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INTRODUCTION

Suprascapular nerve (SSN) entrapment syndrome occurs be-
cause the surrounding anatomy of the SSN renders it vulnera-
ble to injury and compression.1 In particular, a stenotic notch 
due to the presence of a thick transverse proximal ligament is 
considered a patho-anatomical risk factor because it can cause 
compression of the SSN proper or the motor branch to the su-
praspinatus muscle travelling through the suprascapular 
notch underneath the transverse scapular ligament (TSL).2-6

TSL release is considered a reasonable surgical option in pa-
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tients with clinical symptoms of SSN entrapment who show 
irreversible changes in signal intensity within the supraspina-
tus and infraspinatus muscles on magnetic resonance (MR) 
imaging and decreased muscle contractibility or nerve conduc-
tion velocity.7-10 However, since most chronic patients show 
positive findings on either MR or electromyography, the indi-
cation for TSL release is difficult in patients with relative short 
symptom duration without these positive findings.11,12

Clinically, SSN entrapment manifests as a radiologically prov-
en stenotic suprascapular notch. However, from a biomechani-
cal perspective, the SSN may undergo dynamic entrapment due 
to scapular movement.13 Therefore, even if there is no evidence 
of nerve entrapment on radiological or electromyography stud-
ies with the scapula in a neutral position, the SSN may still be 
susceptible to entrapment during scapular movement if the 
notch is stenotic due to TSL ossification.14 While the possibility 
of dynamic SSN entrapment is recognized, its patho-mechan-
ics remain poorly understood because no biomechanical data 
on this topic have been reported in the literature.

In this study, we aimed to characterize the movement of the 
SSN within the suprascapular notch in vivo. For this purpose, 
we first constructed a complex three-dimensional (3D) model 
of the should complex, comprising the cervical spine, upper 
cervical root, and the brachial plexus (BP), including the SSN 
(BP-SSN), in a patient with SSN entrapment syndrome but nor-
mal scapular movement. We then recorded changes in SSN po-
sition within the suprascapular notch during simulated shoul-
der abduction. We also analyzed contact stress patterns on the 
SSN within the scapular notch during simulated shoulder ab-
duction in the presence and absence of the TSL. We hypothe-
sized that there would be a change in position of the SSN path 
within the scapular notch according to the shoulder movement 
and that contact stress in the TSL would increase.

MATERIALS AND METHODS

Study design
The study was approved by the Institutional Review Board at 
Hallym University College of Medicine, Dongtan Sacred Heart 
Hospital (No. 2018-02-003) and was conducted in agreement 
with the principles of the Declaration of Helsinki. Written in-
formed consent was obtained from the patient included in this 
study. Primary institution where this investigation was per-
formed: Hallym University Dongtan Sacred Heart Hospital.

We considered eight patients who underwent diagnostic MR 
and computed tomography (CT) for diagnostic purposes be-
fore being indicated for TSL release. Four patients had clinical 
signs and positive investigations substantiating SSN involve-
ment, such as wasting of the supraspinatus and infraspinatus, 
as well as decreased muscle volume on MR or prolonged nerve 
conduction velocity stimulation. The remaining four patients 
had negative investigations despite strong clinical manifesta-

tion of SSN entrapment and hence underwent magnetic reso-
nance imaging of the brachial plexus (BP-MR) and cervical 
spine, electromyography, and nerve conduction velocity studies 
to rule out proximal lesions. Dynamic entrapment of the SSN 
due to dynamic interaction between the SSN and TSL was sus-
pected in these four patients with deep posterior shoulder pain 
and discomfort during range of movement assessment of shoul-
der. For the present study, we selected one patient who exhibit-
ed an identifiable TSL and scapular position symmetry on CT, 
as well as normal patterns of scapula movement. 

We used preoperative data of BP-MR images in the neutral 
arm position and CT images in an arm abduction position to 
obtain 3D models of the shoulder complex and simulate shoul-
der abduction. 

We analyzed SSN positional and contact stress data during 
simulated abduction of the TSL-bound and TSL-free scapula.

Construction of 3D models of the shoulder complex 
based on MR images
The models of the shoulder complex, which included bony 
structures (cervical spine, upper cervical root, and rib; part of 
the scapula) and nerve systems (BP-SSN, cervical spinal cord), 
were reconstructed from MR images obtained using a 3T scan-
ner (Magnetom Skyra; Siemens, Erlangen, Germany) (Fig. 1A). 
To enable multi-plane reconstruction of the 3D models, we used 
T2-weighted axial, oblique sagittal, and coronal sequences with 
fat suppression according to the Dixon method,15 as well as T1-
weighted, coronal, fat-suppressed, volumetric interpolated 
breath-hold examination sequences.

Two authors, orthopedic surgeons, (J.Y.J and Y.S.Y) used a 
0.7-mm paintbrush to manually segment the BP-SSN, spinal-
rib complex, and part of the scapula on each slice obtained 
from sequences in different planes (axial, coronal, and sagit-
tal). Part of the BP-SSN was reconstructed semi-automatically 
using a volume ray casting method16 after removing noise and 
undesired objects (bones, heart, aortic arch, arteries, veins, 
and trachea). The undesired objects were removed sequential-
ly through iterative volume ray casting with different threshold 
values. The SSN was segmented from the BP upper trunk to 
the site of branching at the spinoglenoid notch. 

Once the BP was segmented for each plane, we combined the 
3D BP reconstructions in order to assemble the entire course of 
the SSN. Using computer-aided design, the SSN was remodeled 
as a cylindrical tube with a diameter of 2 mm (Fig. 1B).17 The 
SSN models migrated from C5 nerve to suprascapular notch 
to avoid a collision with the TSL, anterior scalene muscle, and 
middle scalene muscle. The TSL, which is usually not distin-
guishable on MR images, was reconstructed by referring to 
the identifiable bone remnants of the posterior coracoid pro-
cess and the medial margin of the suprascapular notch on the 
CT image. According to a previous method,18 we determined 
that the TSL had a width of 8 mm and a thickness of 2 mm, sim-
ilar to the thickness of the scapular wall (Fig. 1C). Moreover, we 
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included the clavicle, thoracic rib bones, and anterior and pos-
terior edges of the scalene muscles because we believe that 
these structures affect the motion of the SSN.

Simulating shoulder abduction
In order to simulate shoulder abduction in vivo, we used pre-
operative CT images together with the BP-MR images. The CT 
(SOMATOM Definition FLASH; Siemens) (peak kilovoltage, 
120; bone algorithm reconstruction; slice thickness, 0.7 mm) 
images in the coronal, axial, and sagittal planes were obtained 
with the patient in the supine position, with 90° arm abduc-
tion.19 To ensure that the same shoulder abduction angle was 
obtained bilaterally, the patient held their palms in supination 
with both arms abducted 90° and with the elbows flexed, keep-
ing the palms touching the forehead. The CT scan was taken 
from the upper cervical spine to the lower part of the scapula.

We simulated in vivo 3D movement from the neutral to the 
abducted position of the scapula. The movement involved 
upward rotation, posterior tilt, and external rotation in a stan-
dard joint coordinate system defined in accordance with the 
recommendations of the International Society of Biomechan-
ics.20 The neutral and abducted scapula were defined based on 
the superimposition of the spine-rib complex in the neutral 
(MR images) and abducted (CT images) positions. To minimize 
errors, we defined the neutral position in terms of the upper 
cervical and thoracic spine together with the first and second 

ribs, which are less affected by respiration and posture (Fig. 2A). 
Upon validation against reference data obtained using a me-
chanical bone contact scanner, MR- and CT-based models were 
found to contain errors of 0.23±0.20 and 0.07±0.02 mm, respec-
tively.21,22

The movement between the neutral and abducted position 
was interpolated based on the principles put forth by Sahara, 
et al.,23 who showed that the movement of joint osseous struc-
tures can be defined as a combination of rotational and trans-
lational movements about the instantaneous axis of rotation of 
the joint. In the simulation, we interpolated the motion of the 
scapula about a screw axis of the shoulder complex, which is 
similar to the actual motion of the scapula in vivo (Fig. 2B).

Evaluating SSN movement during shoulder abduction
SSN movement was evaluated using finite element modeling 
and the linear elasticity theory. The SSN was represented as a 
set of 12320 hexahedral elements, with material properties 
equivalent to those of rat nerves (Young’s modulus, 0.58 MPa; 
Poisson’s ratio, 0.42).24 The triangular elements making up the 
surface of the bony structure were converted directly to quad-
rilateral elements to build a rigid-body mesh. The finite ele-
ment models of the scapula, clavicle, and spine-rib complex 
contained 28289, 3863, and 954324 elements, respectively.

The finite element models were analyzed using the Abaqus/
Explicit code (Dassault Systèmes, Waltham, MA, USA) to track 

TSL 
scapula

TSL free 
scapula

A

B C
Fig. 1. Process of 3D model reconstruction from BP-MR images. (A) Representative BP-MR image that includes an identifiable BP, including the SSN 
and spine-rib-scapula complex. (B) Primitive 3D BP-SSN models obtained by means of isosurface extraction from BP-MR images. (C) 3D models of the 
shoulder containing the spine-rib complex, anterior scalene muscle, middle scalene muscle, clavicle, coracoid process, and TSL. The TSL model was 
recreated with reference to the identifiable bone remnants of the posterior coracoid process and lateral wall of the suprascapular notch on computed 
tomography. 3D, three-dimensional; BP-MR, magnetic resonance imaging of the brachial plexus; SSN, suprascapular nerve; TSL, transverse scapular 
ligament.
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the change in SSN position as the scapula moved from the 
neutral to the abducted position. Scapular movement was mea-
sured as displacement with respect to the rotational axis. 
Throughout shoulder abduction, the contact pattern of the SSN 
according to the axial direction with the TSL or the base of the 
suprascapular notch was observed. The model and boundary 
conditions used in the simulation are illustrated in Fig. 3A.

From the simulation, we measured the contact stress on the 

SSN as the scapula moved sequentially from the neutral to the 
abducted position (Fig. 3B). Contact stress was measured at 
the point of maximum contact between the SSN and TSL or su-
prascapular notch in each position along the transition between 
neutral and abducted position. The maximal contact stress was 
measured at a peak point where the contact stress between the 
SSN and TSL or suprascapular notch was highest.

Fig. 3. Application of boundary conditions to the simulation. Any unrealistic motion of the root and trunk during simulated shoulder abduction was 
minimized by implementing the following boundary conditions: incorporating the clavicle and the anterior and posterior edges of the scalene muscles 
into the model; applying pretension in the form of 5-mm elongation. (A) Neutral. (B) Abduction.

Fig. 2. Simulating shoulder abduction based on two positions of the shoulder complex with the scapula in a neutral or abducted position. (A) The neu-
tral and abducted scapulae were overlapped by matching the respective spine-rib models reconstructed from BP-MR and oblique CT images. (B) 
Shoulder abduction was simulated as rotation about the instantaneous axis of rotation calculated based on the relative position of the two over-
lapped scapulae. BP-MR, magnetic resonance imaging of the brachial plexus; CT, computed tomography.
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Fig. 4. Schematic diagram of the SSN contact and its surrounding structure during shoulder abduction. (A) Neutral. (B) Mid-abduction. (C) Full abduc-
tion. SSN, suprascapular nerve; TSL, transverse scapular ligament; CCP, coracoid process.

RESULTS

In the neutral position, the SSN ran parallel to the front of the 
TSL until entering the suprascapular notch. From the neutral to 
the abducted position, the scapula performed upward scapular 
rotation, posterior tilt, and external rotation of 39.57°, 21.08°, 
and 14.38°, respectively.

In the neutral position, the SSN contacted the anteroinferior 
surface of the TSL (Fig. 4A), and the contact stress on the SSN 
was estimated at 0.06 MPa. Contact stress decreased as the SSN 
lost contact to the TSL and moved toward the center of the su-
prascapular notch in the early phase of shoulder abduction 
(Fig. 4B), but increased again at the end of shoulder abduction 
(Fig. 4C) as the SSN began to contact the base of the suprascap-
ular notch. The pattern of contact stress according to scapular 
rotation is illustrated in Fig. 5A.

In the simulation involving a TSL-free scapula, there was no 
contact stress on the SSN in the neutral position, although 
contact stress toward the end of shoulder abduction was simi-
lar to that noted in the simulation involving the TSL-bound 
scapula, featuring an increase in contact stress as the SSN be-
gan to contact the base of the suprascapular notch. The pat-
tern of contact stress according to the rotation of the TSL-free 
scapula is illustrated in Fig. 5B.

All result values were set as the average value of two mea-
surers, and all measurements were performed twice at an in-
terval of 2 weeks. The inter- intraobserver agreements for re-
sults were quantified using κ-statistics. Statistical interpretation 
was performed as described by Landis and Koch.25 Interob-
server and intraobserver reliabilities revealed excellent results 
(kappa statistic=0.853, 0.901).

DISCUSSION

The important finding of this study is that the movement of 
the SSN is confirmed within the suprascapular notch during 
shoulder abduction. The findings of our study provide an un-

derstanding of the potential mechanisms underlying SSN en-
trapment, indicating that certain characteristics of scapular 
position and motion may aggravate or mitigate SSN entrap-
ment. Specifically, we found that, in the neutral position, the 
SSN contacted the anterior surface of the TSL; as scapular 
motion, including posterior tilt and upward rotation, pro-
gressed towards the abducted position, the SSN moved away 
from the TSL and shifted toward the base of the suprascapular 
notch, resulting in secondary contact. The change in the SSN 
position within the suprascapular notch was due to a change 
in the entry angle of the SSN. These findings highlight the im-
portance of the spatial relationship between the suprascapu-
lar notch and the SSN passing under the TSL. 

Our present findings suggest that scapular dyskinesis caused 
by an anterior tilt of the scapula, thoracic kyphosis, contracture 
of the pectoralis minor muscle, or dysfunction of the serratus 
anterior muscle may predict SSN entrapment.26-28 Specifically, 
anterior scapular tilt forces the SSN to adopt a more acute en-
try into the suprascapular notch, increasing the chance that 
the SSN would contact the TSL at some point during shoulder 
abduction. Meanwhile, posterior scapular tilt reduces the risk 
of TSL contact by forcing the SSN to pass vertically through 
the center of the notch. Thus, even if there is no abnormality 
in the movement and position of the scapula, the SSN can be 
entrapped in the neutral position in individuals with a hyper-
trophied TSL, notch stenosis, or specific anatomy of the ves-
sels around the notch.

In addition, because the simulation involving a TSL-free 
scapula revealed no contact stress on the SSN in the neutral po-
sition, our findings support the validity of TSL release for man-
aging SSN entrapment syndrome. TSL release would thus be 
effective for both entrapment scenarios: abnormal scapular 
position and anatomical variations of the TSL.

The first study to describe SSN movement due to scapular 
motion was conducted by Massimini, et al.29 According to their 
cadaveric study, the position of the SSN within the notch dur-
ing shoulder abduction was affected by TSL release, rotator cuff 
tear, and repair. Although the shoulder abduction task used in 
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their study could not reproduce the in vivo movement of the 
shoulder, their findings drew attention to the possibility of dy-
namic entrapment of the SSN within the suprascapular notch 
during scapular movement. 

To reproduce the in vivo movement of the scapula, we used 
an MR image of the shoulder with the scapula in neutral posi-
tion, as well as a CT image of the shoulder with the scapula in 
arm abducted position. We superimposed the spine-rib com-
plex in the MR and CT images to obtain overlapped scapulae 
in different positions, which enabled us to calculate the axis of 
instantaneous rotation and subsequently simulate continu-
ous scapular movement about this axis. Although it is difficult 
to quantify the differences between the actual scapular move-
ment in vivo and the simulated shoulder abduction movement 
based on the two static images used in this study, the differ-
ences are expected to be negligible, as reflected in a study of 
shoulder abduction patterns.30 However, the method used in 
this study cannot reproduce movement outside the simulated 
path between the two states: such movements include instan-
taneous downward rotation of the scapula in the early stage of 
humeral elevation, as observed in the normal population, or ir-
regular, uncoordinated movement of the scapula in patients 
with scapular dyskinesis.31,32

In order to accurately reproduce shoulder abduction, it is 
necessary to account for morphological discrepancies in ab-

duction-neutral positions. In the present study, we attempted 
to minimize such morphological discrepancies by carefully re-
cording the positions of the first and second ribs and cervical/
upper thoracic vertebrae, which are considered the least af-
fected by spatial alterations of the ribs and spine due to breath-
ing and humeral abduction. Errors may also be introduced 
when reconstructing 3D images based on data from different 
sources. However, a previous study reported that CT- and MR-
based models did not differ substantially (0.23±0.20 mm).33

Van de Velde, et al.34 obtained MR-based 3D models of the 
BP and SSN branching from the upper trunk, reporting that such 
models reconstructed based on in vivo MR images are equiva-
lent to those obtained based on anatomic dissection. Although 
in vivo 3D reconstruction has limitations that cannot be over-
come, 3D reconstructed models can be safely compared if 
they do not deviate from the contour of the actual BP or if their 
deviation is similar. In the present study, the 3D BP-SSN mod-
els reconstructed from in vivo MR and CT images, in which the 
contours were drawn by independent observers according to 
the same procedure described above, revealed the same course 
and branching patterns, suggesting high inter-observer reli-
ability.

There are several limitations to the present study. One of 
the limitations was that the simulation protocol applied in this 
study has innate limitations. As a result, we cannot rule out 

Fig. 5. Change in SSN contact stress according to the shoulder abduction angle. Distribution of contact stress on the SSN in the neutral and abducted 
positions of the TSL-bound scapula (A) and TSL-free scapula (B). UR, upward rotation; ER, external rotation; PT, posterior tilt; SSN, suprascapular 
nerve; TSL, transverse scapular ligament.
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various processing errors that may affect the results. The sec-
ond limitation in this study is that we used data from only one 
patient, because only one of eight candidates obtained fine 
modeling. As a result, individual differences in scapular move-
ment could not be explained. However, the shoulder abduc-
tion motion simulated in this study clearly reflected various 
types of upward/downward, anterior/posterior, and internal/
external rotation. Thus, from a biomechanical perspective, the 
pattern of dynamic SSN entrapment during scapular move-
ment can be accurately predicted independently of the indi-
vidual differences. Specifically, the results of our investigation 
suggest that risk factors for static or dynamic SSN entrapment 
include any scapular movement inducing anterior tilt, TSL 
thickening, and a shallow suprascapular notch. Further research 
may be needed through more modeling in the near future. Fi-
nally, although the clinical results were good in all patients who 
performed TSL release, there was a clinical limitation in that 
the results did not go through a detailed outcome analysis pro-
cess, and a comparative analysis through the control group was 
not performed.

We identified changes in the position of the SSN path within 
the suprascapular notch during shoulder abduction. The SSN 
starts in contact with the TSL and moves toward the base of the 
suprascapular notch, with secondary contact. Accordingly, 
these results suggest that TSL release may be a feasible treat-
ment option for dynamic SSN entrapment.
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