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ABSTRACT

SHITARA, H., T. ICHINOSE, D. SHIMOYAMA, T. SASAKI, N. HAMANO, M. KAMIYAMA, T. TAJIKA, A. YAMAMOTO, T.
KOBAYASHI, T. HANAKAWA, Y. TSUSHIMA, K. TAKAGISHI, and H. CHIKUDA. Neuroplasticity Caused by Peripheral Propriocep-
tive Deficits. Med. Sci. Sports Exerc., Vol. 54, No. 1, pp. 28—-37, 2022. Purpose: Proprioceptive feedback is crucial for motor control and
stabilization of the shoulder joint in everyday life and sports. Shoulder dislocation causes anatomical and proprioceptive feedback damage that
contributes to subsequent dislocations. Previous recurrent anterior shoulder instability (RSI) studies did not investigate functional
neuroplasticity related to proprioception of the injured shoulder. Thus, we aimed to study the differences in neuroplasticity related to motor
control between patients with RSI and healthy individuals, using functional magnetic resonance imaging, and assess the effects of peripheral
proprioceptive deficits due to RSI on CNS activity. Methods: Using passive shoulder motion and voluntary shoulder muscles contraction
tasks, we compared the CNS correlates of proprioceptive activity between patients having RSI (» = 13) and healthy controls (n = 12) to clarify
RSI pathophysiology and the effects of RSI-related peripheral proprioceptive deficits on CNS activity. Results: Decreased proprioception-
related brain activity indicated a deficient passive proprioception in patients with RSI (P < 0.05 family-wise error, cluster level). Proprioceptive
afferent-related right cerebellar activity significantly negatively correlated with the extent of shoulder damage (P = 0.001, »=—0.79). Functional
magnetic resonance imaging demonstrated abnormal motor control in the CNS during voluntary shoulder muscles contraction. Conclusion: Our
integrated analysis of peripheral anatomical information and brain activity during motion tasks can be used to investigate other orthopedic dis-
eases. Key Words: NEUROPLASTICITY, PROPRIOCEPTION, RECURRENT ANTERIOR SHOULDER INSTABILITY, CEREBELLUM
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he glenohumeral (shoulder) joint has unique features,
including its mobility and wide range of motion. The
glenohumeral joint has a marked lack of bony con-
straint and is highly dependent on the matching surfaces and
surrounding soft tissue envelope for static and dynamic stability
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(1). Shoulder movements require precise control by interactions
of sensory feedback, which are represented by proprioception
between dynamic/static stabilizers in the periphery, alongside
motor control in the CNS.

Because of its unique anatomical features, the shoulder joint
is most frequently dislocated among the human joints, and dis-
location often occurs in the anterior direction (2). In fact, this is
the most common first-time dislocation experienced by ath-
letes (2), and once it has occurred, the risk of subsequent dis-
location increases due to injury to its anatomical features.
Furthermore, subsequent shoulder dislocations occur due to
damage to the anatomical features and deficits in sensory feedback,
particularly proprioception, which is crucial for motor control
and stabilization of shoulder joint in daily life and sports practice.

Anatomical failure in the periphery in patients with recurrent
anterior shoulder instability (RSI) involves the following three
main lesions: (i) Bankart lesion (3), an injury to the anteroinferior
labrum associated with the capsulolabral ligament from the
glenoid rim and scapular neck; (ii) bone loss at the humeral head,
commonly known as a Hill-Sachs lesion (4); and (iii) glenoid
bone loss, which commonly occurs after RSI and is a major risk
factor of recurrent dislocation or subluxation after shoulder sta-
bilization surgery (5). Among these three lesions, the Bankart
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lesion and the glenoid bone defect affect the generation of
proprioception because mechanoreceptors are present in the
capsulolabral-ligamentous structures (6), which form a complex
with the labrum that attaches to the glenoid rim and scapular neck.

Previous studies have demonstrated that patients with RSI
experience proprioceptive deficits, including deficits in sens-
ing joint position and kinesthesia (7-9). However, propriocep-
tion tests conducted in these previous studies involved the
measurement of proprioception of actively and passively
reproduced shoulder positions using an isokinetic dynamome-
ter and a proprioception testing apparatus, respectively. The
evaluation involved assessing shoulder proprioception using
a memory-based, joint position-matching task (10). The three
submodalities of proprioception, including (i) sense of joint
position, (ii) sense of motion (kinesthesia), and (iii) sense of
force or tension, are initially relayed to the CNS. A joint
position-matching task includes not only proprioception but
also many other neural processes, such as attention, conscious-
ness, and memory for reproduction of joint position matching.
We believe that a joint position-matching task is inadequate
for the evaluation of proprioception relevant to dynamic
movements because we usually move our body without spe-
cific attention, consciousness, and memory in daily life. To di-
rectly measure proprioception on the CNS, a passive motion
task was used during functional magnetic resonance imaging
(fMR]) recording in the present study (11). Compared with
the traditional joint position-matching task, the passive motion
task/fMRI method can obtain pure brain activation, which is
evoked by proprioceptive stimulation, whereas the traditional
joint position-matching task includes many other neural pro-
cesses, such as attention, consciousness, and memory for repro-
duction of joint position matching. Using the fMRI method for
patients with RSI, previous studies elucidated brain activity re-
lated to shoulder apprehension (12) and abnormal brain activ-
ity during active shoulder flexion and abduction (13).

The purpose of this study was to detect changes caused by
RSI in the motor control-related brain activation, including
proprioception, using fMRI during shoulder motion tasks.
CNS provides crucial contributions to shoulder joint control.
Therefore, we hypothesized that fMRI would allow for the
comprehensive detection of proprioception because CNS re-
gions that receive proprioceptive information will be activated
during both passive shoulder motion and voluntary shoulder
muscles contraction tasks. To date, only peripheral assess-
ments have been made in patients with RSI. No studies have
reported any findings on the relationship between functional
neuroplasticity, which is defined as an ability of neural net-
works in the CNS to change through reorganization due to
RSI and proprioception of the injured shoulder in patients with
RSI. However, evaluating neuroplasticity in patients with RSI is
essential to understanding the pathophysiology underlying RSI
and the effects of peripheral proprioceptive deficits in the CNS.

Thus, we used fMRI to study differences in neuroplasticity
related to motor control between patients with RSI (who were
used as a peripheral proprioceptive deficit model) and healthy
individuals. Moreover, to assess changes in the CNS due to

peripheral proprioceptive deficits, we applied the glenoid bone
defect for the parameter of the damage in the proprioceptive
generator because the glenoid bone defect has been used as
the parameter of the severity of anterior instability of the
shoulder joint (14). The glenoid bone defect was quantitatively
evaluated using computed tomography (CT) images assessing
the amount of anatomical failure in the shoulder joint.

METHODS
Subjects

All participants were right-handed. We consecutively en-
rolled the patients with RSI into this study from April 2012
to December 2013. The exclusion criteria used for the selec-
tion of healthy control volunteers were as follows: (i) younger
than 16 yr, (ii) history of neuropsychiatric disorders, and (iii)
contraindications for MRI. The criteria used for the selection
of patients with RSI were as follows: (i) repeated traumatic
shoulder dislocation, (ii) positive apprehension test (15) and
relocation test (16) findings, and (iii) isolated, right-sided
RSI associated with a Bankart lesion identified on magnetic
resonance arthrography or arthroscopy. The exclusion criteria
for patients were as follows: (i) younger than 16 yr, (ii)
nontraumatic shoulder instability, (iii) multidirectional shoul-
der instability, (iv) history of neuropsychiatric disorders, (v)
contraindications for MRI, and (vi) history of shoulder dislo-
cation within 1 month before study participation. One patient
was excluded from this study because their CT image obtained
at another hospital was unclear. Eventually, 12 healthy volun-
teers (4 women; mean + SD age, 23.2 + 3.2 yr) and 13 RSI pa-
tients (2 women; mean + SD age, 27.8 + 9.2 yr) participated in
this study. The Institutional Review Boards of Gunma Univer-
sity Hospital approved the study protocol (approval no. 769).
All methods were carried out in accordance with relevant
guidelines and regulations. Written informed consent was ob-
tained from all participants and their parents.

Quantification of Glenoid Bone Defects

To assess the relationship between anatomical failure in the
glenohumeral joint, as a producer of proprioceptive afferents,
and brain activity, as a receiver of those proprioceptive affer-
ents, we defined glenoid bone loss as reflective of mechanore-
ceptor damage in the injured shoulder. Although damage to
the joint capsule and ligaments, where mechanoreceptors are
located (17), should be used as a parameter of mechanorecep-
tor damage in the injured shoulder, it is difficult to evaluate
this damage quantitatively. As an alternative, we used glenoid
bone loss as a proxy because the labral capsular ligamentous
complex attaches to the glenoid bone. We did not consider
bone defects involving Hill-Sachs lesions because no mecha-
noreceptors are located around Hill-Sachs lesions.

A Picture Archiving and Communications Systems system
(Konica Minolta, Tokyo, Japan) was used to quantify glenoid
bone loss. According to previous studies (14), we drew a per-
fect circle at the inferior portion of the glenoid surface in a
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three-dimensional CT image, and the circle diameter and bone
defect width were subsequently calculated. The glenoid bone
defect is defined as the percentage of the defect width (B) to the
diameter of the assumed inferior circle of the glenoid (A) (see Fig-
ure, Method for quantifying glenoid bone defect, Supplementary
Digital Content, Appendix, http://links.lww.com/MSS/C418).

The interrater reliability between two experienced shoulder
surgeons (H.S. and N.H.) and the intrarater reliability of one of
the surgeons (H.S., who measured the glenoid bone defect
again 2 wk later) were calculated. The intraclass correlation
coefficients for the interrater and intrarater reliabilities were
0.92 and 0.93, respectively. The interrater and intrarater reliabilities
were almost perfect according to the criteria described by Landis
and Koch (18). In this study, we used data measured by H.S.

MRI Acquisition

As in our previous study (12), image acquisition was per-
formed on a 3-T Siemens MRI scanner with a head coil
(MAGNETOM Trio, A Tim System 3T; Siemens Medical So-
lutions, Erlangen, Germany). fMRI data were acquired using
T2-weighted echo planar images that were sensitive to the
blood oxygenation level-dependent signal using the following
parameters: 64 x 64 matrix, 38 slices, 3 x 3 x 3 mm? spatial
resolution, field of view (FOV) = 192 mm, repetition time
(TR) = 2500 ms, echo time (TE) = 30 ms, and flip angle
(FA) = 90°. For high-resolution anatomical image, TI1-
weighted three-dimensional structural images were acquired
for each participant with a magnetization-prepared, rapid
gradient-echo sequence using the following parameters:
256 x 256 matrix, 1 x 1 x 1 mm’ spatial resolution,
FOV =256 mm, TR = 2300 ms, TE = 3.26 ms, and FA = 8°.

Experimental Tasks

Based on a previous study, we tightly fixed the right body
trunk and shoulder girdle to the scanner bed with nonelastic
bandages to minimize head motion during scanning. We also
used foam pads and vacuum cushions (Vac-Lock Cushion;
CIVCO, Coralville, IA) to immobilize the head.

Passive shoulder motion task during fMRI. For the
detection of brain activity related to proprioceptive afferents
from the shoulder, a passive shoulder motion task was per-
formed during fMRI (cited by Shitara et al. [12]). The partici-
pant’s right shoulder was passively rotated in internal (range,
0°-20°) and external motion (range, 0°-90°) with approxi-
mately 90° abduction at approximately 1 Hz, by a single expe-
rienced orthopedic surgeon in response to cues projected on a
screen located at the participant’s feet. Resting and passive
shoulder motion conditions were alternated every 20 s and re-
peated 12 times, respectively (see Figure, Experimental tasks,
Supplemental Digital Content, Appendix, http://links.lww.
com/MSS/C418). For patient safety, we ensured that the
shoulder motion would not cause any protective muscle con-
traction, subluxation, or shoulder dislocation on the MRI bed
before performing MRI scanning. A single experienced shoul-
der surgeon (H.S.) performed the task in all participants.

Voluntary shoulder muscles contraction task dur-
ing fMRI. To investigate CNS activity related to the motor
control and the sense of force or tension in proprioception dur-
ing voluntary shoulder muscles contraction, we asked each
participant to perform isometric flexion, abduction, or external
rotation of the right shoulder during fMRI. We applied an iso-
metric exercise at 0° abduction to prioritize safety because ex-
ternal and internal rotation with approximately 90° abduction
is associated with a high risk of dislocation or subluxation of
the shoulder. To restrict joint movement and limit any effect
of the antagonistic muscles associated with stretching, we used
a custom-made, nonmagnetic splint fixed tightly with nonelas-
tic bandages to the right hand, wrist, and elbow joints.

Each shoulder movement was performed for 20 s and was
triggered randomly by a visual presentation on a screen (ap-
proximately 1 Hz). Before scanning, each participant practiced
the movement to perform the contraction intensity for each
direction at approximately 19.6 N, measured using a PowerTrack
I Commander handheld dynamometer (J-Tech Medical, Salt
Lake City, UT). The movement was to be performed without
exacerbation of shoulder pain or muscle fatigue; the responses
were evaluated as subjective sensations to ensure stable and
accurate performance levels across all trials (see Figure, Sup-
plemental Digital Content 3, http://links.lww.com/MSS/
C418). We applied a force of relatively weak intensity (19.6 N)
for both healthy participants and patients because high inten-
sity may cause body and head motion which would decrease
fMRI data quality. Additionally, using the same contraction
intensity minimizes the differences in brain activity by varying
contraction intensities.

After the task, each participant was asked to report any neg-
ative sensations, such as pain and apprehension, to ensure that
the task did not cause any adverse effects. Because we focused
on the effect of voluntary shoulder muscles contraction on
brain activity, and considered that it was difficult to distinguish
differences in brain activity among the types of shoulder
movements, the data of flexion, abduction, and external rota-
tion were evaluated under the same condition, i.e., voluntary
shoulder muscles contraction.

fMRI Data Analysis

The analysis was performed for the whole brain, including
the cerebellum. Similar to a previous study (12), we used
SPM12 (http://www.fil.ion.ucl.ac.uk/spm) implemented in
MATLAB (MathWorks, Inc., MA) for preprocessing of imag-
ing data. The first four functional images were removed be-
cause of unsteady magnetization. Then the time series fMRI
data were aligned in both time and space, spatially normalized
to fit to the Montreal Neurologic Institute template, and
smoothed with a 8-mm full-width Gaussian kernel at half-
maximum. Six motion parameters (translation: x, y, z; rotation:
pitch, roll, yaw) were also included in the model to account for
the effects of no interest, and only global signal normalization
was performed between runs. A first-line, first-level general
linear model analysis for each task was used to evaluate
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correlations between fMRI signal changes and a block regressor
convolved with a canonical hemodynamic response function.
A second-level random-effect group analysis was then per-
formed to identify voxels that showed a significant difference in
brain activity between movement condition and rest and between
passive motion condition and rest. In all comparisons, the
threshold was initially set at a cluster threshold of P < 0.05
family-wise error (FWE), corrected for multiple comparisons.

Between-Group fMRI Analysis

We directly compared differences between patients with RSI
and healthy participants using a second-level random-effects
analysis. We performed a between-group analysis to identify re-
gions of brain activity that were greater in patients with RSI
than in controls and vice versa. A significant difference in brain
activity between the groups was defined at a cluster threshold
of P <0.05 FWE, corrected for multiple comparisons.

Glenoid Bone Defects and Brain Activity during
Shoulder Motion Tasks

We used a general linear model to investigate the correla-
tion between brain activity and glenoid bone defects to

understand the changes in brain activity related to glenoid
bone defects in RSI patients during each task. The threshold
was initially set at a cluster threshold of P < 0.05 FWE,
corrected for multiple comparisons. When significant correla-
tions between brain activity and glenoid bone defects were not
found at a cluster threshold of P < 0.05 FWE, we changed the
threshold to P < 0.005, uncorrected. Next, we selected regions
of interest (ROI) in which brain activity significantly corre-
lated with glenoid bone defects at P < 0.005, uncorrected.
Then, beta values were extracted from the ROI using Marsbar
(http://marsbar.sourceforge.net). Finally, the beta values ex-
tracted for each patient were compared with the glenoid bone
defect to assess whether the percentage of glenoid bone defect
was related to a decrease in proprioceptive afferent-related
brain activity. Pearson’s correlation analysis was performed
using GraphPad Prism8 (GraphPad Software, CA), and differ-
ences were considered significant for values of P < 0.05.

Controlling for Confounding Differences between
Groups and by Head Motion

We ensured that our findings were not likely to be substan-
tially influenced by the confounding effects of age and sex

FIGURE 1—Brain activity during the passive shoulder motion task (image threshold at P < 0.05 FWE, cluster level). A, Overlapping brain activity between
healthy participants and RSI patients. The red and blue areas represent brain activity in the healthy participants and RSI patients, respectively. The purple
areas represent overlapping brain activity between healthy participants and RSI patients. B, Comparison of brain activity between healthy participants and
RSI patients. The green areas represent regions where brain activity is higher in healthy participants compared with RSI patients. L, left; R, right.
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differences between the groups or by head motion artifacts
(see Text, Supplemental Digital Content, Appendix, http://
links.Ilww.com/MSS/C418).

RESULTS

Passive shoulder motion task. There was a significant,
widespread increase in brain activity in the left primary sen-
sory area (S1), premotor cortex, and primary motor area
(M1), as well as the supplementary motor area (SMA), the left
premotor cortex, and the right cerebellum in healthy participants
during the passive shoulder motion task. Conversely, there was a
significant increase in brain activity only in M1 and S1 in pa-
tients with RSI during the passive shoulder motion task.

Brain activity was significantly higher in the bilateral M1,
S1, cingulate cortices, inferior parietal cortices, caudate nuclei,
parietal operculum, insula, area 44, gyrus fusiformis, and
cerebellum; in the right premotor area; and in the left hippo-
campus, thalamus, auditory cortex, intraparietal sulcus, and
superior parietal cortex in healthy participants than that in
patients with RSI (Fig. 1, Table 1). Brain activity was not
significantly higher in any brain region in patients with
RSI as compared with healthy participants.

During the passive shoulder motion task, the examiner did
not feel any protective muscle contractions, which could
falsely appear as shoulder active movements on fMRI scans,
in any of the participants’ shoulders. Additionally, no adverse
events, such as subluxation and dislocation, occurred.

Voluntary shoulder muscles contraction task. Sig-
nificant brain activity was observed in the motor network,
including the SMA, bilateral premotor cortices, M1, S1,
thalamus, and cerebellum, in both healthy participants and
participants with RSI. Brain activity was significantly in-
creased in the bilateral superior temporal gyri and precentral
gyri; in the right angular gyrus, middle frontal gyrus, infe-
rior frontal and parietal lobules, and calcarine gyrus; and
in the left precuneus, Rolandic operculum, middle cingulate
cortex, and insula lobe in patients with RSI compared with
healthy participants (Fig. 2, Table 1). Although brain activ-
ity in patients with RSI was more widespread than that in
healthy participants, the differences in brain activity be-
tween the two groups were not significant. Brain activity
did not significantly increase in any of these brain regions
in healthy patients compared with patients with RSI. No
participant reported any adverse effect during the task.

Glenoid bone defects and brain activity during
shoulder motion tasks. There was no significant correla-
tion between brain activity and glenoid bone defect during
the passive shoulder motion task at P < 0.05 FWE, cluster
level. The right cerebellum activity significantly negatively
correlated with a glenoid bone defect at P < 0.005, uncorrected
(Fig. 3A, Table 2). ROI were created, and beta values were ex-
tracted from the right cerebellum. The extracted beta values
were compared with the percentage of glenoid bone defects
to assess whether the glenoid bone defect ratio was related to
a decrease in proprioceptive afferent-related brain activity.

TABLE 1. Results of brain activity with specific contrast for activity associated with passive
shoulder motion and voluntary shoulder muscles contraction in each group and the
differences between groups.

MNI Coordinates (mm)

Anatomical Region X y z t
Healthy participants
Right cerebellum (lobule VI) 30 -54 -28 9.53
Right cerebellum (lobule V) 16 -46 -24 8.41
Left precentral gyrus -26 =24 56 8.24
Left SMA -4 -16 54 8.61
Left precentral gyrus (area 4a, 4p) -24 -22 68 7.31
Right cerebellum (lobule Vllla) 30 -54 -50 7.45
Right cerebellum (lobule VIIb) 20 -70 -50 6.95
Left postcentral gyrus (area 3b) -40 -34 58 6.88
RS patients
Left precentral gyrus (area 4a, 4p) -24 -26 58 6.22
Left precentral gyrus -24 -22 70 4.67
Left postcentral gyrus -28 -30 76 440
Healthy participants > RSI patients
Left precentral gyrus (premotor area) 44 -14 56 5.99
Right precentral gyrus 50 -2 48 527
Left inferior temporal gyrus -52 -14 -26 5.94
Left superior temporal gyrus -62 -14 6 5.90
Left caudate nucleus -10 18 12 555
Right cerebellum (lobule VI) 30 -54 -26 5.09
Right caudate nucleus 16 2 20 5.07
Right insula 44 -6 -6 464
RSI patients > healthy participants
Right superior temporal gyrus 64 -34 10 6.94
Right inferior parietal lobule 54 -48 46 6.87
Left Rolandic operculum (area OP2) -38 -28 20 6.05
Right inferior frontal gyrus 32 6 32 544
Left superior temporal gyrus -44 -36 20 5.42
Left precentral gyrus (area 4a) -14 -26 60 5.41
Left precuneus (area 7A) -16 60 66 517
Right middle frontal gyrus 40 34 46 498
Right precentral gyrus (area 44) 58 8 32 498
Right calcarine gyrus (area 18) 10 -96 10 4.68
Right angular gyrus 62 -50 34 433
Left posterior-medial frontal gyrus -8 -20 50 3.75
Left insula -32 -24 12 3.67

P < 0.05 FWE cluster level.
MNI, Montreal Neurological Institute.

Our results demonstrated that there was a significant negative
correlation between the percentage of glenoid bone defect and
brain activity in the right cerebellum (P = 0.001, » = —0.79,
95% confidence interval (95% CI) of —0.93 to —0.43) (Fig. 3A).
There was no significant positive correlation between the de-
fect size of the glenoid surface and brain activity during the
passive shoulder motion task.

In contrast, brain activity in the left pre-SMA, middle frontal
gyrus, precentral gyrus (including Brodmann area 44), anterior
cingulate cortex, superior and inferior parietal lobules, middle
temporal gyrus and the bilateral precuneus, superior frontal
and medial gyri, and caudate nuclei showed significant positive
correlation with a glenoid bone defect during the voluntary
shoulder muscles contraction task at P < 0.05 FWE, cluster
level (Fig. 3B, Table 2). There was no significant negative cor-
relation between glenoid bone defect and brain activity.

DISCUSSION

We compared differences in CNS correlates of propriocep-
tive activity between patients with RST and healthy controls to
gain insights into the pathophysiology of RSI and assess the
effects of peripheral proprioceptive deficits due to RSI on
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FIGURE 2—Brain activity during the voluntary shoulder muscles contraction task (image threshold at P < (.05 FWE cluster level). A, Overlapping brain
activity between healthy participants and RSI patients. The red and blue areas represent brain activity in the healthy participants and RSI patients, respec-
tively. The purple areas represent overlapping brain activity between healthy participants and RSI patients. B, Brain activity comparison between RSI pa-
tients and healthy participants. The green areas represent regions where brain activity was higher in RSI patients compared with healthy participants. L,

left; R, right.

CNS activity. We found that decreases in proprioception-
related brain activity supported deficits of passive propriocep-
tion in patients with RSI. Brain activity in the right cerebellum,
related to proprioceptive afferents, significantly negatively
correlated (P = 0.001, » = —0.79) with the amount of damage
in the recurrently dislocated shoulder (determined as a percent-
age of the glenoid bone defect). Moreover, abnormal motor
control in the CNS was demonstrated by fMRI scans during
voluntary shoulder muscles contraction. Thus, neuroplasticity,
which may be caused by compensation for proprioceptive def-
icits, was significantly positively correlated with the amount of
damage in the recurrently dislocated shoulder as a percentage
of glenoid bone defect. To the best of our knowledge, no
previous studies have revealed a connection between the ana-
tomical factors in the periphery and the abnormal motor
control-related brain activity in the CNS in patients with RSI.

A passive shoulder motion task was used to detect sensory
afferents that mainly consisted of proprioceptive afferents.
Proprioceptive afferents provide essential information for
somatosensory—motor integration, which likely arises at multi-
ple levels in the CNS from the spinal cord to the motor net-
work in the brain.

According to previous studies the bilateral inferior parietal
lobes (Fig. S2, http://links.lww.com/MSS/C418), contralateral
S1, and secondary sensorimotor cortex were central process-
ing sites for proprioceptive information (19). Howard et al.

(13) demonstrated that patients with complex shoulder insta-
bility showed significantly greater brain activity than controls
in M1, supramarginal gyrus, inferior frontal gyrus, and
premotor cortex using fMRI during an active shoulder motion
task. Moreover, passive and voluntary movements induced ac-
tivation in the same parts of the cerebellar hemispheres and
dentate nuclei (19). The results of those studies are consistent
with our findings, suggesting that there is a decline in propri-
oceptive sensitivity in the affected shoulder.

The findings of Zuckerman et al. (9) were consistent with
our results with respect to decreased proprioceptive sensitiv-
ity; however, conversely to their evaluation (10), we consider
that our testing approach using fMRI during the passive
motion task is superior because, unlike the joint position-
matching task, fMRI is not dependent on memory. Addition-
ally, joint-position matching that assesses the static position
may not reflect proprioceptive deficits during dynamic move-
ment in daily life. Further, fMRI may be more suitable for
detecting passive proprioceptive deficits during the passive
motion task than the traditional joint position-matching task
because the clinical relevance of a difference of approximately
2° in the joint-position matching appears to remain unclear.

To the best of our knowledge, no previous studies have in-
vestigated the relationship between peripheral anatomical fail-
ure in any joints and voluntary and passive motion-related
brain activity. In patients with RSI, the capsuloligamentous
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FIGURE 3—Brain activity correlates with the extent of glenoid bone defects in RSI patients. A, Passive shoulder motion task (image threshold at P < 0.005,
uncorrected). The blue areas represent brain activities that significantly negatively correlated with the glenoid bone defects in patients with RSI. The right
scatter plot shows the correlation between the beta value extracted from the ROI of the right cerebellum and the percentage of the glenoid bone loss. B,
Voluntary shoulder muscles contraction task (image threshold at P < 0.05 FWE, cluster level). The red areas represent brain activities that significantly pos-
itively correlated with glenoid bone defects in patients with RSI. r, correlation coefficient; L, left; R, right.

complex is not normally stretched by shoulder motion because
of the slight tension in the capsuloligament caused by a large
glenoid bone defect. Hence, mechanoreceptors are not acti-
vated, and proprioceptive afferents are not generated normally
in the damaged shoulder. Thus, we used the severity of the
glenoid bone defect as a quantitative measurement of the pas-
sive proprioceptive afferent-generator. We found that brain ac-
tivity in the cerebellum during the passive shoulder motion
task was significantly negatively correlated with the extent
of glenoid bone defect (P = 0.001, r =—0.79).

Clinical studies in patients with cerebellar injuries (20), de-
generative cerebellar disorders, and Parkinson’s disease (21)
did not detect deficits of conscious awareness of limb position
(kinesthesia). To detect limb positioning, the cerebrobasal
ganglia loop integrity is essential (21). The cerebellum gains
proprioceptive afferents from various receptors mainly through
the tractus spinocerebellaris (22), and previous positron emis-
sion tomography and fMRI studies demonstrated that there
was widespread activation of the cerebellum during active and
passive movements. These findings suggest that the cerebellum
plays an important role in proprioception (19). We demon-
strated that cerebellar activity significantly negatively correlated
with the severity of peripheral proprioceptive deficits in patients
with RSI who have normal cerebellar function. Much like
findings from previous studies, our results indicate that the

cerebellum gains proprioceptive afferents mainly through the
tractus spinocerebellaris.

Neuroplasticity, including compensatory changes, have been
demonstrated in spinal cord side (23) and musculoskeletal inju-
ries. In an experimental model of spinal cord injury, animals
that exhibited almost complete recovery showed elevated brain

TABLE 2. Correlation between brain activity and glenoid bone defects in patients with RSI
during passive shoulder motion and voluntary shoulder muscles contraction tasks.

MNI Coordinates (mm)

Anatomical Region X y z t

Passive shoulder motion (P < 0.005 uncorrected)
Right cerebellum (lobule Vlia) 38 -50 -34 455
Right cerebellum (lobule V1) 34 -44 -30 433
Right cerebellum (lobule VIlIb) 20 -44 -50 414

Voluntary shoulder muscles contraction (P < 0.05 FWE cluster level)
Left inferior parietal lobule (area PGa) -38 -78 46 6.59
Left angular Gyrus (area PGp) -46 -72 40 6.43
Left inferior parietal lobule (area PF) -62 -44 42 5.33
Left superior medial gyrus -12 40 18 6.28
Left caudate nucleus -6 16 12 6.12
Right superior frontal gyrus 22 50 42 591
Left precuneus (area 7A) -4 -66 44 490
Left precentral gyrus (area 44) -44 10 42 472
Right precuneus 8 -52 36 4.44
Left superior frontal gyrus -18 30 52 4.89
Left middle frontal gyrus -34 14 62 473
Left middle temporal gyrus -62 -28 -6 4.66

P < 0.005 uncorrected and P < 0.05 FWE, cluster level, respectively.
MNI, Montreal Neurological Institute.
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activity on positron emission tomography, suggesting com-
pensation on the affected side (23). Heroux and Tremblay
(24) delivered transcranial magnetic stimulation to patients
with anterior cruciate ligament injury and showed that
corticospinal excitability increases and targets muscles adja-
cent to an immobilized or painful joint. In patients with
Stanmore Classification Polar type II/IIl shoulder instability
compared with healthy participants, during an active shoulder
motion, fMRI detected that there were differences in cortical
activation suggesting neuroplasticity including compensatory
changes (13). In our study, brain activity was higher in regions
that involved sensorimotor and visuomotor networks in pa-
tients with RSI compared with healthy controls. Thus, our re-
sults are consistent with the findings of previous studies,
indicating that neuroplasticity occurs in the CNS to compen-
sate for right shoulder dysfunction caused by RSI. In contrast
to the findings in patients with Stanmore Classification Polar
type II/II1 shoulder instability (13), we demonstrated that brain
activity was elevated in the right superior temporal, angular,
and calcarine gyri and the left Rolandic operculum, superior
temporal gyrus, precuneus, posterior-medial frontal gyrus,
and insula lobe in patients with RSI compared with healthy
participants. These activities can be divided into (i) task-
specific activation and (ii) unpleasant memory, emotion, and
pain-related activation. With regard to task-specific activation,
previous studies have demonstrated that activities in the bilat-
eral superior temporal gyri were related to spatial perception
(25). In addition, activity in the angular gyrus was related to
visuospatial processing (26) and executive control of behavior
(27); activity in the calcarine gyrus, including the primary vi-
sual cortex, was related to visual attention (28) and tracking vi-
sual motion patterns (29); and activity in the left precuneus
was related to motor imagery and execution (30) and visuomotor
attention (31). However, with regard to unpleasant memory,
emotion, and pain-related activation, previous studies have
shown that activities in the calcarine gyrus, including the sec-
ondary visual cortex and Rolandic operculum, were related to
retrieval of unpleasant experiences (30) and responses to

Premotor— .
1. Motor planning
execution

Accuracy adjustment
in motion

S
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)
)
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emotion/attention in visual processing (32); activity in the left
precuneus was related to conscious recollection of previously
experienced events (33) and pain perception (34); activity in
the posterior-medial frontal gyrus was related to emotion,
pain, and cognitive control (35); and activity in the insula lobe
was related to pain processing (36). Although no adverse
events occurred during the task in our study, the high activity
observed in these regions may indicate that shoulder motion
induced the unwanted memory of shoulder dislocation in
RSI patients.

Proprioception with muscle contraction during active (vol-
untary) movements is more precise than proprioception in
the absence of muscle contraction during similar passive
movements. This precision in active movements is assumed
to follow heightened peripheral muscle feedback, direct trans-
mission of a copy of motor commands from motor to sensory
processing areas, and/or the involvement of predictive models
through the cerebellum (37,38). Bhanpuri et al. (39) showed
that patients with cerebellar disorders had no deficits in pas-
sive proprioception, and unlike healthy controls, patients with
cerebellar disorders showed no improvement in passive and
active proprioception. Thus, intact cerebellar function strengthens
active proprioception by predicting movement terminations. This
predication is based on dynamic models of the arm rather than
a general increase in sensitivity of proprioceptive receptors in
the active arm.

In our study, cerebellar activity was not correlated with periph-
eral proprioceptive deficits during active shoulder motion tasks.
This may be due to the fact that intact cerebellar function enhances
peripheral proprioceptive deficits during active movements.

When patients with RSI start to move their injured shoulder,
the following takes place: (i) brain activity occurs in the motor
network and descends to the cerebellum; (ii) a forward model
is created to predict sensory feedback for accuracy adjustment
in motion; (iii) target muscles contract; (iv) proprioceptive af-
ferents are produced, and sensory feedback, including propri-
oception, ascends to the cerebellum and the sensory cortex; (v)
the sensory feedback is compared with the forward model in

7. RSI group
Increase brain activity
in motor network

Abnormal motor control
in the shoulder

4. Proprioception
(feedback)
generate

HV >> RSI

3. Muscle contraction
Motion intensity :HV = RSI

\ 4

Cause of further shoulder dislocation
(Failure of dynamic stabilizer)

l Descending signal

I Ascending signal

FIGURE 4—Recurrent shoulder instability pathophysiology. The cross mark indicates “failure.”
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the cerebellum; (vi) the compared feedback and forward
models are usually matched, and brain activity is inhibited,
but in RSI, the actual sensory feedback is reduced compared
with the one in the predicted forward model, and the inhibition
mechanism fails; and (vii) brain activity increases compared
with the one in healthy controls. Although significantly ele-
vated brain activity may reflect compensation for the injured
shoulder, the abnormal motor control may cause recurrent dis-
location (Fig. 4).

Our study had several limitations. First, the voluntary shoul-
der muscles contraction task may not have been optimal. To
compare with the amount of proprioceptive feedback in actual
active shoulder motion tasks, the amount of proprioceptive
feedback in voluntary shoulder muscle contraction may be
smaller because proprioceptive feedback-related sense of joint
position and sense of motion (kinesthesia) is minimally
evoked without joint movement.

In the MRI scanner, the evaluation of shoulder motion sim-
ilar to that in daily life was impossible because the subject was
in the supine position, and the space for shoulder motion was
greatly restricted. Therefore, we were compelled to select iso-
metric shoulder muscles contraction for the voluntary shoulder
muscles contraction task, although there are differences in
brain activity between isometric and nonisometric normal mo-
tion. However, our isometric voluntary shoulder muscles con-
traction task presented with a number of advantages for
acquiring TMRI data as compared with an inadequate active
motion task because it helped minimize head motion and
achieve uniformity in the intensity of shoulder motion. Sec-
ond, slight motion, which is not detectable by visual observa-
tion, was not measured because an electromyogram was not
obtained. Although slight motion may have affected the results
of the passive shoulder task, the effects are expected to be lim-
ited because brain activity was less widespread in patients with
RSI compared with healthy controls during the passive shoul-
der motion task. Third, passive movements were applied by a
surgeon who knew who the patients and who the controls
were. This may have represented unconscious bias, although
the surgeon was careful to ensure task consistency among all
participants. We prioritized ensuring patients’ safety rather
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