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Background: Numerous biomechanical studies have addressed normal shoulder function and the factors
that affect it. While these investigations include a mix of in-vivo clinical reports, ex-vivo cadaveric studies,
and computer-based simulations, each has its own strengths and limitations. A robust methodology is
essential in cadaveric work but does not always come easily. Precise quantitative measurements are dif-

Keyword§~' ficult in in-vivo studies, and simulation studies require validation steps. This review focuses on ex-vivo
Cadaveric ) cadaveric studies to emphasize the best research methodologies available to simulate physiologically
Shoulder biomechanics .. .

RC and clinically relevant shoulder motion.

RC repair Methods: A PubMed and Web of Science search was conducted in March 2017 (and updated in May 2018)
Instability to identify the cadaveric studies focused on the shoulder and its function. The key words for this search
Simulation included rotator cuff (RC) injuries, RC surgery, and their synonyms. The protocol of the study was regis-

tered on PROSPERO and is accessible at CRD42017068873.
Results: Thirty one studies consisting of 167 specimens with various biomechanical methods met our
inclusion criteria. All studies were level V cadaveric studies. Cadaveric biomechanical models are widely
used to study shoulder instability and RC repair. These models are commonly limited to the gleno-
humeral joint by a fixed scapula, passively and discretely move the humerus, and statically load the
RC without regard for the integrity of the glenohumeral capsule.
Conclusion: All studies captured in this review evaluated shoulder biomechanics. Recent studies in
patients suggest that some assumptions made in this space may not fully characterize motion of the
human shoulder. With reproducible scapular positioning, dynamic RC activation, and preservation of
glenohumeral capsule integrity, cadaveric studies can facilitate proper validation for simulation models
and broaden our understanding of the shoulder environment during motion in healthy and disease states.
© 2018 Elsevier Ltd. All rights reserved.

1. Introduction ture to safely achieve the joint’s wide range of motion (Inman

et al., 1944; Ludewig and Cook, 2000; Lunden et al. 2010). If an

The dynamic nature of the shoulder joint, overuse, and age are
major risk factors for injury, pain and disability. In the shoulder, as
is the case for many joints, the ligaments and bones limit motion.
However, shoulder motion is not limited to glenohumeral joint
motion and accurate assessment of shoulder injury depends on
analysis of the entire shoulder girdle (Lefevre-Colau et al., 2018).
These elements work together in an intricate balance of mecha-
nisms that rely on the active coordination of stabilizing muscula-
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injury is unattended, further ailments may follow. For example,
instability can be associated with rotator cuff (RC) tear, and lead
to persistent pain, dysfunction, and arthritis (Gombera and
Sekiya, 2014). Similarly, RC abnormalities can be asymptomatic,
which makes it difficult for clinicians to determine when interven-
tion is needed (Pedowitz et al., 2011; Teunis et al., 2014). These
conditions and the uncertainty associated with when and how to
treat shoulder injury motivate multifaceted studies of the
shoulder.

To understand the interplay between motion and control, three
main research settings have been used to study the shoulder:
in-vivo, ex-vivo, and simulation, each with its own limitations.
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In-vivo studies cannot measure the pressure experienced within
the joint nor can the forces produced by muscles be fully recorded.
Ex-vivo studies attempt to fill this gap by artificially loading mus-
cles while measuring the forces on the joint. In this case, the mus-
cles are not alive, so force is externally applied using estimations.
In many cases, shoulder integrity is compromised during specimen
preparation. Moreover, glenohumeral capsule integrity, scapular
orientation and motion, and RC muscle-activation also limit trans-
fering findings of cadaveric studies to clinic.

Simulation studies attempt to bridge the gap between the two
approaches. Ideally, a shoulder model created from CT images of
an in-vivo shoulder, activated with muscle trajectories of in-vivo
shoulder motion, and validated with thorough biomechanical test-
ing would balance the drawbacks in either an in-vivo or ex-vivo
approach. Nevertheless, this method can also prove to be computa-
tionally difficult if proper boundary conditions, higher order con-
stitutive relationships, and complex motion are incorporated. In
order to motivate accurate and precise simulation studies,
ex-vivo biomechanical studies must be optimized to match the
in-vivo shoulder. Overall, by leveraging each technique against
the others, a more in-depth understanding of the healthy shoulder
can be achieved as a conduit for more comprehensive studies of
shoulder pathologies. By highlighting the most physiologically rel-
evant methods used in the cadaveric setting, the aim is to improve
translation between this and other research settings, heighten our
ability to translate conclusions to the clinic and ultimately improve
patient care.

This work presents a systematic literature review that aims to
highlight the best practices for studying shoulder kinematics and
kinetics in the cadaveric setting. Specifically, we aimed to identify
the shortcomings of current cadaveric biomechanical study
methodology, in doing so we identified what we consider the three
main challenges to cadaveric shoulder studies: glenohumeral cap-
sule integrity, scapular orientation, and RC muscle-activation.

2. Methods

Following PRISMA guideline (Moher et al., 2009) (Appendix 1,
PRISMA Checklist), a PubMed and Web of Science search was con-
ducted in March 2017 (and updated in May 2018) to identify
cadaveric studies focused on the shoulder and its function. The
PubMed search strategy was: “RC Injuries” [All Fields] AND “RC/
Surgery” [All Fields] NOT (“Epidemiologic Studies”[Mesh]), which
was later adopted for searching Web of Science. Additional sources
of potential studies were the references of each included study and
contacting authors of included studies to identify additional stud-
ies. A total of 1391 abstracts (989 Pubmed, 396 Web of Science, and
6 from additional resources) were considered. Only studies pub-
lished in the English language and conducted on cadavers were
included. Review papers, clinical studies, studies performed on ani-
mals, and those performed using simulation software were
excluded (Flowchart of systematic review; Fig. 1). A total of 31 arti-
cles were included in this review. For ease of review, we have pre-
sented the results in the following three categories: scapula
orientation, RC muscle activation, and glenohumeral capsule integ-
rity. The protocol of the study was registered with PROSPERO and
is accessible at CRD42017068873.

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jbiomech.2018.11.
005.

3. Results

The electronic database search and title screening resulted in
116 papers eligible for detailed assessment. After screening, 31

articles were included in this review. Details of the article screen-
ing are presented in Fig. 1, and a detailed outline of the included
studies is included in Appendix 2.

Based on the scope of this review, all studies were level V
cadaveric studies. The studies captured in this search cover a num-
ber of different topics regarding the structure, function, and repair
of the shoulder joint, and each has its own unique methodology.
Some studies controlled for the key factors that limited our previ-
ous cadaveric work, but no study was able to fully overcome all
three. We categorized studies based on each of three topics: scapu-
lar orientation and scapular status (Table 1), simulation of muscle-
activation and glenohumeral motion (Table 2) and the condition of
the glenohumeral joint capsule (Table 3).

3.1. Scapula

Out of 31 included studies, only two studies allowed for passive
motion of the scapula(Mueller et al., 2014; Rosso et al., 2013). The
remaining studies fixed the scapula during testing. Many of the
studies attempted to isolate glenohumeral joint motion by rigidly
fixing the scapula and reporting the abduction angles, considering
a 2:1 scapulohumeral rhythm (Malicky et al., 2002, 2015, 2016,
2012; Provencher et al., 2007; Shin et al., 2013; Oh et al., 2012;
Oh et al., 2013; Omid et al., 2015), or a 5:4 ratio after 30° of eleva-
tion (Hatakeyama et al.,, 2001a,b; Poppen and Walker, 1976;
Yamamoto et al., 2006a; Yoo et al., 2014) (Table 1). In 24 studies,
the scapula was fixed in 0° upward rotation and two didn’t report
scapular orientation (Ahmad et al., 2005; Yamamoto et al., 2006a).
The remaining studies tilted the scapula to match an in-vivo rest-
ing position, though these angles do not match between studies.
The aim of fixing the scapula was mostly reported to isolate gleno-
humeral motion. This method allowed for comparison between
studies and provided the opportunity to explore specific gleno-
humeral functions.

3.2. Muscle-activation

Twenty four of the 31 included studies elected to discretely
position the humerus and statically load the RC muscles, Table 3
(Hatakeyama et al., 2001a,b; Provencher et al., 2007; Shin et al.,
2013; Yamamoto et al., 2006a; Yoo et al., 2014; Mihata et al,,
2015, 2016a,b, 2012; Oh et al., 2012; Oh et al., 2013; Omid et al.,
2015). This method allowed for reproducible humeral positioning
and precise concavity compression calculation.

3.3. Capsule

Capsule status was addressed in 29 studies, from which the
majority of the studies tested a vented capsule (19 studies). Two
studies subsequently sealed a vented capsule in order to restore
the native intraarticular pressure associated with the intact shoul-
der that is essential to the glenohumeral joint’s kinematics
(DeAngelis et al., 2015; Hurschler et al., 2000; Wuelker et al.,
1994b).

4. Discussion

The body of literature in this review spans a number of shoulder
joint pathologies, repair methods, and motions, but one consistent
theme is the simulation of the intact or healthy shoulder environ-
ment. This condition commonly serves as the control and therefore
is crucial to the advancement of knowledge concerning the shoul-
der in health and disease. The methodologies of the studies pre-
sented herein are judged according to the current understanding
of shoulder joint function, not that of the time of each study’s pub-
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PubMed: 989
Web Of Science: 396

1385 Potentially Relevant Publications
Identified After Removal of Duplicates

1269 Studies Excluded
Based on Title and

116 Publications
Retrieved for
Detailed Assessment

6 Additional Studies
Were Included Based

Abstract

91 Studies Did Not Fulfill Inclusion
Criteria for the Following Reasons:

Not Glenohumeral Joint: 49
Clinical Studies: 12

on Contacting Authors

31 Publications
Eligible for Inclusion

— No Kinetics or Kinematics: 11
Language: 5

Review Papers: 5

Instructional Course Lectures: 4
Simulation Studies: 3

Not Cadaver: 2

Fig. 1. The flowchart of the systematic review methodology.

lication. All studies captured by this search are level V, we cannot
comment directly on their methodological quality due to absence
of an objective quality assessment measure. The goal of this review
is to present a perspective on how to balance the methodological
successes of previous cadaveric studies with the constraints inher-
ent to modeling the shoulder in this setting and to share our per-
spective on where cadaveric shoulder models fit into future
advancement of this field.

4.1. Scapula

The scapula floats against the posterior ribcage suspended by
the periscapular muscles, which help position the scapula during
motion of the arm and keep it in place. Inman et al. explained the
scapula as the foundation of shoulder motion and described the
contributions of both scapular and clavicular motion as major
contributors to the shoulder joint's wide range of motion
(Inman et al., 1944). The scapulohumeral rhythm was measured
radiographically and averaged to a 2:1 ratio of glenohumeral
angle to scapular upward rotation over the course of shoulder
elevation as early as the 1930s (Codman and Akerson, 1931;
Inman et al., 1944), offering early insight into the complexity of
shoulder motion. The same co-dependence of humeral and
scapular motion is still assumed in many studies today. Further
research has evaluated scapular motion in three dimensions
and shown a nonlinear scapulohumeral rhythm and a depen-
dence on shoulder load (McClure et al., 2001; McQuade and
Smidt, 1998).

Many cadaveric shoulder studies attempt to isolate gleno-
humeral joint motion by rigidly fixing the scapula and reporting
the abduction angles considering a 2:1 scapulohumeral rhythm
(Malicky et al., 2002; Mihata et al., 2015, 2016, 2012; Provencher
et al., 2007; Shin et al., 2013; Oh et al., 2012; Oh et al., 2013;
Omid et al, 2015), or a 5:4 ratio after 30° of elevation
(Hatakeyama et al, 2001ab; Poppen and Walker, 1976;
Yamamoto et al., 2006a; Yoo et al., 2014) (Table 1). However, the
clinical variation in scapular-dynamics limits the generalizability
of these studies, as this conversion may not be universal (Braman
et al, 2009; Lawrence et al., 2014a; McClure et al., 2001). In

1944, Inman et al. hypothesized that the resting position of the
scapula affects the scapulohumeral rhythm early in abduction
and may be specific to the individual’s habitual resting position
(Inman et al., 1944).

Currently, there is no consensus on scapular orientation during
static simulation of glenohumeral motion. Many cadaveric studies
orient the scapular spine vertically, so it is perpendicular to the
ground, while others attempt to tilt it into an in-vivo position.
However, periscapular muscular activity controls its position dur-
ing motion (Inman et al., 1944; McClure et al., 2001). Additionally,
recent radiographic studies have attempted to correlate scapular
geometry with shoulder conditions like RC impingement,
osteoarthritis, and RC tear progression (Chalmers et al., 2017; Li
et al, 2017; Mantell et al, 2017). The intricate relationship
between scapular morphology and scapular motion are still not
well understood.

In-vivo studies have attempted to expand our understanding of
scapular motion during simple movements (Braman et al., 2009;
Lawrence et al., 2014a,b), but a more thorough understanding of
scapular contribution to shoulder motion is needed to recreate
clinically relevant scapular dynamics ex-vivo. In a study using elec-
tromagnetic sensors attached to pins surgically implanted into the
shoulder girdle, Braman et al. investigated the scapula’s contribu-
tion to shoulder kinematics during forward elevation and abduc-
tion (Braman et al., 2009). They found that scapulohumeral
rhythm was not consistent throughout the entire motion—scapulo-
humeral rhythm was greatest in the first 30 degrees of forward ele-
vation and consistently higher while the arm was lowered. Further,
they found that scapular upward rotation and posterior tilting pro-
gressively increased until maximal elevation. This suggests scapu-
lar motion is not limited to one axis of rotation, nor is it a simple
ratio of humeral and scapular rotations even in simple-patterned
movement.

To fully understand scapular activity, slow, discrete motions are
insufficient because they do not accurately represent normal in-
vivo activity. Evidence of change with increased speed is in the
results of a study performed by Fayad et al. This study measured
three-dimensional (3D) scapular kinematics during rapid arm ele-
vations in healthy subjects and concluded that statically recorded
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Table 1

The status and orientation of scapula during mechanical testing of shoulder biomechanics.

Study

Scapula orientation

Scapula status

Ahmad (2005)

Grimberg (2016)

Halder (2002)

Hansen (2008)

Hatakeyama (2001) - Effect of Arm Elevation
Hatakeyama (2001) - Effect of Superior Capsule
Hockman (2004)

Liu (1998)

Malicky (1996)

Malicky (2001)

Malicky (2002)

Malicky (2009)

Mazzocca (2011)

Mihata (2012)

Mihata (2015)

Mihata (2016) - Biomechanical Effect of Thickness and Tension
Mihata (2016) - Biomechanical Role of Capsular Continuity
Mueller (2014)

Muraki (2007)

Oh (2013)

Oh (2012)

Omid (2015)

Provencher (2007)

Rosso (2013)

Shin (2013)

Soslowsky (1997)

Speer (1995)
Yamamoto (2006)
Yoo (2014)

Yu (2005)
Zuckerman (1991)

Not specified Fixed
17° Upward Rotation, 22° Anterior Tilt Fixed
0° Upward Rotation, Tilt Unspecified Fixed
0° Upward Rotation, 10° Anterior Tilt in Sagittal Plane Fixed
0° Upward Rotation, Tilt Unspecified Fixed
0° Upward Rotation, Tilt Unspecified Fixed
0° Upward Rotation, 10° Anterior Tilt Fixed
0° Upward Rotation, Tilt Unspecified Fixed
0° Upward Rotation, 20° Anterior Tilt (Soslowsky, 1992) Fixed
0° Upward Rotation, Tilt Unspecified Fixed
0° Upward Rotation, Tilt Unspecified Fixed
0° Upward Rotation, Tilt Unspecified Fixed
0° Upward Rotation, Tilt Unspecified Fixed
0°,15°,30° Upward Rotation (Adjusted to mimic 2:1 Fixed
upward rotation), Tilt Unspecified

30° Upward Rotation, Tilt Unspecified Fixed
0° Upward Rotation, 20° Anterior Tilt in Sagittal Plane Fixed
0° Upward Rotation, 20° Anterior Tilt in Sagittal Plane Fixed
Full Torso: Scapula moved passively with glenohumeral motion Passive Motion Allowed
0° Upward Rotation, Tilt Unspecified Fixed
0° Upward Rotation, 20° Anterior Tilt in Sagittal Plane Fixed
0° Upward Rotation, 20° Anterior Tilt in Sagittal Plane Fixed
0° Upward Rotation, 20° Anterior Tilt in Sagittal Plane Fixed
0° Upward Rotation, Tilt Unspecified Fixed

Full Torso: Scapula moved passively with glenohumeral motion
0° Upward Rotation, 20° of Anterior Tilt in Sagittal Plane

Passive Motion Allowed
Fixed

0° upward rotation, Tilt Unspecified (Mounted upside down Fixed
relative to anatomic frame)

0° Upward Rotation, Tilt Unspecified Fixed
Unspecified Fixed
0° Upward Rotation, 20° Anterior Tilt in Sagittal Plane Fixed
0° Upward Rotation, Tilt Unspecified Fixed
0° Upward Rotation, Tilt Unspecified Fixed

positions cannot fully explain the scapular-dynamics (Fayad et al.,
2006). Still, the dynamic and sometimes rapid nature of in-vivo
scapular motion is not currently incorporated into most ex-vivo
shoulder models. Dynamic humerothoracic motion potentially
affects scapular contribution and timing. McQuade et al. compared
3D scapular kinematics and electromyographic activity during ele-
vation against maximal resistance to assess the effect of fatigue on
scapular kinematics. They observed that fatigue increased scapular
upward rotation, which alters the scapulohumeral rhythm
(McQuade and Smidt, 1998), suggesting muscle recovery may also
be a factor in proper scapular dynamics.

Furthermore, soft tissue composition potentially plays a major
part in this setting as hypothesized by Roach et al. In an evolution-
ary biology study of shoulder function considering the anthropo-
metric advantages in the shoulder joint during throwing, they
hypothesized that ligaments of the elbow and shoulder store elas-
tic energy during the early phases of throwing, and then release
this energy to increase the speed of the object (Roach et al.,
2013). In recognizing that the shoulder is not restricted to simple
motions, the in-vivo scapular-dynamics need to be considered.
Speed, shoulder morphology, and the soft tissue material proper-
ties need to be accurately represented to fully characterize shoul-
der function.

Presently, the best approach for simulating shoulder motion
focuses on isolated glenohumeral motion, because a more
robust understanding of in-vivo scapular kinematics is needed
to reliably incorporate scapulothoracic motion. As Inman
remarked with respect to proprioceptive shoulder mechanisms:
“motion, and motion alone, is the only known stimulus
able to engender, in phase and degree, the muscle activity
requisite for the establishment of the pattern as a whole.”
(Inman et al., 1944).

4.2. Muscle-activation

Cadaveric studies have been used to analyze the integrity of
surgical techniques and examine how they contribute to the
motion, function, and stability of the glenohumeral joint, (Table 2)
(Grimberg et al., 2016; Hansen et al., 2008; Hatakeyama et al.,
2001a,b; Liu et al, 1998; Malicky et al., 2002; Malicky and
Soslowsky, 2009; Malicky et al., 2001; Mazzocca et al., 2011;
Mueller et al., 2014; Oh et al., 2012, 2013; Provencher et al.,
2007; Rosso et al., 2013; Shin et al., 2013; Speer et al.,, 1995;
Yamamoto et al., 2006a; Yoo et al., 2014; Yu et al, 2005;
Zuckerman et al,, 1991; Mihata et al., 2016a,b, 2012). Many of
these investigations have drawbacks in simulating the normal
healthy shoulder, as each study has neglected an essential compo-
nent that contributes to the shoulder’s stability. Reed et al. demon-
strated that the restriction to the humeral head’s translation, and
therefore the joint’s stability, are contingent on the dynamic RC
muscle coordination during movement of the arm (Reed et al.,
2016) (Fig. 2).

Dynamic shoulder stability depends on coordinated muscle-
activation to position the shoulder girdle. Veeger et al. described
the shoulder’s balance between mobility and stability (Veeger
and van der Helm, 2007). Even with this understanding, the shoul-
der’s dynamic nature is not well understood, since there has been
no comprehensive measurement of in-vivo muscle-activation.

Our understanding of the shoulder’s stability is further compli-
cated by the normal variation in glenohumeral translation in
healthy individuals (Pagnani and Warren, 1994). This behavior is
explained by the concept of concavity compression, a balance
between shear force, compressive force, and humeral translation
at the glenohumeral articulation (Veeger and van der Helm,
2007). The components of concavity compression vary between
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Table 2
Rotator cuff muscle activation during mechanical testing of shoulder biomechanics.
Study Glenohumeral motion Angles Rotator cuff force Muscle
activation
Ahmad (2005) Manually Cycled (Passive) 10 min of loading to allow viscoelastic Supraspinatus (3 kg free weight) Static
creep, Cycled 60° internal rotation and 60°
of external rotation 10 times; humerus at
0° abduction and elevation
Grimberg (2016) Postero-anterior load (50 N) at 10 mm/min  90° abduction in frontal plane and None: origin and insertion attached None
speed was applied on the proximal part of maximal external rotation
the humerus close to the lower insertion of
the rotator cuff using Instron
Halder (2002) Single Position Humerus in the hanging arm position and  Supraspinatus (25.6 N), Infraspinatus Static
neutral rotation (46.7 N), Teres Minor (14.3 N), and
Subscapularis (66.3 N)
Hansen (2008) Neuromuscular Controller 5° intervals from 10° to 80° of Stepper motors, closed-loop feedback Static’
glenohumeral abduction in the scapular control position, measure force of RC
plane muscles
Hatakeyama Manually Placed at Discrete Angles (a) In scapular, coronal, and sagittal None: origin and insertion attached Static
(2001) - Ef- (Passive) plans: arm elevations
fect of Arm 0°,15°,30°,45° relative to scapula
Elevation (so 0°,15°30°, an 60° of arm
elevation)
(b) At each elevated position, arm
manually rotated from neutral
rotation to 30° and 60° of internal
rotation, back to neutral, and then
to 30° and 60° of external rotation
Hatakeyama Manually Placed at Discrete Angles (a) In scapular, coronal, and sagittal None: origin and insertion attached Static
(2001) - (Passive) plans: arm elevations
Effect of 0°,15°,30°,45° relative to scapula
Superior (so 0°,15°30°, an 60° of arm
Capsule elevation)
(b) At each elevated position, arm
manually rotated from neutral
rotation to 30° and 60° of internal
rotation, back to neutral, and then
to 30° and 60° of external rotation
Hockman (2004) Manually Placed at Discrete Angles Humerus positioned (manually) in Subscapularis, infraspinatus, and teres Static
(Passive) combinations of 0°, 30°, and 60° abduction; minor, (25 N each)
0°, 20°, and 40° extension; 30° internal
rotation, neutral, 30° external rotation, and
20° flexion.
Liu (1998) Passive motion over 10-second period by  Elevated from 0° (the hanging position) to (Middle, Anterior, Posterior) Deltoid, Static
experimenter maximum elevation in the scapular plane  Supraspinatus, Subscapularis,
(over 105s) Infraspinatus; (2.5 N each)
Malicky (1996) Manually Placed at Discrete Angles (a) Arm Elevation: 30° increments (a) Supraspinatus (67+7N Static
(Passive) from O to 180° (mean * SD)), Subscapularis
(b) Stability testing: anterior displace- (53+7N), External rotators
ments of humeral neck (55 £ 10 N), Biceps (31 N), Anterior
Deltoid (37 + 25 N), Middle Deltoid
(4914 N), and Posterior Deltoid
(37+13N)
(b) One muscle force randomly varied
Malicky (2001) Manually Placed at Discrete Angles Glenohumeral abduction: 60°, humerus Subscapularis, Supraspinatus, and External None
(Passive) 15° behind the plane of the scapula Rotators (53 N each)
Malicky (2002) Manually Placed at Discrete Angles Glenohumeral abduction: 60°, humerus Subscapularis, Supraspinatus, and External None
(Passive) 15° behind the plane of the scapula Rotators (53 N each)
Malicky (2009) Manually Placed at Discrete Angles Glenohumeral abduction: 60°, humerus Subscapularis, Supraspinatus, and External None
(Passive) 15° behind the plane of the scapula Rotators (53 N each)
Mazzocca Manually Placed at Discrete Angles Glenohumeral abduction 10° intervals 0° Supraspinatus (11 N), Subscapularis Static
(2011) (Passive) and 60° (5.5 N), and infraspinatus (5.5 N)
Mihata (2012) Manually Placed at Discrete Angles 0°, 45°, and 90° of abduction (plane not (a) Deltoid (40N), Pectoralis Major Static
(Passive) specified) (20N); Latissimus Dorsi (20 N),
Supraspinatus (10 N), Infraspinatus
and Teres Minor Unit (10 N), Sub-
scapularis (10 N)
(b) Deltoid (80N), Supraspinatus
(10N), Infraspinatus and Teres
Minor Unit (10 N), Subscapularis
(10N)
Mihata (2015) Manually Placed at Discrete Angles Humerus at 90° of shoulder abduction (30° Late-cocking phase, Supraspinatus (1 N), Static

(Passive)

of scapular upward rotation and 60° of
glenohumeral abduction) and 30° of
horizontal abduction with respect to the
scapular plane (simulated coronal plane)

Subscapularis (14 N), Infraspinatus and
Teres Minor Unit (5 N).

Acceleration phase, Supraspinatus (0.6 N),
Subscapularis (17 N), and Infraspinatus
and Teres Minor Unit (1.2 N)
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Table 2 (continued)
Study Glenohumeral motion Angles Rotator cuff force Muscle
activation
Mihata (2016) =  Manually Placed at Discrete Angles 0°, 30°, and 60° of glenohumeral (a) Deltoid (40 N), Pectoralis Major Static
Biomechani- (Passive) abduction, which corresponded to 0°, 45°, (20N); Latissimus Dorsi (20 N),
cal Effect of and 90° of shoulder abduction, respectively Supraspinatus (10 N), Infraspinatus
Thickness and Teres Minor Unit (10 N), Sub-
and Tension scapularis (10 N)
(b) Deltoid (80N), Supraspinatus
(10N), Infraspinatus and Teres
Minor Unit (10 N), Subscapularis
(10N)
Mihata (2016) -  Manually Placed at Discrete Angles (a) 0°, 30° and 60° of glenohumeral (a) Deltoid (40 N), Pectoralis Major Static
Biomechani- (Passive) abduction, which corresponded to (20N); Latissimus Dorsi (20 N),
cal Role of 0°, 45°, and 90° of shoulder abduc- Supraspinatus (10 N), Infraspinatus
Capsular tion, respectively, rotation angle and Teres Minor Unit (10 N), Sub-
Continuity set to 30° external rotation scapularis (10 N)
(b) Humeral rotational range of (b) Deltoid (80N), Supraspinatus
motion (ROM) measured at 0°, (10N), Infraspinatus and Teres
30°, and 60° of glenohumeral Minor Unit (10 N), Subscapularis
abduction in the scapular plane (10N)
Mueller (2014) Programmable Actuator for Continuous 120° of external rotation to midcoronal None; origin and insertion attached None
Motion plane, Glenohumeral abduction 90°
Muraki (2007) Manually Placed at Discrete Angles 0° and 30° glenohumeral abduction in the Infraspinatus (11 N) and Subscapularis Static
(Passive) scapular plane (11N)
Oh (2013) Static loading, see what rotation occurs 0°, 30°, and 60° shoulder abduction using (a) Supraspinatus (10N); Subscapu- Static
and then max internal/ external rotation 2:1 ratio of glenohumeral to laris (24 N), Infraspinatus and
scapulothoracic abduction Teres Minor (24 N), Deltoid (48 N),
Pectoralis Major (24 N), and Latis-
simus Dorsi (24 N)
(b) Latissimus dorsi (48 N)
Oh (2012) Manually Placed at Discrete Angles 0°, 30°, and 60° shoulder abduction using  Supraspinatus (20 N), Subscapularis (30 N),  Static
(Passive) 2:1 ratio of glenohumeral to Infraspinatus (20 N), Teres minor (10 N),
scapulothoracic abduction Deltoid (60 N), Pectoralis Major (30 N), and
Latissimus Dorsi (30 N)
Omid (2015) Manually Placed at Discrete Angles 0°, 20°, and 40° of glenohumeral abduction Supraspinatus (10 N across 2 lines of pull), Static
(Passive) Subscapularis, Pectoralis Major, Latissimus
Dorsi, and Infraspinatus and Teres Minor
Unit (24 N total across their 3 lines of pull,
Deltoid (48 N across 3 lines of pull), Biceps
(8 N), and 3 loading conditions for the
trapezius (12 N, 24 N, 36 N).
Provencher Manually Placed at Discrete Angles 60° glenohumeral abduction and flexion Supraspinatus (3.5 N), Infraspinatus and Static
(2007) (Passive) 6 DOF positioning (Passive) Teres Minor Unit (9.1 N), and Subscapularis
(94N)
Rosso (2013) Programmable Actuator for Continuous 0-160° coronal plane abduction None
Motion
Shin (2013) Manually Placed at Discrete Angles 30° and 60° of glenohumeral abduction in  Supraspinatus (10 N), Subscapularis (15 N), ~ Static
(Passive) scapular plane; maximum internal to and Infraspinatus and Teres Minor Unit
maximum external rotation in 30° (15N)
increments
Soslowsky Manually Placed at Discrete Angles (a) Subluxation: 0° abduction, hum- Rotator Cuff Muscles (53 N each), Long Static’
(1997) (Passive), Subluxation tested via MTS eral rotation: 0° and 10° Head Biceps (31 N)
(b) Stability tests: a single test cycle
started at O-mm, then subluxed
inferiorly to 10 mm, reversed to -
4mm, and finally returned to
0 mm, all at 0.5 mm/sec
Speer (1995) Manually Placed at Discrete Angles (a) Neutral rotation and 0° and 45° None: origin and insertion attached None
(Passive) glenohumeral elevation scapular
plane
(b) Anterior-posterior test also in 30°
of internal and external rotation
Yamamoto Manually Placed at Discrete Angles 0°, 30°, 45°, and 60° glenohumeral Subscapularis (10 N), Supraspinatus Static
(2006) (Passive) abduction (3.5 N), and Infraspinatus and Teres Minor
(85N)
Yoo (2014) Manually Placed at Discrete Angles 0°, 30°, and 60° shoulder abduction in Supraspinatus (20 N with 10 N each line of  Static
(Passive) scapular plane (30° anterior to the coronal pull), Subscapularis (30 N), Infra-spinatus
plane), considering a 2:1 ratio of and Teres Minor Unit (30 N with 7.5 N each
glenohumeral to scapulothoracic line of pull)
abduction.
Yu (2005) Manually Placed at Discrete Angles 10° glenohumeral abduction with neutral ~ Supraspinatus, Subscapularis, Static

(Passive)

rotation and 60° abduction with neutral
rotation

Infraspinatus, Teres Minor, Pectoralis
Major, Latissimus Dorsi, and Teres Major
60 N each) and Deltoid (90 N)

(continued on next page)
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Table 2 (continued)

Study Glenohumeral motion Angles Rotator cuff force Muscle
activation
Zuckerman Manually Placed at Discrete Angles (a) 0°,15°, 30°, 60°, 90° glenohumeral None: origin and insertion attached Static
(1991) (Passive) abduction in scapular plane

(b) 30° flexion, neutral, and 30° exten-
sion (in sagittal plane)

(c) 30° internal rotation, netural, and
30° external rotation

" These studies likely had the ability to actively coordinate rotator cuff muscle activation during motion. This was not performed in these cases or the data was reported at

discrete angles, likely because continuous data capture was not within the scope of the present study.

Table 3
The status of capsule during mechanical testing of shoulder biomechanics.
Study Procedure Capsule
status
Ahmad (2005) Not specified -
Grimberg (2016) Not specified -
Halder (2002) Capsule preserved Intact
Hansen (2008) Glenohumeral joint vented during dissection Vented
Hatakeyama (2001) - Effect of Arm Intact, vented, and repaired; Vented
Elevation Rotator interval capsule vented with 22-gauge needle to eliminate the effect of intraarticular pressure
Hatakeyama (2001) - Effect of Superior Supraspinatus tendon sharply dissected from greater tuberosity ; Vented
Capsule Though they state capsular conditions: (1) with the capsule intact, (2) with the superior capsule released, and (3)
with the superior capsule and the coracohumeral ligament released
Hockman (2004) Entire supraspinatus origin and insertion and 5-10 mm of the superior edge of the infraspinatus were Vented
removed.
Liu (1998) Superior portion of capsule cut open from superior labral margin to expose humeral head Vented
Malicky (1996) Vented to eliminate stability contribution of changing intracapsular pressure Vented
Malicky (2001) The acromion and coracoacromial ligament were resected; Vented
Two air ports made through superoposterior labrum for inflation of the capsule and pressure measurements
Malicky (2002) Acromion and coracoacromial ligament were resected;Two air ports made through superoposterior labrum  Vented
for inflation of the capsule and pressure measurements
Malicky (2009) Coracoacromial ligament and acromion were resected; Vented
Capsule inflated to remove most capsular redundancy and wrinkling
Mazzocca (2011) Entire supraspinatus excised to create large retracted rotator cuff tear Vented
Mihata (2012) Capsule preserved Intact
Mihata (2015) Capsule preserved Intact
Mihata (2016) - Biomechanical Effect of Capsule preserved Intact
Thickness and Tension
Mihata (2016) - Biomechanical Role of Capsule preserved Intact
Capsular Continuity
Mueller (2014) Capsule preserved Intact
Muraki (2007) Capsule reserved to avoid the loss of intraarticular negative pressure in glenohumeral joint Intact
Oh (2013) Glenohumeral joint vented through rotator interval Vented
Oh (2012) Glenohumeral joint vented through rotator interval Vented
Omid (2015) Arthrotomy in rotator interval to normalize negative intraarticular pressure Vented
Provencher (2007) Capsule intact for execution of arthroscopic and open procedures Vented
Rosso (2013) Capsule preserved Intact
Shin (2013) Rotator interval opened for glenohumeral joint ventilation Vented
Soslowsky (1997) Vented to eliminate confounding effect of intracapsular pressure differences before and after ligament Vented
sectioning.
Speer (1995) Capsule preserved Intact
Yamamoto (2006) Before measurement of intact RI, punctured capsule anteriorly to vent capsule to eliminate effect of Vented
intraarticular pressure on shoulder stability
Yoo (2014) Vented through the rotator interval to remove the negative intraarticular pressure Vented
Yu (2005) Capsule incised to vent to atmosphere Vented
Zuckerman (1991) Intact cuff condition tested Intact

" Though capsule was considered intact, with regard to the seal of the capsule, the procedure described likely vented the capsule.

subjects due to different osseous morphologies and muscle tone.
The balance between force and motion outlined by concavity com-
pression can be understood in abduction (Fig. 2).

Many studies have highlighted the importance of active muscu-
lar contraction in midrange shoulder motion because of the limited
passive stability provided by capsuloligamentous structures (Reed
etal., 2016; Veeger and van der Helm, 2007; Wuelker et al., 1994b).
Veeger et al. hypothesized that joint stabilization is maintained by
the use of a control system based on short- and long-latency

reflexes. They discounted continuous RC muscle contraction during
motion due to its metabolic expense and the low percentage of
Type-lI muscle fibers present to perform this function (Johnson
et al., 1973). Measuring RC muscle activity is invasive, so this
hypothesis hasn’t been thoroughly tested. However, one recent
in-vivo study performed by Reed et al. attempted to minimize
the error associated with surface electrodes by implanting EMG
electrodes in the shoulder muscles (Reed et al., 2016). They found
that the RC muscles were continuously activated, and increasing
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Fig. 2. Anterior view of the components of Concavity Compression of the glenohumeral joint in (A) 0° of Glenohumeral Abduction and (B) 90° of Glenohumeral Abduction in
the frontal plane. Red Arrows indicate the direction of muscle force for the (a) deltoid, (b) subscapularis, and (c) supraspinatus, Green Arrows indicate the direction of shearing
forces, and Black Arrows indicate the compressive force. As the arm abducts due to contraction of the deltoid (a), the reaction force of the glenoid against the humeral head
(Black Arrow) cannot counteract the superior component of that force. The deltoid adds shear (Green Arrows) and compressive forces (Black Arrows), while the reaction force
of the glenoid is limited to compression. To minimize translation, the rotator cuff muscles counteract shear force and stabilize the humeral head. In a healthy patient, the
rotator cuff muscles easily balance the forces in this situation. The infraspinatus is not pictured here as it inserts on the posterior side of the humerus.

the force of shoulder abduction also increases their activation.
These findings affirm the hypothesis that the RC seeks to counter-
balance translation even in simple motions (Reed et al., 2016).
Most of the included cadaveric studies elected to discretely posi-
tion the humerus and statically load the RC muscles, Table 2
(Hatakeyama et al., 2001a,b; Provencher et al., 2007; Shin et al.,
2013; Yamamoto et al., 2006a; Yoo et al., 2014; Mihata et al,,
2015, 2016, 2016, 2012; Oh et al., 2012, 2013; Omid et al., 2015).
This method allows for precise calculation of concavity compres-
sion, limits complications due to acceleration at the beginning
and end of continuous motion, and increases reproducibility. Addi-
tionally, the humeral head is compressed into the glenoid stabiliz-
ing the shoulder, while data acquisition can be performed quickly
in a reproducible manner with minimal post-processing (Warner
et al., 1999). Using this technique, many experiments can be per-
formed on the same specimen using the same setup. However, this
approach is limited to discrete measurements. It does not fully cap-
ture the stabilizing functions of the RC muscles, because they
depend on coordinated muscle-activation based on arm position.
The remaining studies actively loaded the RC during continuous
motion to explore the relationship between muscle-activation and
joint stability, Table 2 (Apreleva et al., 1998; Hansen et al., 2008;
Hurschler et al., 2000; Konrad et al., 2006; McMahon et al., 1995;
Wellmann et al., 2008; Wuelker et al., 1998, 1994a,b, 1995). This
approach has the advantage of allowing for continuous motion,
the application of in-vivo kinematics, and muscle-activation.
With physiologic muscle-activation, the joint contact and hum-
eral head kinematics are comparable to in-vivo observations.
Wouelker et al. used hydrodynamic actuators to dynamically load
the RC muscles during motion and showed that this method better
simulates translation at the humeral head compared to studies
using static loading (Wuelker et al., 1994b). They showed that
while the supraspinatus is not the major agonist in abduction, it

is necessary for joint compression during elevation (Wuelker
et al., 1994a).

The limitations associated with actively loading muscles in the
cadaveric setting stem from our inability to fully characterize
muscle-activation in-vivo. Furthermore, both static and dynamic
muscle loading have major limitations. Muscles are assumed to
have a single line of action, muscle contraction cannot be fully
achieved, and the precise muscle force at a given position is not
known. The forces are estimated based on muscle geometry, arm
weight, and shoulder position. During active loading, studies have
been limited to linear increases in muscle force based on the arm'’s
position using a ratio of force between the deltoid and RC muscles.
Recent in-vivo electromyographic (EMG) and modeling studies
have improved our understanding of muscle-activation (Alpert
et al., 2000; Chadwick et al., 2014; Favre et al., 2012; Kelly et al.,
2005; Webb et al., 2014). By combining these two data sets, the
calculation of muscle moment arms as a function of EMG data
and arm position provides a more precise characterization of
muscle-activation.

Cadaveric simulation of arm motion can serve to expand our
knowledge of current surgical techniques and offers the ability to
validate simulation models. Many of the studies presented here
offer a perspective on procedures that cannot be gained from in-
vivo studies. However, complete simulation of the in-vivo shoulder
is limited by muscle-activation and scapular motion as highlighted
above. Robust validation of computer simulation models using
cadaveric data can make the most of the strengths of both
approaches to improve our understanding of these procedures
(Prinold et al., 2013; Zheng et al., 2017). As the cadaveric setting
is limited to dead tissue, simulation studies offer the best opportu-
nity to explore different dynamic muscle-activation models
(Johnson et al., 1996; Kim et al., 2015; Veeger et al., 1991). One
strength of simulation is that multiple iterations can be run
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rapidly, whereas cadaveric samples can be used once. Nonetheless,
the software’s ability to accurately simulate contact, material prop-
erties, and muscle-activation can also be limited (Bolsterlee et al.,
2013). Overall, the cadaveric setting marked with robust RC activa-
tion facilitates precise glenohumeral motion replication and thor-
ough computer simulation validation.

4.3. Capsule

The joint capsule is the layer of soft tissue encapsulating the
joint. Thickenings in the capsule form the ligaments and tendons
essential to the shoulder’s stability. The capsule also plays a role
in concavity compression because it helps maintain the contact
between the humeral head and the glenoid through tension and
negative pressure (Gibb et al., 1991; Hurschler et al., 2000;
Kumar and Balasubramaniam, 1985; Zuckerman et al., 1991). This
contact is essential to the healthy shoulder’s function; when
injured, the shoulder may become unstable and experience pre-
mature degenerative change.

Negative pressure associated with the intact shoulder is also
essential to the glenohumeral joint’s kinematics (DeAngelis et al.,
2015; Hurschler et al., 2000; Wuelker et al., 1994b). Negative pres-
sure may be reduced in patients with RC tears, but it may not be re-
established post-surgery in those who have undergone open cap-
sular procedures (Habermeyer et al.,, 1992; Hashimoto et al,
1995; Hurschler et al., 2000; Speer et al., 1995). Veeger et al.
remarked that capsular contribution is small until extremes of
motion (Veeger and van der Helm, 2007), but this conclusion has
been disputed. Hurschler et al. employed a dynamic shoulder sim-
ulator to quantify humeral head translation with and without neg-
ative pressure during active shoulder motion and found
relationships between abduction angle and translation that were
comparable to those estimated to occur with RC injuries in-vivo
(Hurschler et al., 2000).

The majority of cadaveric studies open the capsule during spec-
imen preparation and eliminate negative pressure’s effect on the
joint, Table 3 (Hansen et al., 2008; Liu et al., 1998; Yoo et al.,
2014; Yu et al., 2005; Malicky et al., 2002, 1996, 2001; Malicky
and Soslowsky, 2009). While this approach may be necessary, an
accurate simulation of the healthy shoulder requires the normal
contribution of negative intraarticular pressure. As the capsule of
a cadaveric sample cannot heal, and it is common to receive spec-
imens that have disturbed capsules, kinematic data should be
obtained from an intact capsule before puncturing.

The benefit of negative pressure is often substituted with static
RC loading or artificial glenohumeral joint compression to main-
tain contact between the humeral head and the glenoid, Table 3
(Hockman et al., 2004; Mazzocca et al., 2008; Mihata et al., 2015;
Provencher et al., 2007; Yamamoto et al., 2006a; Muraki et al.,
2007; Oh et al.,, 2012; Oh et al., 2013; Omid et al., 2015; Shin
et al., 2013; Soslowsky et al., 1997; Speer et al., 1995). While the
RC does stabilize the joint, loading the RC muscles may not accu-
rately overcome the lost benefits due to negative pressure of the
intact capsule (Hurschler et al., 2000; Itoi et al., 1993; Kumar and
Balasubramaniam, 1985; Yamamoto et al., 2006b). Bowen et al.
studied glenohumeral compression with respect to joint stability
and found that 111 N of static compression centers the humeral
head and minimizes humeral head translations (Warner et al.,
1999). Many cadaveric studies use this method of joint compres-
sion to achieve reproducible glenohumeral positioning and limit
translation. However, this method is limited to discrete, static test-
ing. In dynamic motion, active RC loading affects ligament contri-
bution and may affect the capsule’s contribution to joint
compression.

Further studies are needed to understand the function of
intraarticular negative pressure and the role of the capsule and

the RC in the shoulder’s stability. This interplay becomes increas-
ingly important when simulating dynamic motions using more
complex RC muscle-activation. Many cadaveric studies are per-
formed discretely, and the integrity of the shoulder capsule is not
always preserved. A more thorough understanding of the capsule’s
contribution to shoulder stability is needed to model the stable
motion of the humeral head during glenohumeral motion.

Understanding the strengths and limitations of a study’s design
and methodology can help to maximize the transfer of knowledge
from the lab to clinic. Shoulder studies should consider negative
articular pressure, dynamic muscle-activation, and scapular posi-
tion to advance clinical knowledge and improve patient outcomes.
A shift is occurring in shoulder research moving biomechanical
studies from cadaveric models to computer-based simulations.
This change can be attributed to the cost of lab-based studies
and the lack of invasive procedures to measure different quantities.
For this reason, dynamic shoulder studies will rely extensively on
the balance between in-vivo data and our ability to model it in sim-
ulations. At this stage, cadaveric studies are indispensable for
model validation, and may play a major role in the study of
dynamic motions of the shoulder. Cadaveric studies may still play
a role in studying implants, surgical techniques, and shoulder
pathology for as long as the healthy shoulder environment can
be systematically modelled. Most shoulder pathologies rely greatly
on stability and shoulder girdle positioning. Therefore, our ability
to recreate these factors in both the healthy and diseased condi-
tions determines the clinical reliability of cadaveric studies. If
robust simulation of scapular contribution, muscle-activation,
and capsular effects on stability can be achieved, these studies
may provide the clinician with a reliable indication of the in-vivo
shoulder environment in a myriad of situations.

This systematic review is limited by the lack of quality assess-
ment tools available for cadaveric biomechanics studies. It was
therefore difficult to assess the quality of each of the studies as is
done in other review settings. This review focused on the metho-
lodogy utilized in cadaveric studies of shoulder biomechanics with
a wide range of goals that each study were designed to achive. Each
of the described methodologies may appropriately serve the aims
of the original study, while the same methodology may not be
appropriate for a smiliar study with a different goal.

5. Conclusion

Cadaveric studies are indispensable for model validation, and
may play an explicit role in the study of dynamic motions of the
shoulder. Cadaveric studies may still play a role in studying
implants, surgical techniques, and shoulder pathology for as long
as the healthy shoulder environment can be systematically mod-
elled. If robust simulation of scapular contribution, muscle-
activation, and capsular effects on stability can be achieved, these
studies may provide the clinician with a reliable indication of the
in-vivo shoulder environment in a myriad of situations.
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