processing of proprioceptive afferents and cortico-motor control
of scapular muscles. Muscle-tendon vibration (VIB) is known as an effective method for depo-
larizing muscle spindle afferents, i.e. somatosensory receptors playing a central role in proprio-
ception [11]. In the absence of visual and cutaneous feedbacks, VIB elicits kinesthetic illusions
coherent with the stretching of the vibrated muscle. So far, VIB has been used to investigate
mechanisms of sensorimotor processing in healthy individuals [12-14], and more recently to
identify and treat proprioceptive deficits in different populations such as chronic stroke [15,
16]. In conditions affecting shoulder control, persons with scapulohumeral muscular dystro-
phy showed a preserved ability to perceive kinesthetic illusions and responded positively to a
VIB-based treatment with improved shoulder range of motion and self-rated health [17, 18].
To date, no study verified if persons with SIS present an altered perception of VIB-induced
illusions. VIB could represent a useful tool for the clinical management of SIS, by providing a
sensory-based method for evaluating and treating neural functions involved in the processing
of key afferents subserving motor control [19, 20].

Apart from VIB, transcranial magnetic stimulation (TMS) of the primary motor cortex
(M1) provides a non-invasive and painless method to test the integrity and excitability of the
corticospinal system, which is the main system for voluntary control of skeletal muscles [21].
TMS can also be used to track changes within the corticospinal system resulting from patho-
logical conditions or in response to therapies targeting sensorimotor deficits [22]. Two study
used TMS with the SIS population and highlighted a lower corticospinal excitability for the
control of scapular and deltoid muscles compared to healthy controls [23, 24].
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Despite preliminary evidence supporting the value of both TMS and VIB for investigating
the integrity of sensorimotor control mechanisms in shoulder disorders, their feasibility has
not been extensively described. This knowledge would provide valuable inputs for future
investigations, especially considering how challenging neurostimulation can be when targeting
trunk and proximal muscles. Therefore, the primary objective of this case series was to
describe how persons with SIS respond to TMS and VIB-related procedures, as well as feasibil-
ity issues encountered. A secondary objective was to verify whether TMS and VIB outcome
measures can discriminate between persons with SIS and healthy counterparts, and between
the painful and non-painful sides in SIS group. The hypothesis was that TMS and VIB proce-
dures will be mostly challenged by discomfort in persons with SIS, but results will show lower
clearness and speed/amplitude of VIB-induced illusions, along with lower corticospinal excit-
ability in the painful shoulder vs. the non-painful one and vs. healthy counterparts.

Materials and methods
Participants and study design

Fifteen participants with shoulder pain (5 men, 10 women, mean age 43 + 15 years) and fifteen
healthy counterparts (8 men, 7 women, mean age 46 + 14 years; Table 1) were recruited. An a
priori sample size for the secondary group-based analysis was estimated with the G*Power
software (version 3.1.9.6 [25]). Based on VIB and TMS results from studies similar to ours [17,
18, 24], the minimal sample size to obtain a contrast between a group with shoulder disorders
and healthy counterparts with a power of 95% and alpha error of 5% was 13 participants per
group for VIB and 15 participants per group for TMS outcomes. The inclusion criteria for con-
trols were: 18 years or older, in general good health with no history or present shoulder pain/
injury. The group with shoulder pain needed to be diagnosed with the 3 out of 5 positive SIS
tests (painful arc, Jobe test, Neer test, Hawkins-Kennedy test and resisted external rotation)
[26] and having pain for more than 3 months. Exclusion criteria for both groups were cogni-
tive disorders, any other problem affecting the shoulders, previous shoulder or cervical sur-
gery, total shoulder prothesis, and muscles, tendons tear or capsulitis. Exclusion criteria
related to TMS included pregnancy, cranial metallic or electronic implants, history of cerebral
tumours or infection, history of syncope or epilepsy [27]. All participants gave their written
inform consent before the experiment, which was approved by the local ethics committee
(#2021-698). Furthermore, ultrasound images of subacromial shoulder structures (supraspi-
natus, infraspinatus, long head of the biceps brachii) were taken and verified by an expert
physiatrist who helped to verify the integrity of subacromial and surrounding structures but
was not an inclusion or exclusion criteria.

The study consisted of one session lasting approximately 1.5 hours. The first part included
SIS tests, questionnaires, and ultrasound imagery. Then, vibration-induced kinesthetic illusion
and TMS measures of corticospinal excitability of the upper trapezius muscles were obtained.
The upper trapezius was chosen because: (i) it presents an altered muscle activation during
shoulder elevation in SIS population [5]; (ii) it is easily accessible for surface electromyography
(required for TMS measurements); (iii) the evidence related to TMS with this muscle in SIS
remains debated [24].

Participants’ characteristics

A questionnaire about shoulder pain history and symptomatology, comorbidities and sociode-
mographic information was first completed. Then, the level of pain and disability were estab-
lished with the French-Canadian version of the Quick Disabilities of the Arm, Shoulder and
Hand (QuickDASH) questionnaire [28]. The usual level of physical activity was measured
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Table 1. Detailed characteristics of participants with SIS.

Case # Weight
(age/ (kg)
gender)

1(47/F) | 70.29
2 (35/M) 80.73
3 (66/F) 77.10
4 (43/F) 99.77
5 (28/F) 68.03
6 (39/M) | 104.31
7 (60/M) 88.44
8(38/M) | 113.38
9 (52/F) 68.03
10 (37/ 92.97
M)

11 (60/ 96.60
M)

12 (43/F) | 72.56
13 (43/F) | 74.83
14 (71/ 82.54
M)

15 (21/ 77.01
M)

Height
(cm)

1.70

1.73
1.60

1.70

1.85
1.72

1.77
1.63
1.67

1.74

1.65
1.72

Handed-
ness

=

=

Painful QuickDASH | Pain GPAQ |Notthing- | Ultrasound Ultrasound
shoulder |(/100) severity | (MET- |ham (/3) Painful side Non/less-painful side
min)
R 31.8 Moderate | 7080 3 NAD SASD slightly
thickened, mild SS and
IS tendinosis,
R 29.1 Mild 1440 3 SASD thickened, normal limit | NAD
L 43.2 Mild 0 3 Signs of enthesopathy, Signs of chronic
possibility of a SS tear, mild to | enthesopathy, mild IS
moderate IS tendinosis tendinosis.
L 34.1 Moderate 0 3 Possibility of a small NAD
calcification
L 50.0 Severe 1920 3 SASD slightly thickened Suspicion of a SS tear
<25%, mild bursitis
Bilat 50.0 Moderate | 4800 3 NAD NAD
L 27.3 Moderate | 5760 3 Chronical SASD without Possibility of complete
effusion SS tear, possibility of
tendinosis of the LHB
L 20.5 Moderate 720 3 NAD NAD
R 61.4 Severe 0 3 NAD NAD
R 6.8 Mild 13480 3 Mild SS tendinosis IS tendinosis, SASD
thickened with small
effusion
R 36.4 Moderate | 21840 3 Chronical SASD thickened, NAD
dislocation of LHB, mild IS
tendinosis
Bilat 27.3 Moderate 700 3 Mild chronic calcific NAD
enthesopathy,
L 36.4 Moderate 4740 3 NAD NAD
50.0 Moderate | 7200 3 Possibility of articular tear, Possibility of SS tear
moderate tendinosis, calcific (SS pathology),
tendinopathy, degenerative enthesopathy, mild to
rearrangement around the moderate IS tendinosis
small and large tuberosity,
R 18.2 Mild 6480 3 NAD NAD

SIS = shoulder impingement syndrome; QuickDASH = Quick Disabilities of Arm, Shoulder and Hand; GPAQ = Global Physical Activity Questionnaire;
MET = metabolic equivalent; NAD = no abnormality detected; SASD = subacromial-subdeltoid bursa; SS = supraspinatus; IS = infraspinatus; LHB = long head of the

biceps

https://doi.org/10.1371/journal.pone.0305545.t001

using the French version of the Global physical activity questionnaire (GPAQ). Shoulder pro-
prioception was tested with the proprioception subscale of the Nottingham Sensory Assess-
ment [29].

Vibration-induced kinesthetic illusions

Kinesthetic illusions were elicited following guidelines from the Standardized Kinesthetic Illu-
sion Procedure (SKIP-detailed in [30]). Participants were comfortably seated on a chair with
their eyes closed, the tested arm at rest in the evaluator’s hands, leg joints around 90° and feet
on the ground. Two tendon vibrators (VB115, Techno Concept, France) were placed under
the armpit over tendons of shoulder adductor muscles including subscapularis, pectoralis
major and latissimus dorsi to simulate a stretch of these muscles and therefore induce an illu-
sion of shoulder abduction. The optimal joint position eliciting the most clear and precise
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A

Fig 1. Participant’s positioning for vibration-induced kinesthetic illusions (A) and transcranial magnetic stimulation (B). Reprinted from [Bouchard Emilie.
(2023). Investiguer l'intégrité des mécanismes d’intégration sensori-motrice via la vibration tendineuse et la stimulation magnétique transcrdnienne en présence
d’un syndrome d’abutement. Mémoire de maitrise, Université du Québec & Chicoutimi] under a CC BY license, with permission from [Emilie Bouchard],
original copyright [2023].

https://doi.org/10.1371/journal.pone.0305545.g001

illusions was identified and kept constant throughout vibration trials using an inclinometer
(Johnson Pitch and Angle Locator, USA) attached with an elastic band on the arm (Fig 1A).
Vibration was administered at 80 Hz and 1 mm during 10 s [30]. SKIP rating sheet was used to
measure kinesthetic illusions in terms of clearness/precision (perfectly clear and precise = 3;
moderately clear/precise = 2; vague and not precise = 1; no illusion = 0) and direction
(expected direction = 1; any other direction = 0). In addition, a visual analogue scale (VAS)
was used to evaluate the perceived speed/amplitude of illusions [31]. These procedures were
realized on both shoulders (3 trials per side) in a random order between participants. Partici-
pants were frequently asked if the setup and procedures were comfortable, and the experi-
menter noted any comment or observation pertaining to feasibility or technical issues.

Transcranial magnetic stimulation

Participants were comfortably seated with the tested shoulder at rest (Fig 1B). The resting state
was chosen for TMS procedures instead of asking the participants to maintain an active con-
traction of their shoulder muscles to avoid inducing discomfort and fatigue, especially in our
recruited participants with SIS. Surface electromyography followed SENIAM recommenda-
tions for electrodes’ placement and standard skin preparation [32]. Ag-AgCl electrodes (Ken-
dall, Cardinal Health Canada inc. Ontario, Canada) were placed 2 cm apart on the belly of
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each upper trapezius muscles at 50% distance on a line between C7 spinous process and the lat-
eral aspect of the acromion. The ground electrode was placed on C7’s spinous process. Electro-
myographic signals were amplified before digitization at 2 kHz sampling rate (1902 & 1401
systems, Cambridge Electronic Design Limited, UK) and computer-stored for online display
and offline analysis (Spike 2 software, Cambridge Electronic Design Limited, UK). The upper
trapezius’ M1 representation or ‘hotspot’ was first approximated 2 cm antero-lateral from the
longitudinal fissure based on the 10-20 EEG protocol [33, 34]. A 70-mm figure-of-eight coil
connected to a MagStim2007 stimulator (The Magstim company, UK) was placed on the scalp
contralateral to the targeted upper trapezius at 45° angle with the medial line [35]. To find the
hotspot, the coil was moved in small steps and stimuli were delivered at varying intensities
until a position that elicited highest motor evoked potentials (MEPs) in the upper trapezius
with lowest intensity of stimulation was determined. The hotspot was marked on the scalp
with a surgical pen and was always re-verified before each set of measurement by giving a few
suprathreshold stimuli. The resting motor threshold, defined as the intensity of stimulation
resulting in measurable MEPs of > 50 4V approximately 50% of the time [36], was established
with the threshold-hunting algorithm [36-38] embedded in the motor threshold assessment
tool 2.0 software (MTAT 2.0, Clinicalresearcher.org, South Carolina, USA). Then, 10 stimuli
were delivered at 120% rMT to obtain the mean peak-to-peak amplitude and conduction time
(latency) of MEPs. In cases where no measurable MEP was elicited even at maximum stimuli
intensity, procedures were stopped, and the participant was classified as ‘absence of MEP’.
During all TMS measurements, electromyographic recordings were constantly monitored
visually to ensure that the upper trapezius remained at rest. All these procedures were realized
on both sides, in a random order between participants. The experimenter frequently verified
the participant’s comfort and noted any feasibility or technical issues encountered.

Statistical analysis

For the primary objective (case series), descriptive analyses were used for all relevant data col-
lected for each case of SIS, including any technical and feasibility challenges. For the secondary
objective (group comparisons), analyses were realized with SPSS version 26 (Armonk NY,
United States) and using an alpha level below 0.05. Nonparametric analyses were chosen for all
ordinal variables (SKIP scores of illusion clearness, direction and speed/amplitude, question-
naires, sociodemographic characteristics) as well as for TMS variables (rMT, MEP amplitude
and latency) since they did not respect the normal distribution as shown by the Shapiro-Wilk
test and visual inspection of box-and-whisker plots. The Wilcoxon signed-rank test was
applied for within-group comparisons (i.e. comparing between sides) and the Mann-Whitney
U-test was used for between-group comparisons (i.e. between healthy and SIS groups). The
Chi-square test was used for comparing the dichotomous classification of participants between
‘absence of MEP” and ‘presence of MEP’.

Results
Participants’ characteristics

Fifteen participants with SIS and fifteen healthy counterparts were recruited. Detailed charac-
teristics of each case of SIS are presented in Table 1, and group data are described in Table 2.
Nine participants had SIS on their non dominant side, four on their dominant side and two
had bilateral SIS but with one side worse than the other. QuickDASH scores of upper limb dis-
ability ranged between 20-50 points for most cases (n = 12/15), with two cases presenting
milder disability levels (6.8 and 18.2 points) and one having greater disabilities (61.4 points).
Two participants rated their pain severity (question #9 of the QuickDASH) as severe, nine had
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Table 2. Participants’ characteristics for SIS and control groups (mean + SD or median [25%-75" IQR])).

Control group SIS group p value*

Sex (male/female) 5/10 8/7 0.277
Age (year) 46 + 14 43 +25 0.48

Height (m) 1.69 + 0.09 1.70 £ 0.14 0.544
Weight (kg) 75.40 £ 8.90 84.44 £ 14.15 0.089
QuickDash (/100) 2.42 £4.89 35.23 £14.83 0.000
GPAQ (MET minutes/week) 6541.33 + 7347.55 5077.33 + 5984.60 0.663
Nottingham Sensory Assessment—proprioception subscale (/3) 3[3-3] 3[3-3] 1.000

*p value in bold is statistically significant. SD = standard deviation; IQR = interquartile range; SIS = shoulder impingement syndrome; MET = metabolic equivalent.

https://doi.org/10.1371/journal.pone.0305545.t1002

a moderate level of pain and four scored mild pain. Weekly physical activity level as tested
using the GPAQ questionnaire met the minimal recommendations from the World Health
Organization (REF) of >600 MET-minutes in all but three cases which were completely seden-
tary (0 MET-minute). Shoulder proprioception was normal for all participants according to
the Nottingham sensory assessment. Ultrasound data showed 5 cases of SIS without any struc-
tural damage on their painful side and 7 cases in which no abnormality was found on the non/
less-painful side. For all other cases, ultrasound reports mostly highlighted mild to moderate
tendinosis or tissue thickening observed on either side. There were a few cases of tendon tear/
dislocation and bursitis. Overall, the observed structural abnormalities were located in the
supraspinatus, infraspinatus, long head of the biceps and subacromial-subdeltoid bursa on
both the painful and non/less-painful sides.

Group data for participants with SIS and healthy counterparts are shown in Table 2. There
was no significant difference in characteristics between groups except for the QuickDASH
questionnaire which was significantly (p = 0.000) higher (i.e. more impaired upper limb func-
tion) in persons with SIS.

Vibration-induced kinesthetic illusions

In general, VIB procedures were well tolerated without adverse events or discomfort for partic-
ipants in both groups. Most rather reported a pleasant experience, often eliciting spontaneous
smiling. The only exceptions were for case #3 who reported moderate pain (estimated by the
person as around 4/10 of intensity) and case #12 who had difficulty to relax and showed fear of
movement behaviors that often required rests. As shown in Table 3, 13 out of the 15 partici-
pants were able to perceive VIB-induced illusions. Case #10 was never able to perceive an illu-
sion on both sides and case #8 did not perceive any illusion on the painful side. Also, one
participant in the healthy control group failed to perceive any illusion on its dominant shoul-
der and the same happen to another participant on its non-dominant side. Therefore, the suc-
cess rate for eliciting perceptible illusions in our study was 91.7% (55/60 shoulders tested)
which fares within expected rates based on other published reports (between 87.5% to 100%
success rate) [18, 39-42]. Of note, data from participants who failed to perceive a kinesthetic
illusion were not removed from the analysis since SKIP and VAS scores of zero imply that no
illusion was reported.

The best illusory perceptions were reported when the shoulder was positioned between 40-
65° of abduction (cf. optimal angle in Table 3). Illusions were for the most part moderately to
perfectly clear and precise (i.e. SKIP scores of 2 or 3 points) and in the expected direction
(SKIP scores of 1 point) of shoulder abduction. Of note, perfectly clear and precise illusions
were observed more frequently on the non/less-painful side (in n = 12 cases) than the painful
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Table 3. Results for vibration-induced kinesthetic illusions for each case of SIS.

Case # Optimal angle (°) Clearness (/3) Direction (/1) Speed/amplitude (/100)
Painful Non/less-painful Painful Non/less-painful Painful Non/less-painful Painful Non/less-painful

1 50.0 50.0 2 3 1 1 39.3 62.5

2 65.0 45.0 2 3 1 1 343 35.4

3 45.0 55.0 3 3 1 1 48.0 51.5

4 60.0 60.0 3 3 1 1 6.4 37.1

5 60.0 55.0 3 3 1 1 6.4 48.5

6 45.0 45.0 2 2 1 1 12.7 13.7

7 50.0 45.0 3 3 1 1 52.8 35.0

8 0 45.0 0 1 0 0 0 6.4

9 40.0 40.0 3 3 1 1 66.5 74.7

10 0 0 0 0 0 0 0 0

11 55.0 45.0 1 3 0 1 16.7 55.0

12 45.0 55.0 2 0 1 0 24.0 0.7

13 55 50 2 3 1 1 23.6 54.1

14 50.0 55.0 2 3 1 1 38.0 34.3

15 50.0 45.0 2 3 1 1 10.3 42.3

SIS = shoulder impingement syndrome

https://doi.org/10.1371/journal.pone.0305545.1003

one (in n = 5 cases). Cases #8 and #12 perceived weak and unclear illusions on their non-pain-
ful side, with scores of clearness/precision and direction varying between 0-1 point across the
three trials and mean speed/amplitude below 10%.

The group-based analysis failed to show significant within- or between-group difference for
SKIP measures of clearness, direction and optimal joint angle, as presented in Table 4. How-
ever, illusory perceptions had significantly lower speed/amplitude when comparing the painful
shoulder versus the non/less-painful one (p = 0.035). No difference was found when compar-
ing speed/amplitude results between SIS and healthy groups. Moreover, large variations of
scores were found between participants in how they rated the speed/amplitude perceived on
the visual analogue scale (ranging from 0% to 90%), as shown in Fig 2A.

Transcranial magnetic stimulation

Several challenges were encountered for TMS procedures. As shown in Table 5, measurable
MEPs in the upper trapezius muscle and rMT identification were obtained in 8/15 and 12/15

Table 4. Results of kinesthetic illusions for SIS and control groups (mean + SD or median [25™-75" IQRY)).

Control group SIS group
Dominant Non-dominant Within-group difference |Painful Non-painful Within-group difference
shoulder shoulder (p value) shoulder shoulder (p value)

SKIP direction (/1) 1[1-1] 1[0.5-1] 0.564 1[1-1] 1[1-1] 1.000

Optimal joint angle (° of 43.33 £18.48 46.00 + 19.57 0.372 44.67 +19.32 46.00 +13.91 0.959

abduction)

SKIP clearness (/3) 3[2-3] 3[1.5-3] 0.593 2[2-3] 3[3-3] 0.098

Speed/amplitude (%) 37.73 £24.38 38.54 £23.61 0.917 25.28 £20.47 36.85 £ 22.56 0.035

*p value in bold for within-group comparisons is statistically significant. No significant difference was found for between-group comparisons. SIS = subacromial

impingement syndrome; SD = standard deviation; IQR = interquartile range; SKIP = Standardized Kinesthetic Illusion Procedure.

https://doi.org/10.1371/journal.pone.0305545.t1004
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Fig 2. A) Individual and group (mean + 95% confidence intervals) results for the perceived speed/amplitude of
illusions rated on a visual analogue scale. SIS: shoulder impingement syndrome; * denotes a statistical (p<0.05)
difference. B) Individual and group (mean + 95% confidence intervals) results for resting motor thresholds.
MSO = maximal stimulator output; SIS: shoulder impingement syndrome.

https://doi.org/10.1371/journal.pone.0305545.g002
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Table 5. Results for transcranial magnetic stimulation for each case of SIS.

Case # RMT (%MSO)
Painful

1 45

2 _

3 59

4 60

5 83

6

7

8

9 52

10 73

11 56

12 79

13 -

14 -

15 60

MEP amplitude (uV) MEP latency (ms)

Non/less-painful Painful Non/less-painful Painful Non/less-painful
60 543.56 1619.55 11.5 15.6
62 - - -

63 144.20 - 6.4 -

80 - - -

69 - 253.36 - 10.3
59 - 340.55 - 11.1
74 - -

42 - -

- 285.71 - 10.8 -

61 743.41 856.85 13.8 12.5
78 - -

65 543.56 1619.55 11.8 11.9

SIS = shoulder impingement syndrome; RMT = resting motor threshold; MSO = maximal stimulator output; MEP = motor evoked potential

https://doi.org/10.1371/journal.pone.0305545.1005

participants with SIS, respectively for the painful and non/less-painful sides. However, MEP
amplitudes and latencies at 120% rMT were not possible to collect in 10 participants on the
painful and 10 participants on the non/less-painful side. We noted three main reasons for the
missing data: (i) the participant refused to carry on the tests because of discomfort or fear-
related behaviors toward the technology (happened in cases #3-4-5-6-7-9-12); (ii) TMS-related
electrical artifact was too large for a reliable MEP identification and measurement (happened
in cases # 8 & 10); (iii) a MEP was never detected for unidentified physiological or technical
reason (happened in cases # 2-13-14). Heathy controls showed similar issues, but to a lesser
extent. Measurable MEPs were obtained in 12/15 and 11/15 controls on the non-dominant
and dominant sides, respectively. However, 8 (non-dominant side) and 5 (dominant side) par-
ticipants were not able to complete TMS testing at 120% rMT because of discomfort (n = 2),
large TMS artifact (n = 2) or unidentified physiological/technical reasons (n = 9).

The proportion of presence/absence of measurable MEPs was compared between sides and
groups with the Chi-square test and yielded no significant difference. For subsamples in which
MEPs were present, resting motor thresholds were relatively high (~ 60%MSO, Tables 5 and
6), especially in participants with SIS but also in healthy controls. Although rMT values seemed
slightly higher for the SIS group (Fig 2B), no significant difference was found between rMT for
all within- and between-group comparisons. We decided not to realize statistical comparisons
for mean MEP amplitudes and latencies at 120% rMT because of too many lacking data
(means and SD or ratio are given in Table 6).

Discussion

The present case series described challenges encountered when using peripheral (VIB) and
central (TMS) neurostimulation devices for testing the integrity of sensorimotor processing in
individuals with SIS. We also compared their vibration-induced illusions of shoulder move-
ment and shoulder/trunk corticospinal drive between sides and with healthy counterparts.
Results only partially support our initial hypotheses. As expected, discomfort and fear-related
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Table 6. TMS results of corticospinal excitability for SIS and control groups (mean + SD or ratio).

Control group SIS group
Dominant Non-dominant Within-group difference (p | Painful shoulder | Non-painful Within-group difference (p
shoulder shoulder value) shoulder value)

rMT (% MSO) 60.45 + 12.01 56.67 +12.01 0.374 61.84 + 13.06 65.64 +10.25 0.262

MEP amplitude (uV) | 621.96 + 563.91 483.44 + 574.49 NT 434.67 +217.27 |779.21 £617.11 NT

MEP latency (s) 0.01 £ 0.00 0.01 £ 0.00 NT 0.01 +0.00 0.01 £ 0.00 NT

Presence / absence of | 11/4 12/3 0.666 8/7 12/3 0.121

MEP

N.B. No statistically significant differences for within-group and between-group comparisons; TMS = transcranial magnetic stimulation; SD = standard deviation;
SIS = subacromial impingement syndrome; SD = standard deviation; rMT = resting motor treshold; MSO = maximal stimulator output; NT = statistical comparisons

were not tested because of lacking data; MEP = motor evoked potential.

https://doi.org/10.1371/journal.pone.0305545.t006

behaviors were the main challenges reported, especially within the SIS group and for TMS pro-
cedures. Furthermore, we hypothesized that illusions would be less clear and of lower speed/
amplitude, along with lower corticospinal excitability in the painful shoulder vs. the non-pain-
ful one and vs. healthy counterparts. Results showed that processing of sensory information
from muscle spindles was mostly spared in the presence of SIS. Similar rate of success, clear-
ness and direction of illusory perceptions were found compared to healthy counterparts, but
their speed/amplitude were significantly lower on the affected shoulder compared to the non/
less-painful one. Also, neurophysiological measures of cortico-motor control of the upper tra-
pezius muscle failed to detect contrasts of corticospinal excitability between sides and groups.
However, too high motor thresholds, TMS-related discomfort and other technical issues pre-
cluded from completing TMS measurements, especially in persons with SIS on their painful
side. These findings are discussed below, along with recommendations for future clinical and
research applications of VIB and TMS tools with populations suffering from musculoskeletal
disorders of the shoulder.

Kinesthetic illusions in shoulder disorders

Two other studies reported tendon vibrations in persons suffering from musculoskeletal
shoulder impairments. The 2004 study from Ribot-Ciscar and colleagues applied vibration (80
Hz, 0.5 mm, 15 s duration) on 12 different muscle groups across the upper and lower extremi-
ties in 10 healthy and 20 participants with various muscular dystrophies [18]. Overall, no sig-
nificant difference was found for all tested variables. They did however note a lower (non-
significant trend) velocity of illusory perceptions for facioscapulohumeral dystrophy and myo-
tonic dystrophy participants. This observation seems to agree with our finding of a lower illu-
sory speed/amplitude on the painful side in SIS group. The 2015 study from Ribot-Ciscar et al.
applied vibratory stimuli to shoulder and arm muscles, including the triceps and biceps brachii
as well as the pectoralis major, respectively for inducing illusions of elbow flexion, extension
and shoulder abduction. In addition to reporting the perceived sensations in eight persons
with facioscapulohumeral dystrophy, they provided eight 40-60 min sessions of vibratory
treatment (named vibratory proprioceptive assistance) for a month. The therapeutic protocol
included six blocks of stimulation eliciting a mix of uniplanar and multiplanar elbow/shoulder
movements by stimulating the three targeted muscles alone or in combination. Their results
showed that participants were able to perceive clear illusions in the expected direction coher-
ent with the role of the stimulated muscles spindles [43] like we found with the SIS population.
Interestingly, participants reported that the amplitude of illusory perceptions often exceeded
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what they were able to reach voluntarily. The experimenters in 2015 Ribot-Ciscar’s study also
frequently reported antagonistic vibratory responses during kinesthetic illusions, i.e. involun-
tary contractions of muscles antagonistic to those vibrated [17]. These motor responses are
likely highlighting vibration-induced facilitation of sensorimotor control networks coherent
with the perceived movement [13, 39]. Kinesthetic illusions are known to activate key fronto-
parietal and cerebellar networks involved in voluntary motor control [20, 44]. In accordance
with these observations, the vibratory proprioceptive assistance protocol led to significant
improvements in shoulder ranges of motion, isometric strength, self-rated shoulder function
and health [17]. The repeated and painless perception of shoulder/elbow movements in
patients with sensorimotor dysfunctions could have induced long-lasting plastic changes
within these neural networks [17]. Considering the available literature, our results are mostly
encouraging further research testing the effectiveness of VIB-based treatments in persons with
SIS. Their relatively intact processing of VIB-induced afferents, like found with fascioscapulo-
humeral dystrophic populations, could suggest a potential for positive plastic changes within
shoulder sensorimotor control networks. Since the present work used VIB-induced illusions
to verify the integrity of proprioception processing and not as a treatment, further research is
needed to test the effects of repetitive VIB-induced illusions with SIS groups.

The lower speed/amplitude of illusions obtained on the painful side in our study might be
implying a less effective, but still functional processing of muscle spindles afferents. Pain and
non-use of affected limbs can have a profound impact on neural networks involved in percep-
tual, cognitive/emotional and motor functions [45-48]. On the other hand, individual data
(Fig 2A) shows that this lower speed/amplitude was not systematic. As seen in Table 3, 2 par-
ticipants perceived a faster speed/amplitude on their painful side compared to their non/less
painful one (cases #7 and #12), and 4 individuals (cases# 2-3-6-14) had relatively similar scores
within a 1-3.7% range. Healthy controls also had important between and within-subject varia-
tions of speed/amplitude (Fig 2A). Other sources of variation such as higher difficulty to fully
relax during VIB, for example with case #12 who showed fear of pain behaviors, could also
explain the lower speed/amplitude perceived. Complete relaxation is an important factor to
control for eliciting kinesthetic illusions [17, 30]. To minimize this risk, care was taken before
each VIB trial to ensure the subject’s relaxation (gently moving the arm, asking the participant
to relax, etc.), following recommendations from the Standardized Kinesthetic Illusion Proce-
dure [30]. Future studies might consider using biofeedback methods (e.g. electromyography)
to verify the level of relaxation before applying VIB in populations at higher risks of presenting
kinesiophobic and protective attitudes. High intra and inter-individual variability of speed/
amplitude could also underscore that illusory perceptions present a natural variation from trial
to trial and between persons. The metrological properties of the different methods used to
measure kinesthetic illusions remain to be established-a low reliability for instance could
explain the high variability observed.

Corticospinal excitability in shoulder disorders

A recent study [24] tested corticospinal excitability of the affected upper trapezius, lower trape-
zius and serratus anterior muscles in 14 persons with SIS. All TMS procedures were realized in
an active muscle state, i.e. participants had to actively maintain a 90° scapular plan elevation.
Compared to a resting state, an active contraction of the target muscle is known to reduce the
threshold for eliciting MEPs, through a higher state of excitability from the involved pool of
interneurons and motoneurons located at M1 and spinal levels [36]. The authors stated in
their methods that the active state was chosen because they found it difficult to elicit MEPs
when the targeted muscles were at rest. From a methodological standpoint, our results give
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weight to this observation, since TMS measures were challenged by high motor thresholds and
sometimes intolerable stimuli intensities. Furthermore, Lin and coworkers tested infraspinatus
and deltoid muscles on 17 healthy participants and found that changing the arm position from
0to 90° of elevation increased the maximal MEP value for the infraspinatus, but not the del-
toid, highlighting the importance of also considering the arm position when testing cortico-
motor functions of shoulder muscles with TMS [49]. However, from a patient-centered point
of view, at least based on our recruited sample of persons with SIS, maintaining a 90° shoulder
elevation would have affected their capacity and motivation to complete TMS testing. Fatigue
and pain build-up can directly affect the validity and reliability of TMS outcome measures
[50-52]. In our study, even if the participant’s arm was resting for the most part of the two
experimental sessions and that the duration of each session was kept below 1.5 hours, persons
with SIS often asked for small breaks. As described in the results, significant discomfort and
fear of pain behaviors were reported during vibration and TMS, which often required reassur-
ance that these techniques were safe. According to Chung et al.’s (2022), none of their partici-
pants with SIS complained of pain during their 3-4 hours experiment. Differences in our
respective protocols and, more importantly, characteristics of participants could explain this
discrepancy. Nevertheless, our results raise awareness on challenges inherent to using TMS in
populations affected by musculoskeletal pain and disabilities.

Despite our missing TMS data in several participants, we were still able to compare motor
thresholds and success rate to elicit MEPs. No significant difference for inter and intra-group
comparisons was found. As shown in Tables 5 and 6, thresholds near or above 60% were quite
frequent but not restricted to SIS participants. Conversely, Chung and colleagues (2022)
reported a decreased corticospinal excitability (higher motor thresholds) of lower trapezius
and serratus anterior, higher cortico-cortical and spinal inhibitory mechanisms (longer silent
period) for the lower trapezius and cortical reorganization of M1 motor maps (posterior shift
of the centre of gravity) in the upper trapezius and serratus anterior. Berth et al. tested the del-
toid muscle and first interosseus muscle on 10 participants with chronic rotator cuff tears and
13 healthy controls. They found a higher corticospinal excitability for the rotator cuff tears
group when the tested arm remained at rest but a lower excitability was observed when they
had to maintain a 5-10% maximal isometric contraction [23]. Ngomo and colleagues found
higher motor thresholds (lower excitability) for the infraspinatus (active state of about 5% of
maximal isometric contraction) in a group of 39 persons with rotator cuff tendinopathy when
comparing with the unaffected side. This finding was correlated with the duration of symp-
toms, but not their intensity [46]. In 2007, Alexander compared corticospinal excitability of the
upper and lower trapezius between 11 persons with non-traumatic shoulder-instability and 8
healthy controls. They found similar corticospinal excitability between groups for the upper tra-
pezius but lower excitability for the lower trapezius muscle [53]. Overall, our preliminary results
are not agreeing with other publications in the field. We found no clear sign of an altered corti-
cospinal function in the presence of shoulder impairments. As seen in Tables 5 and 6, rMT var-
ied greatly both within and between groups. However, comparisons between studies are
hindered by high heterogeneity of methods and populations, and the strength of our results can
be questioned based on missing TMS data (except for MEP presence/absence). Nevertheless,
our study highlights the fact that pairing VIB and TMS technologies appear complementary for
a specific investigation of mechanisms underlying sensory (VIB) and motor (TMS) impair-
ments. A recent study from our group delivered TMS at different time points during VIB-
induced illusion in healthy persons and observed a time-specific modulation of corticospinal
drive, which was lowest after VIB start compared to later when the illusion had time to build up
[54]. The pairing of VIB and TMS with this new testing paradigm could help affine the evalua-
tion of sensorimotor processing mechanisms and their integrity in SIS populations.
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Limitations

Results from this research is limited because of the small sample size and loss of TMS data. An
a priori sample size to ensure at least 95% of power and alpha risk below 5% was calculated
and recommended at least 13 participants per group for VIB-related outcomes and 15 per
group for TMS measures obtained with the upper trapezius muscle. This power-based recom-
mendation was respected for VIB outcomes, but not for TMS. Further studies with higher sta-
tistical power are highly needed for improving our understanding of VIB and TMS-related
mechanisms of sensorimotor control, and possibly their effects if used as therapeutic
protocols.

Our results also call for further research identifying the best VIB and TMS measurement
methods adapted to the needs and challenges of populations suffering from musculoskeletal
pain and disabilities. Discomfort, kinesiophobia and fatigue should be closely monitored dur-
ing the experiment, for example using visual analog scales or the Borg questionnaire of per-
ceived exertion [55]. Also, stimulating M1 representations of trunk or proximal muscles like
the upper trapezius could be facilitated by using different coil sizes and shape, like the double
cone coil used for reaching the deeper representation of leg muscles [56]. One unexpected
challenge we encountered was the large TMS-induced artifacts that prevented MEP identifica-
tion in EMG data in a few participants. This never occurred in our previous studies targeting
more distal upper and lower limb muscles. There are two possible explanations for this techni-
cal challenge. First, our EMG system does not realize a pre-amplification of the signal at the
level of the recording electrodes. Instead, the signal from the two active electrodes is sent
through cables toward the CED 1902 amplifier. A common-mode rejection is then applied
using the signal from the ground electrode to reduce electrical inputs from sources other than
the muscles. The high TMS intensities and proximity of the electrodes from the coil probably
explain why our system failed to identify and remove the TMS artifact from EMG signals. Dif-
ferent methods should be tested in future work to identify the best way of amplifying/filtering
EMG signals when targeting proximal trunk/upper-limb muscles (e.g. pre-amplification, input
clamps, location of the ground). Another potential reason for this technical issue was EMG
location. We strictly respected SENIAM guidelines for electrode placement but observed that
the resulting location was sometimes not above the biggest part of the muscle belly. A sub-opti-
mal EMG location could have resulted in weaker electrical inputs, which would have in turn
affected MEP detection, increased motor thresholds, and reduced the efficacy of the common-
mode rejection. Future studies should also compare different EMG location methods as it
could directly impact the feasibility and validity of TMS.

Interestingly, physiatrist’ (MBR) reports based on ultrasound imagery identified structural
damage in both the painful (66.7% of cases) and non/less-painful sides (53.3% of cases) of per-
sons with SIS. Mild damages to subacromial structures were even found in at least one shoul-
der in 60% of healthy participants. Asymptomatic damage to subacromial structures could
have affected comparisons between SIS and ‘healthy’ controls. Or, alternatively, non-symp-
tomatic shoulders simply present normal age- & use-related lesions that form without any
pain or dysfunction [57, 58]. This agrees with previous reports having questioned the mechani-
cal impingement and resulting subacromial lesions as the primary mechanism leading to SIS
[2, 59-65].

Conclusions

Our study highlighted several challenges related to the use of central and peripheral neurosti-
mulation devices with people having shoulder pain. In particular, TMS procedures were
affected by technical problems, high intensities and related discomfort that was often
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exacerbated by a fear of pain in persons with SIS. Our experience will hopefully help future
research to better address those challenges and improve the feasibility of VIB and TMS. It also
provided novel evidence on the integrity of proprioceptive and corticospinal functions in per-
sons living with shoulder impingement syndrome. Compared to healthy counterparts, they
showed a similar capacity to perceive kinesthetic illusions on their affected shoulder, which
were in the expected direction of shoulder abduction. They were however of lower speed/
amplitude when comparing sides in the SIS group. Results failed to detect a difference of corti
cospinal excitability between groups and sides and encourage future work to determine the
best methodological procedures for increasing the relevance and success-rate of TMS when
testing populations suffering from musculoskeletal pain and disabilities. Nevertheless, neuro-
stimulation tools like VIB and TMS show promise to better understand mechanisms underly-
ing sensorimotor dysfunctions in those populations, and even propose novel therapeutic
methods that could specifically target these mechanisms.
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