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It has recently been estimated that lifetime preva-
lence of shoulder pain is as high as 67%, while up to
46% of patients reported persistent pain 26 weeks
after first consultation for a new episode of shoulder
complaint."? Kuijpers et al. estimated that up to 47%
of incurred cost among patients with shoulder pain
was due to lost productivity while away from work.?

Clinical guidelines for conservative management
of shoulder complaints may include a trial of phys-
iotherapy in up to 46% of patients.” Yet, studies on
prevalence and incidence of shoulder pain in the gen-
eral population potentially underestimated the true
frequency of physiotherapy because neurovascular
conditions, such as thoracic outlet syndrome and gle-
nohumeral (GH) joint instability, also managed con-
servatively, were specifically excluded.>”

It seems reasonable to assume that a large number
of patients, presenting a variety of shoulder condi-
tions, would be available for treatment in a therapy
setting providing conservative and postoperative
management, when seen in conjunction with an
orthopedic practice specializing in upper extremity
disorders. Accordingly, the primary purpose of this
paper is to provide a review of several current
concepts related to normal shoulder anatomy and
function for hand and upper extremity therapists
who might occasionally treat the shoulder. It is hoped
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ABSTRACT: This narrative review is intended to provide hand
and upper extremity therapists, who occasionally treat patients
with shoulder diagnoses, with several current concepts related to
normal shoulder anatomy and function. It is hoped that this review
will be useful for 1) appreciating patho-anatomy and pathophysi-
ology, 2) planning treatment approaches, and 3) stimulating
research aimed at improved understanding of the shoulder.

J HAND THER. 2009;22:328—-43.

this review will permit improved understanding of
shoulder patho-anatomy and pathophysiology, and
possibly serve as a guide for therapeutic treatment
and research opportunities.

For the purpose of this review, the terms “anatomy”
and “structure” are used interchangeably, as are,
“function” and “physiology” and these are distin-
guished as follows. Shoulder studies that rely on
cadaveric materials are categorized as anatomic or
structural investigations while studies of living mate-
rials represent functional or physiologic investigations,
regardless of whether these studies are conducted at
the cellular, tissue, or organismal level. Terms such as
“mechanics” and “biomechanics” are used to describe,
or make inferences about, shoulder function.

This review is necessarily selective; basic anatomy of
the shoulder skeleton®” definitions of axes of joint rota-
tion,® directions and amplitudes of joint motion,” '
muscle attachments and innervations,” and ligament
attachments and orientations of principle fibers,” are
well covered. The interested therapist is also encour-
aged to read an excellent paper by Clark and
Harryman'” reviewing gross and microscopic anatomy
of tendons, ligaments, and capsule of the rotator cuff.

Because of their regional interdependence, postural
and movement faults, motion restrictions, shape
changes such as kyphosis, and/or nerve entrapment,
engendered in the cervical and thoracic spine and ribs,
may profoundly influence shoulder structure and
function."® 2! Thus, the upper extremity therapist
must know how to perform an upper quarter screen,
and, in certain instances, clinical findings may be an
invitation to refer a patient to a spine expert.

A review of clinical diagnoses and therapeutic
treatment planning for selected shoulder conditions
and a review of cervical and thoracic spine and rib
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anatomy and functions are likewise beyond the scope
of this paper. Detailed treatments may be found in
Magee” and McClure® who describe upper quarter
orthopedic physical assessments.

OVERALL KEY CONCEPTS

1. The shoulder enjoys remarkable mobility, yet, is
exceptionally stable over an individual’s lifespan.

2. GH joint stability depends upon precise centering
of the humeral head within the glenoid fossa.*
When hands are used in overhead positions, com-
pressive forces required to stabilize the GH joint
are approximately 90% of body weight and are at-
tained at 90" abduction.”

3. An ensemble of static structures, defined as non-
muscular, and dynamic, or muscular structures,
contribute to mobility and stability of the GH
joint.”*~** Although distinction between static
and dynamic structures is based on properties of
active muscle, tendons and aponeuroses also serve
important roles. Not only do they provide physical
couplings between bones and muscles, they are
also capable of modulating muscle output. For ex-
ample, when tendons and aponeuroses are
stretched, they store energy; as these structures re-
turn to their prestretched lengths, this stored en-
ergy is recovered and added to that of active
skeletal muscle.”

WHAT FACTORS CONTRIBUTE TO
SHOULDER MOBILITY?

Three key anatomical features have been identified
that contribute to remarkable mobility of the shoul-
der. The role played by each of these features is
reviewed below:

1. The upper extremity has limited connection to the
axial skeleton with articulations at the sternocla-
vicular (SC) and, to a lesser extent, the costoclavic-
ular joints.

2. The scapulothoracic (ST) “joint” consists of a
broad soft-tissue interface.

3. The humeral head and glenoid fossa have similar
shapes, but differ in size.

The Upper Extremity has Limited Connection
to the Axial Skeleton

The sternal end of the clavicle has a diameter of
25cm and cross-sectional area of approximately
5 cm?.” Less than one-half the total available surface
of the medial clavicle contacts the sternal facet on the
manubrium and adjacent first costal cartilage, and is
limited to the inferior aspect.’

The SC joint is characterized by an intra-articular
fibrocartilage disc dividing the joint into two parts®
(Figure 1). The interposed disc may serve to enhance
joint congruity, increase joint surface area, and trans-
mit forces engendered in the upper extremity to the
axial skeleton.! Despite its limited articular contact,
the SC joint was rarely dislocated; the joint capsule
was amply reinforced by periarticular ligaments."'

The ST “Joint” Consists of a Broad Soft-
Tissue Interface

The position of the scapula on the thorax is deter-
mined, in part, by thorax shape®*! and resting tone
and net vectors of the axioscapular (AS) muscles, le-
vator scapulae, pectoralis minor, rhomboids, serratus
anterior, and trapezius.'®'” Motion between the ven-
tral scapula and thorax is facilitated by an interface of
loose connective tissue between serratus anterior and
subscapularis, and between costal structures and ser-
ratus anterior.”?

The Humeral Head and Glenoid Fossa have
Similar Shapes but Differ in Size

GH joint mobility is attributable to the 1) small
surface area of the humeral head in contact with the
glenoid fossa and 2) “shallowness” of the glenoid
fossa. The maximum depths of the cartilage-clad
glenoid fossa, exclusive of the labrum, were approx-
imately 2—4 mm transversely and 7—9 mm horizon-
tally. The glenoid fossa was therefore characterized
as a rather shallow receptive surface for the humeral
head” (Figure 2A).

In a study examining in situ contact areas of
normal human cadaver GH joints, Warner® estab-
lished that the spherical humeral head had an articu-
lar surface area of approximately 21—22cm?,
whereas that of the glenoid fossa was approximately
8—9 cm?. The maximum contact area between the hu-
meral head and glenoid fossa measured approxi-
mately 4—5 cm?.3® Thus, articular surface area of the
proximal humerus was approximately 2.5 times
greater than that of the glenoid fossa while a mere
22% of that area was engaged by the fossa.
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FIGURE 1. Anterior view, sternoclavicular joint; intra-
articular fibrocartilage disc divides joint into two parts.
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FIGURE 2. Anterior view, right glenohumeral joint. (A).
Glenoid fossa is approximately 2—4 mm deep transversely
and 7—9 mm deep vertically. (B). Humeral head a]oresents
160 degrees of articular cartilage in transverse and coronal
planes apposed by 75 and 95 degrees of glenoid articular
cartilage, respectively, leaving 85 and 65 degrees of hu-
meral articular cartilage unconstrained by glenoid,
respectively.

Jobe and Iannotti** demonstrated that the humeral
head presented up to 160 degrees of articular cartilage
in both transverse and coronal planes, apposed by 75
and 95 degrees of glenoid articular cartilage, respec-
tively (Figure 2B). Therefore, up to 85 and 65 degrees
of humeral articular cartilage was unconstrained by
glenoid, respectively. Despite this mismatch in carti-
lage coverage between the humeral head and glenoid
fossa, Soslowsky et al.*®> determined their articular
surfaces were of nearly identical shape and highly
congruent with curvatures within 2—3 mm over their
entire surfaces.

WHAT FACTORS CONTRIBUTE TO
SHOULDER STABILITY?

The GH joint is stable at rest, in mid ranges, and
extremes of motion. A central concept that has
emerged is that stability depends upon interactions
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among static and dynamic restraints that precisely
center the humeral head within the glenoid fossa.****

Static Restraints

Joint surfaces wet with synovial fluid are held
together by 1) adhesion, the molecular attraction of
synovial fluid to a joint surface and 2) cohesion, the
molecular attraction of synovial fluid to itself. These
properties can be easily demonstrated. A thin film
of soapy water may be applied to a glass slide and ad-
heres to the glass. When a second glass slide is simi-
larly prepared, and the two gently pressed together,
the soap films cohere to one another yielding a con-
struct with high tensile strength and pulled apart
with difficulty.”®

Negative pressure within the GH joint capsule
helps stabilize the humeral head within the glenoid
fossa much like a suction cup adhering to a smooth
surface, and three inter-related mechanisms have
been described.”

First, negative pressure within the joint is a me-
chanical consequence of a closed compartment in
which two apposing joint surfaces have different
compliances. The glenoid fossa exhibits graduated
flexibility from its rather rigid center, where hyaline
cartilage is relatively thin, to its compliant periphery,
where hyaline cartilage is relatively thick and the
glenoid labrum is composed of fibrocartilage and
dense fibrous connective tissue. This suction cup
property of the GH joint is retained even in a cadaver
specimen providing the joint capsule is intact, and is
lost when the joint capsule is vented. Experimental
venting of the GH joint capsule resulted in up to
10 mm of inferior displacement of the humeral
head.*

Second, negative pressure within the GH joint is
maintained in vivo as free fluid diffuses along its
concentration gradient out of the synovial cavity and
into synovial vasculature.”

Third, synovial fluid, composed of the mucopro-
tein hyaluronic acid®” and secreted by synovial cells,
is distributed within the synovium and GH joint
space. Because osmotic pressure of the synovium
slightly exceeds that of synovial fluid within the joint
space, there exists a negative pressure gradient that
adds additional intra-articular stability to the GH
joint.”?®

The stabilizing property of negative pressure can
be easily demonstrated in the following manner.
Capping an unarmed syringe and attempting to
withdraw the plunger from the barrel is difficult
due to negative pressure within the barrel. Removing
the cap from the tip of the syringe permits air
pressure inside and outside the syringe to equilibrate,
and the plunger is readily moved within the barrel.

In addition to serving as a load-bearing structure,
the glenoid labrum also stabilized the GH joint by
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increasing the depth of the glenoid fossa, and its me-
niscoid shape increased glenoid surface area in con-
tact with the humeral head by as much as 50%.%
Experimental removal of the labrum decreased GH
joint stability up to 20%.*

Cooper et al.*' demonstrated that the labrum was
composed of densely woven collagen and, in the 12
o’clock position of the glenoid fossa, inserted distal
to the long head of biceps tendon. Moreover, the su-
perior labrum was normally found to be loosely at-
tached to the glenoid rim between the 10 o’clock to
2 o’clock positions. In contrast, the labrum was firmly
attached to the glenoid rim between the 2 o’clock to
10 o’clock positions, and possessed a transitional
layer of fibrocartilage between the osseous rim and
superficial layers of densely woven collagen.*!

There have been a number of elegant in vitro
studies that demonstrated the manner in which
ligaments, tendons, and indeed, skeletal muscles
provided static restraints stabilizing the shoul-
der.***** These studies involved measuring motion
of intact, fresh GH joints as a predetermined load
was applied in a specific direction, and re-measuring
joint motion after cutting a particular structure. Based
on the difference in motion between intact and cut con-
ditions, inferences were made about the relative im-
portance of that structure for stabilizing the GH
joint. The primary static restraints responsible for
limiting humeral head motion, as a function of shoul-
der position, are shown in Table 1, and, in general,
capsulohumeral ligaments form motion barriers sta-
bilizing the GH joint at extremes of motion.
Experimental sectioning of GH ligaments interfered
with normal motion restraints, resulting in signifi-
cantly increased humeral head motion, subluxation,
and/or dislocation.

With the arm at rest by the side of the body, the
intact GH joint permitted approximately 2 cm of an-
teroposterior and less than 1 cm of supero-inferior
motion, in response to loads of 30 N (Figure 3).28
Translational laxity of the intact GH joint increased

Translational Laxity of the Intact Glenohumeral Joint
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FIGURE 3. Graph showing relationship between humeral
head translation and angle of arm elevation. When sub-
jected to experimental load of 30 N, intact glenohumeral
joint allows only 3 cm anteroposterior and 1.5 cm
supero-inferior translation.

to maximum values at approximately 30" elevation
and attained minimum values at approximately 90°
elevation.

With the unloaded arm at rest, GH joint stabﬂizy
depended, in part, upon glenoid fossa orientation.**
Inferior displacement of the humeral head upon the
upward sloping glenoid fossa resulted in a compo-
nent of lateral displacement resisted by tensioning
the superior part of the GH joint capsule and coraco-
humeral ligament and by supraspinatus activity
(Figure 4)* As the humerus was abducted, this
“locking” mechanism became less efficient for pre-
venting inferior translation of the humeral head be-
cause tension in the superior part of the GH joint
capsule and coracohumeral ligament was reduced.*
However, middle and inferior parts of the capsule be-
came tensioned because their orientations changed,
relative to the center of rotation of the GH joint.*
This “reciprocal effect” among the ensemble of

TABLE 1. Selective Ligament Cutting—Directions of Humeral Head Motion and Motion Restraints®****3
Shoulder
Position Superior Inferior Anterior Posterior External Rotation
0—45" Abd  Biceps LH (+3mm)  Sup GH lig Sup GH lig Infraspinatus/teres Supscapularis (+18)
minor
Coraco-acromial arch  Coracohumeral lig ~ Mid GH lig Sup GH lig (+5)
Rotator cuff Biceps LH (+3 mm) Coracohumeral lig Mid GH lig (+8")
Subscapularis Inf GH lig (ant band, +6)
Biceps LH (46 mm)
45-90° Abd Inf GH lig Inf GH lig (ant band) Inf GH lig (post band) Supscapularis

Inf GH lig (ant band)

Abd = abduction; ant = anterior; deg = degrees; GH = glenohumeral; Inf =inferior; LH =long head; lig =ligament; Mid = middle;

post = posterior; Sup = superior.

Note: Numbers in parentheses indicate average amounts of humeral head displacement after transection of structure.
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FIGURE 4. Posterior view, left scapula, and model of hu-
meral head. Humeral head glides inferiorly (I) undergoing
lateral translation (L) upon upwardly tilted glenoid fossa.
Further motion is resisted by coracohumeral ligament
(CHL) and activity in horizontally oriented fibers of su-
praspinatus muscle (S). These restraints prevent inferior
dislocation of humerus with arm by side.

capsular ligaments permitted each to play a role in
stabilizing the GH joint through a particular range
of motion.**

Although anatomic studies have demonstrated
individual variation in morphologic details and at-
tachments of shoulder ligaments, significant struc-
tural and functional identity existed that clarified the
stabilizing roles of these structures.®'”***> A num-
ber of basic concepts and clinical correlates have
emerged, which are reviewed below.

1. As a ligament was stretched, it generated counter-
force acting in the direction opposite humeral mo-
tion thereby resisting further motion” (Figures
5A—5C). Clinically, we appreciate that motion re-
strictions can be quite dramatic, for example, in
patients with adhesive capsulitis—joint mobiliza-
tion and static-progressive splints are used to in-
crease ligament length and enhance joint mobility.

2. As shoulder abduction and external rotation in-
creased, the primary static stabilizers of the GH
joint shifted from superior to inferior capsular
structures (Table 1). In particular, the anterior
band of the inferior GH ligament was ten-
sioned.>***¢ Reciprocal interdependence between
superior and inferior and anterior and posterior
structures was termed the “circle concept of capsu-
loligamentous stability of the shoulder.”

3. The long head of the biceps was important for sta-
bilizing the GH joint in multiple directions.*

4. Coraco-acromial arch release and acromioplasty
may be performed to manage subacromial com-
pression and grade 1, bursal-side partial rotator
cuff tears (<3 mm deep).*” The remaining superior
restraints, coracohumeral ligament and supraspi-
natus, are theoretically subjected to increased
loading. Similarly, acromial release of the deltoid,
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associated with acromioplasty, may shift signiﬁ-
cant loads to intact adjacent muscle fibers.”**’

. Collagen fiber interweaving and crimping, charac-

teristic of the histologic anatomy of the inferior GH
ligament complex, offer a distinct mechanical ad-
vantage because they permit energy absorption,
in the direction of loading, through fiber reorienta-
tion and elongation, before collagen fibers becom-
ing fully tensioned.*****° Thus, GH ligaments are
capable of absorbing considerable energy over a
wider range of terminal joint positions than would
otherwise be permitted in the absence of fiber in-
terweaving and crimping.”

. GH capsular ligaments were approximately 35%

stiffer when loaded at “fast” (4 mm/sec) versus
“slow”” rates (0.004 mm/sec), which is consistent
with the tensile properties of visco-elastic struc-
tures.”® When tested at “fast” strain rates, failure
was predominantly within ligament substance,
whereas at “slow” strain rates, failure occurred
primarily at the ligament—bone interface, and
tended to occur at the humeral insertion.”
Glenoid insertion failures occurred with approxi-
mately equal frequency at fast and slow strain
rates, and GH ligaments failed at approximately
10% elongation beyond their “resting” lengths™
(Figure 5D). One limitation of in vitro tensile tests
is that loading rates may not accurately reflect
physiologic loads.*® For example, the GH joint
capsule may be subjected to intrasubstance strains
of up to 100% per second during overhead
throwing.™

. Ligament attenuation has been postulated to be an

important factor contributing to GH joint instabil-
ity and thus, a proximate cause of cartilage and
bone remodeling associated with altered joint me-
chanics™ (Figure 5E). Moreover, according to the
circle concept of capsuloligamentous stability of
the shoulder, a substantial ligamentous lesion on
one side of the joint capsule may result in shifting
loads to, and eventually overwhelming, the oppo-
site side of the capsule permitting the humeral
head to subluxate or dislocate.’®

. There appears to be morphologic identity between

mechanoreceptors in the inferior GH ligament and
Ruffini receptors.”® Ruffini receptors provide affer-
ence reflecting joint position, motion amplitude,
and velocity; such mechanoreceptors may partici-
pate in regulating GH joint stability by adjusting
shoulder muscle forces in response to external
loads.>! Problematic, though, is the fact that such
a neural pathway has not been demonstrated in
the human shoulder. Neither is it clear that a reflex
pathway would be sufficiently rapid to protect the
GH joint from injury.>"*?

. Angulation of the proximal humerus, relative to

coronal and transverse planes, and glenoid orien-
tation influence shoulder stability through a subtle
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FIGURE 5. Model describing ligamentous stability of shoulder. (A). Humeral head in motion approaches ligament. (B).
Capsulohumeral ligament forms barrier stabilizing humeral head at motion extreme. (C). Stretched ligament generates
counterforce acting in opposite direction, tending to resist further humeral head motion. (D). Overwhelmed glenohumeral
ligament fails at approximately 10% elongation beyond “resting” length. (E). Ligament failure leads to joint instability.

interplay between osseous and pericapsular liga-
mentous constraints.***> Misalignment of the hu-
meral head and glenoid fossa, which may occur
during fracture healing, results in decreased over-
head motion and GH joint instability. For example,
with the arm by the side, an inferiorly facing gle-
noid fossa predisposes the humeral head to being
“dumped.” Similarly, Weiser et al.>® showed, un-
der experimental conditions, that as little as 20 de-
grees of compensatory ST joint motion may result
in a tenfold increase in strain experienced by GH
ligaments. Therefore, from a clinical perspective,
it is important to appreciate that significant
trade-offs may exist between a patient’s functional
goal of reaching overhead, or, behind their back,
and the potential for readily exceeding safety fac-
tors of optimal GH joint loading.

Dynamic Restraints

The aforementioned static restraints ensure GH
joint stability when the arm is by the side and at end
ranges of motion. Under normal circumstances, static
restraints function well with minimal participation of
shoulder muscles.** However, static structures are in-
sufficient to ensure GH stability in the mid ranges of
the joint, which are often characterized by high veloc-
ity motion and large external loads.****>* For exam-
ple, overhead throwing of sports implements,
support of body weight on narrow, unstable surfaces,
characterizing many gymnastic activities, and using
the arms for hoisting and propulsion, as in rock
climbing and kayaking, require a combination of

static stabilizers and active shoulder muscles to dy-
namically center the humeral head within the glenoid
fossa.

Three important concepts have emerged, related to
dynamic stability of the GH joint in mid ranges of
motion: 1) concavity compression, 2) muscle stiffness,
and 3) tendon compliance.

Concavity compression specifies that translational sta-
bility of the GH joint depends upon active compres-
sion of the convex humeral head into the concave
glenoid fossa. Experimental studies modeling com-
pressive forces produced by muscles whose action
lines crossed the GH joint revealed that stability 1) in-
creased as a function of the magnitude of simulated
compressive force and 2) varied depending upon
depth of the glenoid fossa.****>® For example, once
the humeral head was actively compressed into the
glenoid, the joint resisted peak transverse forces ap-
plied in a supero-inferior direction, in accord with
greater depth of the fossa in this plane.**>*®
Moreover, resection of the glenoid labrum resulted
in up to 20% less resistance to transverse forces.**>* %

The ensemble of shoulder muscles has classically
been divided into four groups, based on muscle
attachments 1) AS, 2) axiohumeral (AH), 3) scapulo-
humeral (SH), and 4) extrinsic (E; biceps and triceps).
Of these, the SH group comprising the rotator cuff,
supraspinatus, infraspinatus, teres minor, and sub-
scapularis was regarded as playing a pre-eminent
stabilizing role, along with contributions by deltoid
and long head of biceps for centering the humeral
head within the glenoid fossa through the mecha-
nism of concavity compression’” (Figure 6).
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When considered as a group, rotator cuff muscles
have a large cross-sectional area.” > Because muscle
cross-section is related to potential force (P), rotator
cuff muscles are capable of generating high forces re-
quired to compress the humeral head into the glenoid.®’
Moreover, lengths of individual fibers comprising rota-
tor cuff muscles are relatively short.””** Because muscle
fiber length is related to potential excursion (L), rotator
cuff muscles are well suited for constraining humeral
head translation within the glenoid.*®

Dynamic stability of the GH joint will be determined
by that fraction of force, generated by each shoulder
muscle, acting along the humerus toward the center of
the glenoid; this transarticular force represents the net
joint reaction force compressing the humeral head
into the glenoid.55 The rotator cuff in particular, as
well as deltoid and AH muscles, generate forces suffi-
cient to produce GH joint motion and necessary to sta-
bilize the humeral head within the glenoid fossa.”**%*

When skeletal muscle is activated, it generates
tension and exhibits a mechanical property termed
stiffness, defined as resistance to change in length in
response to an external load.®>®® Muscle stiffness is
measurable and may be described as change in mus-
cle tension per unit change in muscle length (AT /AL);
it is the ability of active skeletal muscle to resist
length changes that contributes to dynamic stability
of the GH joint.°>®® For example, when subjects
were required to maintain a constant position of
shoulder internal rotation against randomly applied
external rotation perturbations, shoulder muscle
stiffness, measured as change in torque divided by
change in joint angle (AI'/A#), increased 77%, due
primarily to subscapularis activity.®® In the ranges
of shoulder motion studied, GH joint stability ap-
peared to depend on an interplay between anticipa-
tory and reflex muscle recruitment in which
stiffness was a regulated parameter.*>%°

Infraspinatus/
Teres minor

Subscapularis

FIGURE 6. Superolateral view, right shoulder. {} indicate
approximate insertions of infraspinatus, supraspinatus
(Sp), and coracohumeral ligament (CHL) into glenohu-
meral joint capsule.
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Tendons are integral to the structure of shoulder
muscles and demonstrate a mechanical property
termed compliance, that is, they can be stretched in
response to muscle force or an external load.
Tendon elongation, beyond its resting length, is
termed strain and as tendon is stretched, it has the
capacity to store strain energy. When applied force
is removed, tendon will return to its original, pre-
stretched length releasing strain energy; this stored
energy may be added to those dynamic forces gener-
ated by active skeletal muscle to stabilize the GH
joint.*” One functional objective of the nervous sys-
tem may therefore be to “tune” skeletal muscle stiff-
ness such that tendons are permitted from 3% to
10% elongation. This strain range appears to corre-
spond to optimal energy storage and return by
“long” and “very long” tendons, which may ac-
count for as much as 10—25% of the total tension
contributed by skeletal muscle.””

In their detailed examination of gross and micro-
scopic anatomy of rotator cuff tendons, ligaments,
and capsule, Clark and Harryman17 demonstrated
that the GH joint capsule “forms a continuous fibrous
cylinder extending from the glenoid labrum to the
neck of the humerus” into which tendons of rotator
cuff muscles inserted to form a multilayered network
of interwoven collagen fibers. Firmly adherent to the
underlying joint capsule, humeral insertions of rota-
tor cuff tendons also fused with one another.'”
When activated, rotator cuff muscles therefore be-
come functionally linked and dynamically stabilize
the GH joint through the mechanical properties of
muscle stiffness and tendon compliance; the rotator
cuff has been aptly described as a “musculotendi-
nous glenoid” acting as an extension of the osseous
glenoid to control humeral head position.”

SHOULDER KINEMATICS DURING
OVERHEAD REACHING

Studies examining shoulder kinematics during
voluntary overhead reaching in normal subjects
have used two- and three-dimensional measurement
systems, including real-time tracking of metallic
markers or motion sensors inserted directly into the
clavicle, humerus, and sc:apula.25'6%72 A kinematic
model emphasizing motion of the clavicle and scap-
ula will be reviewed, and is based on the work of
Dvir and Berme.”” Accordingly, overhead reaching
was divided into four “phases” permitting move-
ments of and linkages between various components
to be emphasized and readily appreciated. It should
be understood however, that once initiated, overhead
motion is normally continuous, and the clavicle,
humerus, and scapula move in a coupled fashion.

The first phase of overhead reaching involved
5—15 degrees of upward rotation of the scapula,



FIGURE 7. Kinematic model describing shoulder motion during overhead reaching. (A). Phase 1 links clavicle and scapula
as acromioclavicular and coracoclavicular ligaments are tensioned (asterisk), ADB = abduction, FLEX = flexion. (B).
Phase 2 involves rotation at sternoclavicular joint (SCJ) resulting in elevation of linked clavicle and scapula. Obligate ex-
ternal rotation (ER) of humerus clears greater tuberosity from beneath acromion. (C). Phase 3 entails 30—50 degrees of pos-
terior axial rotation of clavicle. (D). Phase 4 comprises end-range glenohumeral joint (GHJ) motion.

occurring at the acromioclavicular (AC) and ST joints
(Figure 7A). This initial phase of shoulder motion, as-
sociated with up to 60 degrees of arm elevation, was
described by Inman et al.*” as a “setting phase” link-
ing together the clavicle and scapula as the AC and
coracoclavicular (CC) ligaments were tensioned.®’

The second phase of overhead reaching involved
rotation at the SC joint about an anteroposterior axis.
Accordingly, this resulted in elevation of the lateral
aspect of the clavicle, coupled with upward rotation
of the scapula (Figure 7B). The absolute amount of SC
joint motion, measured with respect to the thorax,
ranged from <10 to 45 degrees, and was associated
with approximately 100 degrees of arm eleva-
tion.®”*>”172 It is important to appreciate that once
the clavicle and scapula are linked in phase one, mo-
tion occurring at the SC joint contributes directly to,
and is permissive for, ST joint motion.”>

The third phase of overhead reaching involved
from 30 to 50 degrees of posterior axial rotation of the
clavicle occurring at the SC joint®” (Figure 7C). The
majority of clavicular axial rotation occurred between
70 and 90 degrees of arm elevation and end-range
overhead motion, and presumably accounted for ob-
served posterior tilt of the scapula that accompanied
overhead reaching.”””! McClure et al.”' suggested

that posterior scapular tilt may “clear” the humeral
head and rotator cuff tendons from beneath the ante-
rior rim of the acromion. These researchers also re-
ported that patients with impingement syndrome
had approximately 10 degrees less posterior scapular
tilt than did asymptomatic individuals.”

The final phase of overhead reaching involved
motion occurring primarily at the GH joint
(Figure 7D). Moreover, McClure et al.”* reported that
up to 70 degrees of external rotation took place at
the GH joint during overhead reaching. External rota-
tion was hypothesized to be an additional prerequi-
site for clearing the greater tuberosity from beneath
the acromion thus minimizing subacromial impinge-
ment®” %8 (Figure 7B).

When reviewing shoulder kinematics during over-
head motion, several key concepts emerged:

1. The clavicle, humerus, and scapula move
concurrently.
2. Am};litudes of joint motion reported in the litera-
ture” are variable and depend upon:
i. Subject age and gender,
ii. Condition in which the upper extremity was
loaded, for example, rate of motion and
whether a weight was held in the hand,
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iii. Measurement technique and instrumentation,
iv. Whether measurements were made on living in-
dividuals or cadaver specimens, and manner in
which cadaver specimens were prepared, and
v. Specific task(s) performed.

3. Motor control of multiple bones and joints can be
simplified by tensioning specific ligaments effec-
tively welding together skeletal elements, for exam-
ple, clavicle and scapula. In this manner, four (or,
five) joints and three (or, four) bones, comprising the
shoulder, are reduced to two bones, the “clavisca-
pula” and humerus, and three joints, GH, SC, and ST.
This reduction of moveable parts may be one way the
motor system has evolved to simplify orchestration
and neural control of motion.*’

4. Once the clavicle and scapula are linked, through
tensioning the AC and CC ligaments, ST joint motion
is coupled to that occurring at the SC joint. Therefore,
motion faults observed at the ST joint must be
associated with motion faults occurring at the SC
joint.”*

5. GH and ST joints contribute to patterned upper
extremity elevation historically described as “scapu-
lohumeral rhythm.” In a recent review of shoulder
kinematics in adult subjects, average angular changes
occurring at the GH joint, relative to the ST joint,
ranged from 1:2 to greater than 2:1 when examined at
90 and 180 degrees of arm elevation.” Moreover, the
GH:ST ratio appeared to vary from 7:1, favoring the
ST joint, to 4:1, favoring the GH joint, during the ini-
tial 30 degrees of arm elevation.””* Accordingly, “in-
stantaneous” GH and ST joint motion, recorded
during overhead reaching demonstrated consider-
able variation when compared among studies.
Nonetheless, when averaged over the fotal arc of ele-
vation, the relative contributions of GH and ST joint
motion were essentially and consistently 2:1 across
studies.”

6. In contrast to adults, children appear to rely on
a coordinative strategy during overhead reaching in
a scapular plane, in which the GH:ST ratio was
approximately 1:1.”* Using an electromagnetic sys-
tem to track adhesive markers attached to the tho-
racic spine, scapula, and humerus, the average
contribution of ST joint motion to overhead reaching
was approximately 50% greater in children than their
adult counterparts, and approximately 33% less
variable.”*

7. McClure et al.”! were impressed by significant be-
tween-subject variation in amplitudes of scapular
translations, relative to the thorax. If one functional
objective of shoulder muscles is to provide a dynam-
ical tracking system maintaining humeral head posi-
tion within the center of the glenoid fossa, observed
variation in scapular excursion may reflect subtle be-
tween-subject differences in skeletal and joint geom-
etries, as well as in muscle recruitment.
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SHOULDER MUSCLE ACTIVITY

Electromyography (EMG) has been used to study
in vivo patterns of muscle activity in normal volun-
teers as they engaged in physiologic shoulder mo-
tion. When EMG is precisely time coupled with cine
or video images of shoulder motion, inferences can
be made regarding the roles of muscles for producing
the observed motions. Normal patterns of shoulder
muscle activity, as revealed by EMG, are reviewed
below during 1) eight kinematically distinct shoulder
motions and 2) overhead throwing.

The Couples Concept

A couple is a term used to describe rotatory motion
brought about by forces that are generally equal in
magnitude and act in opposite directions at some dis-
tance D from each other.”” The couples concept has
been applied to describe scapular rotation associated
with AS and AH muscle activity.44’60’67 Accordingly,
upper trapezius and lower digitations of serratus an-
terior form an upper, and lower trapezius a lower
component, of a force couple producing upward rota-
tion of the scapula. Similarly, rthomboids, levator
scapulae, and upper digitations of serratus anterior
form an upper, and pectoralis major/minor, together
with latissimus dorsi, a lower component of a force
couple producing downward rotation of the scapula.
Deltoid forms an upper and rotator cuff a lower com-
ponent of a force couple that centers the humeral
head within the glenoid fossa as the distal humerus
is elevated.”® AS muscles are also recruited to control
the scapula such that the humeral head has a stable
glenoid platform on which to rotate.

EMG during Shoulder Motion

Table 2 shows EMG activity of shoulder muscles
associated with eight kinematically distinct shoulder
motions.”””” Numbers in parentheses represent max-
imum amplitudes of motion, measured with a goni-
ometer, and beneath each muscle are shown motion
ranges during which a minimum of 10% reference
EMG activity was recorded, while subjects held up
to 35 N. Aside from confirmed agonist activity, pre-
dicted on the basis of muscle attachments and fiber
orientation, there are four important conclusions to
be drawn from EMG data.

First, deltoid was recruited during each identified
shoulder motion; indeed, it is the true “work-horse”
among shoulder muscles and possesses the largest
cross-sectional area.®® %2 Second, rotator cuff muscles
were recruited during six of eight kinematically dis-
tinct shoulder motions. Activity in anterior and poste-
rior cuff muscles was inferred to center the humeral
head within the glenoid fossa during shoulder abduc-
tion, flexion, and extension.”®”” Third, in marked



TABLE 2. Electromyography of Shoulder Muscles during Active Motion®””

Active Muscles

Shoulder Motion

Coracobrach

Biceps

Tri (LH)

T. Major

P. Major

LD

Subscap

Infraspl/T. Minor

Suprasp

Deltoid

*30—180° *30—150"

30—180°

60—150° (all parts)

Post

Abduction (180")
Adduction

*LH & SH

30—150°

*30—150°
*10—50"

*30—180°
*10—50"

*30—180"

*10—50"

30—180" (all parts)

Flexion (180°)

E
2550

10—-50" (mid & post)

All parts

Extension (60°)

*10—40

0—50"

*0—50
*0—50°

External rotation (50°)
Internal rotation (50°)

Horizontal flexion

LH

20—40°

20—50°

10—50" (mid & post)

Ant

20—50°

SH
LH

V

J

V

Post

Horizontal extension

middle; P = Pectoralis;

Long Head; mid
agonist.

Latissimus Dorsi; LH =

Coracobrachialis; E = eccentric; Infrasp = Infraspinatus; LD

Ant = anterior; Coracobrach

= Triceps; y =

= Subscapularis; Suprasp = Supraspinatus; T = Teres; Tri

Short Head; Subscap
muscle activity associated with humeral head centering within glenoid.

Numbers in parentheses represent maximum amplitudes of active motion measured with a goniometer.

Post = posterior; SH

Notes: *

Beneath each muscle is shown active ranges of shoulder motion during which a minimum 10% reference electromyography activity was recorded while subjects held up to 35 N.

contrast to thatactivity predicted on the basis of muscle
attachments, subscapularis was recruited during
external rotation of the shoulder, thus serving as an
anterior stabilizer of the GH joint.*”” Fourth was
noteworthy activity in long head of biceps, recorded
during shoulder abduction, external rotation, and hor-
izontal extension. These recruitment patterns accorded
with experimental data implicating biceps as a key
multidirectional stabilizer of the GH joint43 (Table 1).

EMG during Overhead Throwing

Overhead throwing arguably places peak demands
on the shoulder. For example, the elite overhead athlete
is capable of throwing a baseball in excess of 90 miles
per hour, associated with angular velocities measured
at the GH joint that approached 7,000 degrees /sec.”®
Table 3 shows EMG activity of shoulder muscles asso-
ciated with overhead throwing.”*~® For the purpose
of this review, the overhead throw is divided into three
phases, in accord with standard descriptions.**

The first phase of the overhead throw, from 1.5 to 2
seconds in duration, is termed preparatory/cocking,
and is initiated as the center of gravity of the body is
raised above the support leg. Preparatory/cocking
ends when the throwing arm achieves maximum
external rotation. The shoulder is abducted approx-
imately 90 degrees and horizontally extended.®
Deltoid, rotator cuff, and ST muscles accelerate the
humerus and rotate the scapula. As the GH joint
achieves maximum external rotation, anterior deltoid
and rotator cuff, in particular subscapularis, are
lengthened while producing tension. These muscles
decelerate and center the humeral head within the
glenoid fossa, respectively. Pectoralis major, latissi-
mus dorsi, and triceps are also lengthened while pro-
ducing tension and decelerate shoulder external
rotation and elbow flexion, respectively.

Approximately 93—95% of the time the overhead
athlete spends in the preparatory/cocking phase is
devoted to imparting energy to a sport implement.
The athlete then decelerates their shoulder in ap-
proximately 100 milliseconds as active shoulder
muscles and their tendons are rapidly lengthened
and absorb energy. Moreover, as the athlete’s arm
attains maximum external rotation, shear force, mea-
sured at the anterior aspect of the GH joint, reaches
400—600 N, equal to approximately 50% of body
weight. This anterior shear force must be resisted
by static and d)/namic forces that stabilize the shoul-
der (Figure 8). 884

The second phase of the overhead throw, from 40 to
100 milliseconds in duration, is termed acceleration/
ball release, and is initiated as the thrower’s arm
begins to rotate internally. Acceleration/ball release
ends when the sport implement is released.

With the exception of subscapularis, activity per-
sists in those muscles identified during the
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TABLE 3. Muscle Activity during Overhead Throw”®

Phases (Duration)

Acceleration/Ball Follow-Through
Preparatory/Cocking (1.5—2 sec) Release (40—100 msec) (350 msec)

Active Muscle Accelerative Decelerative (100 msec) Accelerative Decelerative
Deltoid All parts Anterior Anterior Posterior
Suprasp Active Centers humeral head Active
Infrasp/T. Minor Active Centers humeral head Centers humeral head
Subscap Active Active
Serratus anterior Rotates scapula Stabilizes scapula Stabilizes scapula Decelerates scapula
Trapezius Rotates scapula Stabilizes scapula Stabilizes scapula Decelerates scapula
Rhomboids Decelerates scapula
P. Major Active Active
LD Active Active
Tri Active late Active Active early
Biceps Active
Brachialis Active

Infrasp = Infraspinatus; LD = Latissimus Dorsi; P = Pectoralis; Subscap = Subscapularis; Suprasp = Supraspinatus; Tri = Triceps.

decelerative phase of preparatory/cocking. These
muscles and their tendons now shorten and acceler-
ate the upper extremity (Table 3). Note that serratus
anterior and trapezius stabilize the scapula, permit-
ting energy transfer from the lower extremities and
trunk to the humerus and forearm. Amplitudes of
EMG activity actually decrease uniformly in the shoul-
der during acceleration/ball release, in accord with
energy transfer from the lower extremities and trunk
to the throwing arm.®*

As the athlete’s shoulder achieves maximum in-
ternal rotation, a distraction force of approximately
750 N, or 75% of body weight, is engendered in the
GH joint.”®

When considered as a free body, this distraction
force and associated angular velocity must be re-
sisted by a combination of static and dynamic forces
that stabilize the shoulder; otherwise, the upper
extremity would “fly off” the trunk at 90 miles per
hour (Figure 9).

The third phase of the overhead throw, approxi-
mately 350 milliseconds in duration, is termed
follow-through, and is initiated once the ball leaves
the thrower’s hand and ends when motion of the
throwing arm ceases. During this phase, static and
dynamic forces continue to stabilize the shoulder
(Table 3).

Posterior deltoid and AS muscles are recruited to
decelerate the humerus and stabilize the scapula on
the thorax, respectively. Infraspinatus and teres mi-
nor are also recruited during follow-through and
decelerate internal rotation of the GH joint. The
posterior cuff also provides a motion barrier limiting
posterior translation of the humeral head. Note that
elbow flexors are also recruited to decelerate elbow
extension. Therefore, follow-through is characterized
by deceleration of the upper extremity, brought about
as active muscles and tendons of the shoulder are
lengthened absorbing considerable energy.

338 JOURNAL OF HAND THERAPY

Several key concepts, related to shoulder muscle
function, have been revealed by EMG:

1. Although any shoulder muscle is theoretically capa-
ble of contributing to stability of the GH joint, the
rotator cuff plays a pre-eminent role in centering
the humeral head within the glenoid fossa. Thus,
there exists a limit beyond which shoulder muscles
will not substitute for an injured rotator cuff.”>*

2. Despite kinematic distinctions among identified
shoulder motions, there exists functional equiva-
lence among rotator cuff muscles. In other words,
the rotator cuff is consistently recruited to stabilize
the GH joint regardless of shoulder kinematics.
From a clinical perspective, EMG data suggest

—

0.5 M)
e

ar forc

FIGURE 8. Shoulder attains maximum external rotation
during preparatory/cocking phase of overhead throw.
Anterior shear force at glenohumeral joint reaches
400—600 N = 50% body weight (0.5 Mp).



Internal rotation >7000°'sec

FIGURE 9. Acceleration/ball release associated with
shoulder internal rotation >7,000 degrees/second ( /sec)
and 750 N distraction force at glenohumeral joint
(=75% body weight, 0.75 M).

there are multiple shoulder exercises that could be
equally effective for rotator cuff strengthening pro-
vided that workloads are sufficient to challenge
the cuff muscles.”

3. Muscles and tendons of the shoulder add energy
during the preparatory/cocking phase of the over-
head throw, stabilize the shoulder, permitting en-
ergy transfer from the lower extremities and
trunk during acceleration/ball release, and absorb
energy that decelerates the shoulder during fol-
low-through.

4. During overhead throwing, anterior shear force
reaches a peak as the GH joint attains maximum
external rotation; distraction force and angular ve-
locity attain maximum values as a sport imple-
ment is released from the hand. Static and
dynamic restraints provide barriers and counter-
forces resisting anterior shear and distraction
such that resultant forces compress the humeral
head into the concave glenoid fossa stabilizing
the GH joint.”

5. Approximately one-half the energy imparted to a
sport implement during overhead throwing is de-
veloped in the upper extremity; the other half is
derived from the legs and trunk. Accordingly,

returning an athlete to overhead activities requires
that rehabilitation address strength and flexibility
of the lower extremities and trunk as well as of
the upper extremities.”®

SUGGESTIONS FOR FUTURE
RESEARCH

There are several avenues of research, complimen-
tary to the skills and training possessed by hand and
upper extremity therapists, which would serve to
better our understanding of the anatomy and me-
chanics of the shoulder:

1. To date, much of the information available about
the anatomy and mechanics of the shoulder has
been derived from studies of adults. During in-
fancy however, there are fundamental shifts in
the manner in which upper extremities are used.
For example, upper extremities are used for body
propulsion and support (closed kinetic chain ac-
tivities), in addition to exploring the environment
(open kinetic chain activities).®® Thus, important
new information about the development of con-
cavity compression and the relative roles played
by muscles and ligaments for stabilizing the GH
joint could be obtained from infants learning to
creep, cruise, and walk through application of sur-
face EMG and a force platform. Additional correl-
ative investigations might be conducted, with the
specific purposes of determining developmental
changes in 1) gross and histologic anatomy of the
shoulder and 2) mechanical properties of maturing
skeletal connective tissues, as a function of the ac-
quisition of, and transitions in, upper extremity
motor skills in infants.

2. From a clinical perspective, justification for conser-
vative therapeutic management and postoperative
therapy must be based on reliable and valid test in-
struments for assessing shoulder impairment and
function, and such questionnaires should be ad-
ministered before initiating treatment. Follow-up
evaluations, conducted at consistent time inter-
vals, can then be compared with pretreatment
data. From the standpoint of data analysis, it
would be most desirable to document change in
function and impairment in individual patients,
rather than testing the significance of average
change scores between pre- and posttreatment
groups or samples. It is important to appreciate
that as variation within pre- and posttreatment
groups increases, the likelihood of detecting sig-
nificant treatment effects is diminished.
Notwithstanding this caveat, for some applica-
tions, the standardized response mean may be
used, which is the ratio of the average change score
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between baseline and follow-up, divided by the
average standard deviation of the change
scores.®’%

3. There have been significant advances in our under-
standing of shoulder motion required for activities
of daily living and functional activities in
adults'?>®?° and children,”" shoulder motion faults
associated with impingement syndrome® and full
thickness rotator cuff tears,”” patterns of muscle ac-
tivity distinguishing normal subjects from those
with rotator cuff tears,”* and exercise that opti-
mizes recruitment of GH and ST muscles.” Gaps
that remain to be addressed relate to 1) determining
the manner in which normal age-related changes in
shoulder muscle strength”®”” influence shoulder
motion, 2) documenting shoulder motion and mus-
cle activity in occupations requiring extensive
overhead use of hands, and establishing the rela-
tive role of muscle fatigue and injury as determi-
nants of motion faults or compensatory motion
patterns, and 3) demonstrating whether therapeu-
tic exercise prescriptions”**®”” actually “correct”
identified shoulder motion faults, perhaps through
combinations of improvement in muscle perfor-
mance and learning novel motor patterns.
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Quiz: Article # 139

Record your answers on the Return Answer Form
found on the tear-out coupon at the back of this is-
sue. There is only one best answer for each
question.

#1. The purpose of the study was to
a. present current treatment strategies for com-
mon shoulder pathologies
b. make the distinction between orthopedic and
neurologic shoulder conditions
c. separate out true shoulder pathologies from
cervical dysfunction
d. review current concepts of shoulder anatomy
and function
#2. Precise centering of the humeral head in the gle-
noid is critical to maintaining proper
a. strength of the GH joint throughout its range
b. balance of the anterior and posterior aspects of
the rotator cuff muscles
c. stability of the GH joint
d. tension on the anterior inferior gleno humeral
ligament (AIGHL)
#3. The articular surface of the humeral head is ap-
proximately times that of the glenoid
surface

a. 2.5

b. 1.5

c. 3

d. 5

#4. An additional factor contributing to the relative

stability of the GH joint is

a. the activation of the deltoid during elevation of
the arm

b. an internal negative pressure based on fluid
dynamics

c. the passive restraint of the anterior cruciate lig-
ament (ACL)

d. the co-contraction of the biceps and triceps
during forceful internal rotation

#5. In discussing the role scapular motion to avoid

impingement the authors cite the work of

a. Harryman and Rockwell

b. McClure

c. LaStayo

d. Walsh and Rineheimer

When submitting to the HTCC for re-certification,

please batch your JHT RFC certificates in groups of 3
or more to get full credit.
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