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Introduction

Rotator cuff injury is a common cause of shoul-
der pain accounting for 4.5 million clinic visits 
annually in the United States [1]. Massive tears 
account for between 10 and 40 % of all tears [2]. 
There is currently no consensus on the definition 
of a massive rotator cuff tear. Among the more 
commonly used definitions is that of Cofield 
et al. who described a massive rotator cuff tear as 
a tear with a diameter greater than 5 cm [3]. 
Another widely used definition is that used by 
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Pearls and Pitfalls

Pearls
• Acute cuff tears are often amenable to 

repair, even if they are massive.
• The degeneration-microtrauma theory is 

most accepted conceptualization of cuff 
disease.

• The rotator cuff is the major stabilizer of 
the shoulder during normal ROM. Small 
tears do not affect this capability, but 
larger tears may.

• Investigation and further understanding 
of these fundamental mechanisms will 
not only lead to better diagnostic and 

prognostic capabilities but will also aid 
in the development of better treatment 
modalities and adjunctive therapies for 
massive rotator cuff tears.PitfallsMuscle 
atrophy and fatty degeneration are asso-
ciated with high failure rates in massive 
rotator cuff repairs.

• The exact pathway of muscle degenera-
tion and fatty atrophy is not known and 
remains an area of active research.

• The pain generator in the setting of rota-
tor cuff tears is not yet known, and 
research is ongoing.

• The exact size of cuff tear which leads 
to loss of force coupling and normal 
shoulder biomechanics is not yet known.
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Gerber et al. that a massive rotator cuff tear is 
complete detachment of two or more cuff ten-
dons from the proximal humerus [4]. Burkhart 
also suggested that massive tears be defined as 
tears greater than 5 cm and then further classified 
by pattern and edge mobility [5]. Posterosuperior 
tears are much more common than anterosupe-
rior tears that extend down to the [6–10].

Massive tears may be amenable to surgery, 
especially when they are acute and tissue compli-
ance is well maintained, but unfortunately, cases 
such as this are in the minority. Adhesions, scar-
ring, fibrosis, tendon retraction, and poor tendon 
quality may all conspire to create a technically 
challenging repair [4, 11]. Furthermore, multiple 
studies have shown the re-tear rates following the 
repair of massive rotator cuff tears to be much 
greater than for smaller cuff tears. The purpose of 
this chapter is to review the pathophysiology and 
biomechanical changes that occur in the setting of 
massive rotator cuff tears and to discuss the clinical 
relevance of these functional alterations [12–18].

Historical Overview

The first documented description of tears of the 
tendons about the shoulder was reported by J.G. 
Smith in the London Medical Gazette in 1834 [12]. 
The connection between shoulder pain and the sub-
acromial bursa was identified by Jaravay, and for 
several years this was believed to be the primary 
source of posttraumatic shoulder pain and stiffness, 
which was called “periarthritis humoscapularis” 
[13]. However, it was not until 1934 that Codman 
published his monograph on the anatomy of the 
rotator cuff and in which he discussed rotator cuff 
tears [19]. He was likely the first to identify that 
tears in the supraspinatus accounted for both diffi-
culty with humeral abduction and shoulder pain. 
He was a proponent of early operative treatment 
and may have performed the first cuff repair in 
1909 [20]. After Codman, McLaughlin and several 
other prominent surgeons including Armstrong, 
Smith- Peterson, Moseley, and Watson-Jones spent 
the next several decades publishing on the etiology 
and management of rotator cuff tears and there was 
emerging recognition that acromial abrasion might 
be a cause of rotator cuff injury [14–18].

Etiology

The etiology of rotator cuff tendinopathy and 
tears is commonly divided into extrinsic and 
intrinsic factors. Extrinsic factors are generally 
understood to mean compression or friction on 
the cuff by other shoulder structures. As early as 
1924, Meyer described what would later come to 
be known as extrinsic factors when he discussed 
his “attrition theory” of musculotendinous rup-
ture in the shoulder. He believed that many inju-
ries which today would be described as rotator 
cuff tears could be attributed to chronic normal 
daily wear secondary to friction, and he believed 
supraspinatus tears originated superficially [21]. 
The concept of impingement was discussed in 
detail and classified by Neer in 1972. He identi-
fied spurs on the underside anterior 1/3 of the 
acromion, and he attributed degenerative changes 
of the acromion to friction from the cuff and 
humeral head. He associated tears of the cuff as 
being secondary to those same impinging forces. 
He described three stages to tears. Stage 1 was 
edema and hemorrhage in patients under 25, 
stage 2 was fibrosis and tendonitis in the 24–40 
age group, and stage 3 were tendon ruptures and 
bone spurs in patients over 40 [22, 23]. Neer 
noted good results for focal acromioplasty of the 
anterior 1/3 of the lateral acromion. He also was 
much more aggressive with immediate surgical 
treatment with large complete tears than smaller 
injuries, correctly surmising that tendon retrac-
tion would make nonoperative treatment less suc-
cessful and late surgical treatment challenging. 
For incomplete tears, he recommended an 
extended 9-month trial of nonoperative treat-
ment, and for isolated complete supraspinatus 
tears, he performed surgery after a 6-week trial of 
nonoperative treatment [23].

Neer’s hypothesis that impingement caused 
extrinsic cuff degeneration was further explored 
by Bigliani who identified three acromial 
shapes—flat, curved, and hooked—and noted that 
full-thickness rotator cuff tears were associated 
with hooked acromial shape [24]. It also was rec-
ognized that impingement could occur against 
multiple surfaces, given the remarkable range of 
motion of the glenohumeral joint. Thus, it could 
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be due not only to acromial shape but also to 
arthritic changes of the acromioclavicular (AC) 
joint or the coracoacromial ligament [25]. Further 
compression of the cuff, biceps tendon, and/or 
subacromial bursa between the humeral head and 
the acromion, AC joint, or coracoacromial liga-
ment all may be related to motion of the humeral 
head [25, 26]. Also, the relatively shallow gleno-
humeral joint puts the joint at risk for instability 
that can lead to increased humeral head transla-
tion. Translation, in turn, can initiate or exacer-
bate impingement [25, 27].

Many authors have suggested that if impinge-
ment on superior structures actually leads to tears, 
then the majority of tears should be on the bursal 
side of the cuff. Yet, multiple studies have sug-
gested that the majority of cuff tears start on the 
articular surface [28, 29]. Those authors have sug-
gested that arthritic AC changes, and morphologic 
changes of the acromion and the CA  ligament, 
which were thought to cause cuff impingement 
via extrinsic compression, may in fact simply be 
correlated with age. It is also possible the impinge-
ment changes may actually be a secondary 
response to intrinsic tendon changes [28, 30, 31]. 
Moreover, studies by Neer and  others have shown 
that many patients with tears never performed 
hard labor or vigorous overhead activity [22].

This, however, does not discount impingement 
as a major factor in cuff tears; intrinsic  factors sug-
gest that the cuff fails on the articular side because 
there is more fibrocartilage, which has a lower ten-
sile strength, on the articular side which is the side 
that may also undergo more strain [29, 32]. These 
findings have helped give rise to the theory that it 
is actually internal impingement of the cuff on the 
humeral head which results in tears [33]. In all 
likelihood, degenerative cuff tears are secondary 
to extrinsic compression combined with intrinsic 
factors. A recent rat study showed the rats whose 
cuffs were subject to both compression and over-
use, as opposed to one or the other alone, had 
much greater rates of tendinopathy [34].

The degeneration-microtrauma theory [35] is 
the most widely accepted conceptualization of 
the events resulting in the development of rotator 
cuff disease. It describes intrinsic degeneration 
of the rotator cuff tendon secondary to age- 
related changes such as changes in collagen-type 

synthesis, vascular changes, hypoxia, or oxida-
tive stress. This degeneration makes the tendon 
more susceptible to damage; repetitive stresses 
cause micro-injuries— i.e., reduction in the num-
ber of functional fibers in the tendon puts increas-
ing load on the remaining fibers—which are not 
given enough time to heal before further trauma 
occurs. It should be noted that most studies, 
which aim to elucidate the pathophysiology of 
rotator cuff degeneration and rupture, are in ani-
mal models, and it is important to recognize the 
anatomic, biologic, and functional limitations 
inherent to animal research model systems.

Pathophysiology

Degeneration of the rotator cuff tendon results 
from a variety of intrinsic factors including but 
not limited to age-related degeneration, inflam-
mation, vascular changes, and oxidative stress. 
Among these elements, the key factor leading to 
rotator cuff weakness and degeneration is aging.

Epidemiologic studies indicate a positive cor-
relation between patient age and rotator cuff tear 
incidence. An ultrasound study performed by 
Tempelhof and colleagues [36] screened more 
than 400 asymptomatic volunteers and found an 
increase in tear prevalence with increasing age. 
Cuff tear incidence increased from 13 % in the 
50–59-year-old age group to 51 % in the 
80–89-year-old age group. The high incidence of 
asymptomatic rotator cuff tears in the aging pop-
ulation brings about the question of whether rota-
tor cuff degeneration is in fact a pathologic 
process or could be considered a part of the “nor-
mal” aging process. Furthermore, the clinically 
relevant question of how an asymptomatic cuff 
tear develops into a painful, function-limiting, 
symptomatic tear requires further investigation.

With increasing age, many histologic changes 
have been observed. A study by Hashimoto and 
colleagues [37] described 7 characteristic features 
of age-related degeneration (Fig. 1.1). Thinning 
and disorganization of collagen fibers, myxoid 
degeneration (connective tissue replaced by 
mucus), and hyaline degeneration were observed in 
all 80 patient samples in the study. Other degenera-
tive changes observed were vascular proliferation 
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Fig. 1.1 (a) Thin and disorganized collagen fibers in 
the torn tendon (large tear, 10× magnification). (b) Split 
 collagen fibers replaced with myxoid degeneration (large 

tear, 20×). (c) Hyaline degeneration; chondrocyte-like 
cells are visible near hyalines areas, (large tear, 20×).  
(d) Chondrocytes with lacunae, intracellular matrix
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(34 %), fatty infiltration (33 %), chondroid 
 metaplasia (21 %), and calcification (19 %).

Longo and colleagues [38] subsequently 
reevaluated the histology of rotator cuff tears. In 
the torn rotator cuff samples, they found increased 
waviness and disorganization (loss of parallel 
architecture) of collagen fibers and an increase in 
vascularity. Furthermore, rounding of tenocyte 
nuclei—normally flat and spindle shaped—to the 
point where they almost resembled chondrocytes 
was observed in the torn cuff samples.

In a rat model, overuse of the rotator cuff ten-
don led to downregulation of TGF-β1. Another 
study by Perry and colleagues [39] looked at rat 
model of repetitive microtrauma and found acute 
increases (peak at 3 days) in VEGF and subacute 
(8 weeks) increases in inducible cyclooxygenase 
(COX-2). The results of these studies not only 
support the repetitive microtrauma theory, but 
they imply the presence of acute inflammation as 
well as a central role for angiogenic mediators.

Oxidative stress and the production of reactive 
oxygen species (ROS) are implicated in the 
degeneration and pathologic destruction of a vari-
ety of different tissue types. One of the main 
mechanisms by which ROS are thought to 
 contribute to tissue degeneration is through the 
activation of the intrinsic apoptotic pathway. 
Studies by Yuan and colleagues [40] exhibited an 
increase in apoptotic cells at the cuff tear edge 
(34 %) as compared with control (13 %). In addi-
tion to induction of apoptosis, oxidative stress has 
been shown to induce cuff degeneration through 
induction of two other auxiliary factors: c-Jun 
N-terminal protein kinase (JNK), a mitogen- 
induced protein kinase (MAPK) expressed intra-
cellularly, and matrix metalloproteinase-1 
(MMP-1), an enzyme present in the extracellular 
environment. In vivo, JNK and MMP-1 expres-
sion were increased in torn supraspinatus tendon 
specimens as well as in tendon specimens that 
were exposed to the ROS peroxide [41] (Fig. 1.2).

MMPs are responsible for maintaining the 
dynamic homeostasis of the extracellular matrix 
(ECM). They are in a delicate equilibrium with 
endogenous inhibitors of their activity: tissue 
inhibitors of MMPs (TIMPs) [42]. A disruption 
of balance in the expression and activity of MMP 
and TIMP is associated with pathologic change 
in overuse tendinopathies [43] as well as specifi-
cally rotator cuff tears [44]. MMP-1 is found to 
be in low concentration in normal tendon and 
increased in damaged supraspinatus tendon [45, 
46], along with MMP-9 and MMP-13 [46]. 
MMPs and JNK secondary to oxidative stress are 
believed to contribute to the loss of tissue archi-
tecture and weakened structure in the rotator cuff.

Early histologic studies of injured rotator cuff 
showed little to no evidence of chronic inflamma-
tion [37, 47, 48]. Some studies have been able to 
show the expression of inflammatory cytokines 
and mediators [49–52], but many histologic stud-
ies are unable to demonstrate the presence of 
actual inflammatory cells [37, 47, 53–55]. A lim-
itation to these studies is that samples were 
obtained in the later stages of rotator cuff tear 
progression. However, more recent data pub-
lished by Millar and colleagues [56] demon-
strated the first in vivo human evidence of an 
inflammatory infiltrate in early tendinopathy. 

Fig. 1.1 (continued) stained with alcian blue (large tear 
20×). (e) Calcific deposits in tendon between spindle-
shaped fibroblasts and collagen fibers (massive tear, 40×). 
(f) Proliferation of small vessels in all tendon layers and 
edema (articular surface tear, 20×). (g) Fatty infiltration in 

the proximal tendon, distributed from middle to deep 
 tissue layer (large tear, 10×). a, c, f, and g are stained 
with Masson trichrome; b and e are stained with hema-
toxylin and eosin; d is stained with alcian blue (Hashimoto 
et al. [37])

Fig. 1.2 Model of potential pathway of oxidative stress 
and apoptosis in rotator cuff degeneration (Wang et al. [41])
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They found the subscapular tendons of patients 
with supraspinatus tears had an increased number 
of macrophages, mast cells, and T cells as well as 
a higher vessel density compared with the torn 
supraspinatus and control subscapularis tissue.

There exists some controversy with regard to the 
role that vascular changes play in the degeneration 
of the rotator cuff tendon. The traditional line of 
belief is that a “critical” zone of hypovascular tissue 
exists 10–15 mm from the insertion of the supraspi-
natus tendon, which makes this area more prone to 
tears [19, 57, 58]. Furthermore, via ultrasonography 
imaging, it is a well- documented phenomenon that 
blood supply to the rotator cuff decreases with age, 
especially past the age of 40 [59].

Yet, histologic data is more equivocal in 
regard to the significance of this hypovascular 
zone to cuff pathology. In the majority of histo-
logic studies, hypervascular tissue is observed 
around the cuff tear site—a response to injury 
believed to proliferate from the subsynovial layer 
long after the original injury [37, 55]. Rathbun 
and colleagues [60] found that reduced perfusion 
to the rotator cuff is observed only when the arm 
is fully adducted. However, a histologic study by 
Brooks and colleagues [61] found a decrease in 
the degree of filling, size, and number of vessels 
in the proximal 15 mm to the supraspinatus inser-
tion. Interestingly, they found this same pattern in 
the infraspinatus, which tears much less 
frequently.

Despite equivocal histologic and imaging data 
on the vascular changes that may occur during the 
development of rotator cuff pathology, there is 
some molecular data being uncovered that  supports 
a role for local hypoxia in the development of rota-
tor cuff pathology. Benson and colleagues [62] 
observed within the torn supraspinatus an increase 
in expression of BNip3, a proapoptotic cytokine of 
the BcL-2 family, as well as hypoxia- inducible 
factor-1α, indicating a connection between local 
hypoxia and inflammation-induced apoptosis. 
Furthermore, Millar and colleagues [50] showed 
that hypoxia, in addition to inducing apoptotic 
mediators, will induce a change in collagen 
 synthesis—decreasing collagen I synthesis and 
increasing collagen III synthesis, as well as 
increasing key inflammatory mediators: monocyte 

chemotactic protein (MCP)-1, interleukin (IL)-6, 
and IL-8. Additionally, as will be discussed in a 
later section, local hypoxia may drive the differen-
tiation of pluripotent cells to an adipocyte 
lineage.

A retrospective ultrasonographic study of 
patients evaluated for shoulder pain performed 
by Baumgarten and colleagues [63] found that a 
history of smoking is correlated with an increased 
risk of rotator cuff tears; they also observed a 
time-dependent and dose-dependent relationship 
between smoking and rotator cuff tear incidence. 
This observation may be due to microvascular 
disease; however, a causal relationship has not 
been well established.

Abboud and colleagues [64] found that 
increased total cholesterol, LDL, and triglycer-
ides were all present in patients with rotator cuff 
pathology compared with controls. They also 
found lower HDL levels in patients with rotator 
cuff disease compared with control patients. 
Whether elevated cholesterol is actually an inde-
pendent predictor of cuff pathology or simply an 
ancillary factor that accompanies advanced age is 
unclear.

Various studies have indicated that genetics 
may be involved in the pathogenesis of rotator 
cuff tears [65–68]. Although no specific gene 
mutations or abnormalities have been correlated 
with rotator cuff tear incidence, there is an epide-
miologic data indicating a genetic component to 
rotator cuff disease. Harvie and colleagues [69] 
showed that siblings have a 2.42 relative risk of 
developing full-thickness tears compared with 
controls.

An interesting alternative theory compares 
rotator cuff degeneration to CNS damage. In the 
CNS, repeated stimulation and release of gluta-
mate results in “excitotoxicity” and leads to 
apoptosis of neurons [70]. The neural theory of 
tendinopathy [71] follows a similar line of think-
ing: neural overstimulation, secondary to tendon 
overuse, results in recruitment of inflammatory 
cells and apoptosis. Hart and colleagues [72] 
have already documented this inflammatory cell 
recruitment, secondary to neural overstimulation, 
in vivo. The key molecules implicated driving 
degeneration are glutamate and substance P. 
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There is some evidence showing substance P 
overexpression association with rotator cuff 
pathology [73]. Furthermore, Molloy and col-
leagues [70] found an increase in various 
glutamate- signaling proteins in rat supraspinatus 
tendon following overuse. Further evidence in 
support of this theory is limited.

The development of symptoms related to rota-
tor cuff pathology is poorly understood. Having an 
asymptomatic rotator cuff tear increases the risk of 
future symptomatic progression [74]. Yet many 
asymptomatic tears do not develop into symptom-
atic tears. There is also data correlating increasing 
tear size with symptomatic presentation; 
Yamaguchi and colleagues performed an ultraso-
nographic study of 588 patients and found that in 
patients with bilateral tears, the symptomatic tear 
was larger than the asymptomatic tear and in 
symptomatic shoulders the average cuff tear size is 
30 % greater than in asymptomatic shoulders [75].

Definitive histologic evidence of inflamma-
tion within a degenerating rotator cuff is elusive, 
but many proinflammatory cytokines and inflam-
matory mediators such as COX-2, leukotriene 
B4, and PGE2 are overexpressed in rotator cuff 
injuries. It is hypothesized the painful symptoms 
of rotator cuff disease could be mediated by 
COX-2 and PGE2 [35, 76]. There is still limited 
data in support of these theories, and further 
investigation needs to be performed.

Muscle Degeneration

In orthopedic literature, the phenomenon of adi-
pocyte accumulation in and around skeletal mus-
cle is referred to by a variety of names: fatty 
infiltration, fatty degeneration, or fatty change. A 
histologic study, by Meyer and colleagues [77], 
showed normal-appearing muscle fibers with adi-
pocyte infiltration, but no degeneration—sug-
gesting fatty infiltration as the appropriate 
terminology. Itoigawa and colleagues [78], how-
ever, believe the “infiltrating” adipocytes to actu-
ally be differentiating from muscle stem cells and 
therefore believed fatty degeneration to be accu-
rate. As this debate is ongoing, this chapter will 
use these terms interchangeably.

Muscle atrophy is commonly seen with disuse 
and the unloading of tensile force on the skeletal 
muscle. Yet, the rotator cuff is unique in that 
when injured, a fatty-fibrous degeneration, in 
addition to disuse atrophy, is observed. It is cur-
rently unclear if fatty degeneration of the rotator 
cuff is suggestive of a failed repair mechanism 
that predisposes to tears or if it is simply intrinsic 
to the normal degenerative process [79].

The tear of the rotator cuff tendon, detach-
ment from the bone, and subsequent unloading 
of stress on the rotator cuff tendon and muscle 
lead to changes in the muscle and tendon struc-
ture. Structural changes include myofibril disor-
ganization—decreased sarcomere length and 
number—followed by a reduction in muscle 
mass and volume rather than fiber death [80]. 
This disuse atrophy, resulting from an extended 
period of muscle retraction, leads to a pattern of 
progressive fibrosis and increased fat content 
that accumulated at intrafascicular, extrafascicu-
lar, and intratendinous sites within the muscle 
[77, 81, 82]. Fatty infiltration and muscle atro-
phy are seen throughout the tendon and muscle 
[79]. The degree of fatty infiltration and muscle 
atrophy progression in rotator cuff tears is 
 positively correlated with patient age, tear size 
(length and width), location, full-thickness 
involvement [83], and chronicity [81] of the tear. 
Suprascapular neuropathy or denervation sec-
ondary to muscle retraction and resulting neuro-
praxia has also been implicated in contributing 
to the degree of these pathologic changes 
[84–89].

Muscle atrophy and fatty degeneration are 
progressive and often irreversible adverse histo-
logic changes that occur throughout the tendon 
and muscle [82, 90, 91]. While surgical repair 
may prevent further progression of muscle atro-
phy and fatty degeneration, it often does not 
reverse established preoperative fatty degenera-
tion and atrophy [90–94]. Many of the histo-
logic changes noted in rotator cuff tendon are 
also reflected in the rotator cuff muscle. The 
ECM is extensively reorganized and remodeled 
by the same family of matrix metalloproteinases 
(MMPs) during the progression of muscle 
 atrophy following a rotator cuff tear. MMP-2, 
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MMP- 9, and MMP-13 overexpression has been 
associated with muscle atrophy [82, 90, 91]. 
It has also been hypothesized that the Akt- 
mammalian target of rapamycin (mTOR) path-
way is central to the development of muscle 
atrophy [95]. Increased mTOR and Akt activity 
is associated with an inhibition of nuclear factor 
kappa B (NF-κB) and forkhead transcription 
factor (FOXO). Both NF-κB and FOXO regu-
late increased expression of proteins associated 
with muscle atrophy [96, 97]. In chronic human 
supraspinatus tears, these proteinases along 
with NF-κB were upregulated [98] (Fig. 1.3).

The exact source of the adipocytes that con-
tribute to fatty degeneration of the rotator cuff is 
still not certain. The current hypotheses are (1) 
preexisting adipocytes are stimulated and prolif-
erate within the muscle, (2) resident pluripotent 
stem cells are signaled to differentiate into mature 
adipocytes, and (3) adipocytes are recruited from 
extramuscular sources [78]. Of the three, the 
 current molecular research indicates that the dif-
ferentiation of local stem cells, known as mesen-
chymal stem cells (MSCs), appears to be the 
most likely source of adipocytes during fatty 
degeneration. Transcription factors of the MRF 
family implicated in the differentiation of myo-
blasts into mature myocytes are MYoD, Myf-5, 
myogenin, and MRF4 [100, 101]. Furthermore, 
two different families of transcription factors 
are believed to differentiate pre-adipocytes into 
mature adipocytes; these are CCAT/enhancer- 
binding proteins (C/EBPs) and peroxisome 
proliferator- activated receptors (PPARs) [78, 102, 
103]. In an ovine model of rotator cuff tear, real-
time PCR analysis identified increases in Myf-5 
and PPARγ expression after tenotomy and subse-
quent increases in Myf-5 and C/EBPβ expression 
post repair [104]. Furthermore, the Wnt signaling 
pathway has also been identified to be central to 
adipogenesis of MSCs [78, 105–107]. More spe-
cifically, in vitro culture of a murine myogenic 
cell line (C2C12) in an adipogenic culture media 
resulted in diminished Wnt10b expression and 
increased expression of PPARγ and C/EBPα; this 
expression pattern was subsequently confirmed 
in vivo by gene expression analysis in a rotator 
cuff tear rat model [78].

Fatty degeneration predominates in the distal 
portion of the rotator cuff muscle near the muscu-
lotendinous junction [78, 88, 91, 108]; at this 
region of the cuff, there also exists a more sus-
tained decrease in Wnt10b as well as an increase 
in PPARγ and C/EBPα [78]. Two mechanisms 
are implicated in driving these changes in protein 
signaling. The first is muscle retraction: mechani-
cal stretching of muscle tissue was shown to 
increase Wnt10 signaling and inhibit adipogene-
sis [109]. Therefore, retraction of muscle tissue is 
thought to have the opposite effect on Wnt sig-
naling and thus promotes adipocyte proliferation. 
The second mechanism is that local hypoxia can 
contribute to adipocyte proliferation through 
trans-differentiation of myoblasts [106]. This 
trans-differentiation is associated with increased 
PPARγ expression, which is also observed during 
hypoxic conditions [106]. Furthermore, two dif-
ferent studies have found increased expression of 
hypoxia-inducible factor 1 and VEGF to be asso-
ciated with the development of fatty infiltration 
[62, 110].

Rotator Cuff Healing at the Bone- 
Tendon Junction

The normal insertion of tendon into the bone is 
comprised of four distinct zones: tendon, unmin-
eralized fibrocartilage, mineralized fibrocarti-
lage, and bone [111]. Following rotator cuff 
repair, the tendon-to-bone interface does not 
recapitulate the native enthesis but rather forms a 
reactive scar [112, 113].

One suggestion is that healing is affected by 
the vascular supply to the rotator cuff [114]. As 
described in the aforementioned histologic stud-
ies [37, 38], vascular proliferation is often noted 
in torn rotator cuff muscle. In contrast, Gamradt 
and colleagues [115] have found that the healing 
cuff tendon is fairly avascular and that a signifi-
cant amount of the vascular supply to the healing 
cuff originates from the bone [46, 116].

Other than decreased vascular supply, it is also 
believed that poor cuff healing is a result of dis-
organized temporal expression of cytokines. 
Furthermore, slow and incomplete bony ingrowth 

T.P. Scott et al.



9

into the tendon from the prepared tuberosity, 
inflammatory cells that precipitate scar formation 
at tendon-bone interface, and a scarce population 
of undifferentiated stem cells at the bone-tendon 
interface all may prevent proper healing [112].

Three stages are involved in the degeneration 
and healing of the rotator cuff: (1) inflammatory 
phase, (2) repair phase, and (3) remodeling 
phase [117]. Various cytokines are expressed 
throughout different time points within these 
three stages to facilitate proper tendon-to-bone 
healing. During the inflammatory phase, the 
fibrovascular scar tissue is produced in the rota-
tor cuff following an infiltrate of mast cells and 
macrophages [56]. These macrophages will 
secrete signaling molecule such as transforming 
growth factor β1 (TGF-β1): a cytokine known to 
increase collagen formation and proteinase 
activity [118]. After the inflammatory phase, 

fibroblasts are activated within the repair phase. 
These activated fibroblasts express a variety of 
cytokines, which are described below.

PDGF-β is believed to play a central role in 
the repair of tendons and ligaments. It has been 
shown to promote chemotaxis, extracellular 
matrix production, surface integrin expression, 
cell proliferation, and revascularization in fibro-
blasts [119–122]. Improved mechanical proper-
ties stem from PDGF-β stimulating increased 
collagen I production. In an ovine model of rota-
tor cuff repair, sheep treated with PDGF-β had 
improved histologic scores and load-to-failure 
rates [123]. The TGF-β family of proteins is inte-
gral to normal fetal development, modulation of 
scar tissue after a wound, and tendon-to-bone 
healing [112]. Varied expression levels of two 
different TGF-β isoforms modulate the amount 
of scar that forms at the tendon-bone healing site 

Fig. 1.3 Akt/mTOR signaling pathway in the rotator cuff 
muscle. A balance between protein degradation and syn-
thesis maintains muscle mass. Akt-mTOR-S6K1 pathway 
stimulates protein synthesis secondary to normal mechan-

ical loading of muscle tissue. Via an undetermined 
 mechanism, normal muscle innervation inhibits MuRF-1/
MAFbx overexpression through myogenin activation  
(Liu et al. [99])
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[124, 125]. Treatment of the healing enthesis 
with TGF-β3 produces a more favorable collagen 
I to collagen III ratio to withstand increased ten-
sile strength [126]. The BMP family, which is a 
subset of the TGF-β superfamily, also plays a role 
in healing of the enthesis via bony ingrowth. 
BMP-12, BMP-13, and BMP-14 are three cyto-
kines [127], which contribute to the synthesis of 
fibrocartilage, induction of neotendon, and liga-
ment formation. During the initial inflammatory 
phase of tendon healing, IGF-1 is activated. It 
contributes to chemotaxis as well as proliferation 
of fibroblasts and inflammatory cells to the site of 
injury [112]. In vivo, it increases cellular prolif-
eration, enhances matrix synthesis, improves ten-
don mechanical properties, and reduces time to 
functional recovery [128–130]. FGF-1 and bFGF 
(also known as FGF-2) are both central modula-
tors of angiogenesis and mesenchymal cell mito-
genesis [112]. The more potent mitogen is bFGF, 
and during healing it helps initiate the formation 
of granulation tissue [131–133] and induction of 
fibroblast collagenase with a dose-dependent 
increase in type III collagen expression levels 
[134, 135]. Furthermore, bFGF expression by 
fibroblasts is also associated with improved ten-
don healing [134–137], cell proliferation, cell 
migration, collagen production, and angiogenesis 
[138–141]. Increased vascular supply is also 
 central to proper rotator cuff healing. Vascular 
endothelial growth factor (VEGF) contributes to 
neovascularization and, in several models, has 
been observed at the site of the healing enthesis 
[142–145].

Just as rotator cuff pathology is a degenerative 
process resulting from a variety of influences, 
proper rotator cuff healing is also a multifactorial 
process. Therefore, rotator cuff repairs often fail 
through a combination of barriers to proper heal-
ing, which can be characterized into three broad 
categories: biologic factors, technical errors, and 
traumatic failure [114], of which the biologic fac-
tors may be the most pertinent. The biologic fac-
tors that underlie improper rotator cuff healing 
are the patient age, level of fatty degeneration, 
amount of muscle atrophy, cuff vascularity, and 
tear size. Furthermore, medical comorbidities 
such as diabetes, nicotine use, and NSAID use 

have also been found to be detrimental in rotator 
cuff healing.

Fatty degeneration and muscle atrophy are 
both independent predictors of poor functional 
outcomes following rotator cuff repair [90]. 
Increases in fatty infiltration and muscle atrophy 
can increase the tension applied to the repair site 
as these degenerative changes decrease the com-
pliance of the musculotendinous unit. This phe-
nomenon has been confirmed in both animal 
models and clinical studies [146]. Postoperative 
radiographic assessment demonstrates higher re- 
tear rates to be associated with an increased 
degree of fatty degeneration and muscle atrophy 
[90, 147, 148]. Although degenerative changes in 
the rotator cuff muscle are often irreversible 
[82, 90, 91], the further progression of these 
changes can be diminished by surgical repair 
[90–94]. Therefore, earlier repair can lead to 
greater recovery of muscle and tendon elasticity 
[149], lower re-tear rates, and improved clinical 
results [150].

As mentioned earlier, there is a positive corre-
lation between patient age and cuff tear incidence. 
Several studies have found that increasing patient 
age is also correlated with decreased healing rates 
postoperatively [151–157]. One contributing fac-
tor could be insufficient postoperative vascular 
supply in elderly patients. Contrast- enhanced 
ultrasound suggests that blood supply to the 
 tendon has an effect on healing [59, 114, 115], 
and diminished blood supply to the rotator cuff 
is observed with increasing age, especially in 
patients over 40 [59].

There are multiple factors intrinsic to the cuff 
tear itself that can also contribute to poor out-
comes following repair. These include the num-
ber of cuff tendons torn [154], the quality of the 
cuff tendon, as well as the initial tear size 
[152, 154–157]. A study by Nho and colleagues 
[157] established that with each centimeter 
increase in tear size, there is a twofold increase in 
risk of persistent tear or re-tear following repair. 
Finally, postoperative NSAID (indomethacin and 
celecoxib) administration in a rat model has been 
demonstrated to effect tendon-to-bone healing. 
Animals treated with NSAIDs showed decreased 
collagen organization and maturation as well as a 
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decreased load-to-failure ratio at 4- and 8-week 
time points following rotator cuff repair [158]. 
However, there have been no clinical studies to 
confirm the detrimental effects of NSAID use on 
rotator cuff healing.

Biomechanics of Rotator Cuff Tear

The effect of a massive rotator cuff tear on the 
biomechanics of the shoulder can only be under-
stood in the context of normal shoulder biome-
chanics. The purpose of the shoulder is to position 
the hand in space, and the glenohumeral joint has 
the greatest range of motion of any joint to 
accomplish this function. The design of the 
shoulder provides a balance between motion, 
force transmission, and stability: the rotator cuff 
contributes to all three.

Shoulder motion is complex, but a reasonable 
understanding of it can be gained by considering 
the shoulder through the lens of planar and 3D 
motion. Planar motion consists of spinning, slid-
ing, and rolling. Spinning is essentially rotation 
of the humeral head on the fixed glenoid; the 
instantaneous center of rotation is at the center of 
the humeral head. Sliding is translation of the 
humerus on the glenoid, and the instantaneous 
center of the rotation is at the center of glenoid 
curvature. Finally rolling is a motion between 
moving and fixed segments where the contact 
points are constantly changing [159]. The shoul-
der is essentially a spherical spinning joint with a 
small amount of translation [160] (Fig. 1.4). 
Alternately shoulder motion can be thought of in 
terms of Eulerian angles as along the x axis 
(along the humeral shaft), y axis (lateral to the 
scapular plane), and the z axis (perpendicular to 
the scapula). Shoulder motion can be described 
by angular motion in those planes and is known 
to be sequence dependent [159, 161] (Fig. 1.5).

The exact contribution of each aspect of the 
cuff to shoulder motion remains a subject of 
great debate. In general, however, what is known 
is that the supraspinatus assists the deltoid in 
some capacity to elevate the humerus, and it also 
externally rotates the arm [162–166]. Whether 
this is primarily after the first 30° of abduction as 

postulated remains undetermined, many authors 
have argued that in fact the supraspinatus is 
likely most important in the first 30° of abduc-
tion as that is where its mechanical advantage is 
greatest [162, 164, 167]. The subscapularis 
internally rotates the humerus, and the infraspi-
natus and teres minor externally rotate the 
humerus [166]. The subscapularis, infraspinatus, 
and teres minor also may elevate or depress the 
humerus depending on the position of the 
humerus. The inferior cuff likely contributes to 
some aspect of abduction though this is probably 
as a stabilizer [164, 168].

The rotator cuff also provides a significant 
contribution to the stability of the glenohumeral 
joint. Stability of the glenohumeral joint is pro-
vided by a combination of static and dynamic sta-
bilizers. The static stabilizers primarily contribute 
to stability at the extremes of joint motion and 
consist of both soft tissue and bony components; 
but they are mostly independent of the cuff. The 
glenoid itself provides some stability via approxi-
mately 25–30 % contact with humeral head, 
which is increased to 33 % by an intact labrum. 

Fig. 1.4 The three planar types of motion (spinning, 
 rolling, and sliding) all occur in the glenohumeral joint 
(Itoi et al. [161])
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The glenohumeral articulation, even when the 
labrum is included, is shallow and relatively 
unstable, but stability at the extremes of motion is 
greatly increased by the ligamentocapsular struc-
tures. The coracoacromial ligament is a key supe-
rior stabilizer of the shoulder; the superior 
glenohumeral ligament prevents inferior sublux-
ation; the middle glenohumeral ligament blends 
with the subscapular tendon and provides anterior 
stability especially in mid-abduction and external 
rotation; the inferior glenohumeral ligament func-
tions as a primary anterior-posterior stabilizer in 
abduction. The inferior glenohumeral ligament’s 

anterior band contributes stability in flexion or 
external rotation, whereas its posterior band is the 
key ligamentous stabilizer in extension [169]. 
Finally negative intra-articular pressure prevents 
subluxation, especially inferiorly [170, 171].

While these structures are important to stabil-
ity of the shoulder, especially at the extremes of 
motion, the cuff is an important component of 
dynamic shoulder stabilization. In fact, it is prob-
ably the major stabilizer in normal shoulder range 
of motion. All muscles of the shoulder, especially 
the rotator cuff, provide passive resistance to 
humeral displacement, which is demonstrated by 

Fig. 1.5 Glenohumeral motion in three dimensions as 
described by the Eulerian system. (a) Neutral position, 
(b) First rotation ϕ: axial rotation about x axis represents 
the plane of elevation, (c) Second rotation θ: rotation 

about z′ axis represents arm elevation, (d) Third rotation 
ψ: axial rotation about x" axis represents humeral rotation 
(Itoi et al. [161])
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the fact that muscle removal but not cuff paralysis 
significantly increased the range of motion of the 
joint [164, 172]. The muscles of the rotator cuff 
also provide stability through a barrier effect. The 
anterior barrier to subluxation is provided by sub-
scapularis, and superiorly the supraspinatus pro-
vides a spacer between the head and acromion 
[173, 174].

Most important, though, is contraction of the 
cuff musculature, which is probably essential in 
creating joint compression via the “compression- 
contracture” model of stability. The contraction 
of the cuff musculature both centers the head and 
compresses the head against the glenoid concav-
ity which in turn prevents lateral translation [42, 
164]. The balanced compression of the anterior 
and posterior aspects of the cuff leads to the idea 
of force coupling first suggested in the work of 
Inman and later Saha [175, 176]. The long head 
of the biceps tendon, often abnormal in the set-
ting of rotator cuff injury, may help compress the 
head and likely help compensate for the loss of 
stability with cuff injury [177]. Overall the mus-
cles of the rotator cuff are key to glenohumeral 
stability and allow the other muscles of the shoul-
der to move the stabilized glenohumeral joint.

The final component of shoulder biomechan-
ics that bears examination is the force generated 
by the muscles across the glenohumeral joint. 
Joint reaction forces are greatest at 90° of abduc-
tion, as are joint contact pressure, though only in 
the setting of an intact cuff creating normal force 
coupling [178, 179]. Massive cuff tears decrease 
this effect, but small isolated tears of the supra-
spinatus do not appear to have a major effect 
(Fig. 1.6) [178].

Multiple studies have attempted to determine 
the activity of the cuff muscles in various arm 
functions aside from generation of force cou-
pling. Duchenne’s earliest studies used galvanic 
measures, but more recent studies have primarily 
utilized EMG. The majority of studies have 
examined the relative importance of the supraspi-
natus and the deltoid to arm abduction. It remains 
subject to debate, but the supraspinatus is likely 
most essential at the generation of abduction, 
though if this is due more to stabilization as part 
of the cuff or due to its moment arm giving it a 

mechanical advantage is unclear. It also is likely 
a key centralizer of the humeral head due to the 
location of its moment arm [180]. Meanwhile the 
infraspinatus and teres minor work as humeral 
head depressors, but as noted above that is posi-
tion dependent [164]. However, overall it seems 
that the cuff is most important for stabilization as 
in vivo EMG studies suggest that the cuff muscu-
lature is activated prior to other muscles in shoul-
der motion [181].

Pathological Effect of a Rotator Cuff 
Tear on Shoulder Biomechanics

The exact etiology of massive rotator cuff tears 
and their natural history remain undetermined. 
Most models suggest that the tears initiate in the 
anterior supraspinatus insertion and then spread 
posteriorly [25, 182]. Once initiated, a tear results 
in greater stress across the remaining fibers at the 
edge. When the force on the remaining fibers 
exceeds maximal tensile strength, this scenario 
can lead to propagation of the tear. The edges of 
the tear have compromised blood flow and are 
exposed to the lytic enzymes present in synovial 
fluid, both of which impede healing [20]. Once a 
tear has become large enough, activation of the 
deltoid may actually create a significant amount 
of shear stress that can damage the joint or even 
propagate the tear further [179]. This may also 
lead to further cuff degeneration as the remaining 
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superior cuff may be compressed between the 
elevated humeral head and the acromion. Erosion 
of the superior glenoid rim may also hamper the 
remaining shoulder musculature’s ability to sta-
bilize the humeral head against the glenoid [174].

Massive Rotator Cuff Tears  
and Shoulder Biomechanics

Patients with rotator cuff tears, even massive 
tears, have a wide range of clinical symptoms; 
many are even asymptomatic (though they fre-
quently develop symptoms over time) [183]. As a 
result, the exact function of the rotator cuff and 
the subsequent effect of cuff tears have remained 
a subject of great debate.

As discussed previously, the glenohumeral 
joint functions primarily as a spherical joint with 
a small amount of translation to allow that motion 
[184, 185]. Within that context, the cuff main-
tains concavity compression to stabilize the joint 
so that it may be moved by other shoulder girdle 
muscles; it also functions to steer and rotate the 
joint [164, 176, 181]. This data implies that the 
major function of the rotator cuff is to maintain 
dynamic stability of the glenohumeral joint, 
which in turn helps position the hand in space. 
Probably less importantly, the cuff also functions 
to move the joint [181].

Small tears isolated to the supraspinatus have a 
minimal effect on shoulder biomechanics in 

cadaver and computer models where pain is not a 
relevant issue. Massive tears, on the other hand, 
disrupt the stabilizing mechanism of the rotator 
cuff. However, if there is normal force coupling, 
then the shoulder can potentially function 
 normally, even in the setting of a large tear. 
Burkhart and his coauthors suggested that if the 
subscapularis and posterior cuff engage in trans-
verse force coupling in the transverse plane 
and the inferior cuff and deltoid are balanced 
 coronally, then the humerus can rotate in a stable 
fashion [186] (Fig. 1.7). This led them to recom-
mend partial repair without complete closure of 
massive tears if force coupling could be estab-
lished. Moreover, a subsequent study indicated 
that an intact teres minor and subscapsularis were 
key to good function after surgery [186, 187]. As 
Burkhart and other authors have noted, patients 
can often tolerate a tear of the supraspinatus and 
superior half of the infraspinatus, but a tear of the 
inferior half of the infraspinatus may lead to a loss 
of balanced force coupling and functional impair-
ment [5, 178, 188, 189]. If the tear becomes large 
enough that the force coupling is lost, then the 
deltoid becomes a destabilizing force that pulls 
the humeral head superiorly. A boutonniere defor-
mity can develop where the inferior cuff actually 
becomes the humeral head elevator. This can also 
damage the superior glenoid and labrum, further 
destabilizing the glenohumeral joint [174].

Rotator cuff tears can also result in the loss 
of the barrier effect of the supraspinatus, and 

Fig. 1.7 Transverse plane force coupling is disrupted by 
massive tears of the posterior rotator cuff, including the 
infraspinatus and teres minor (a). Loss of force plane 

 coupling transversely due to a tear of the subscapularis 
(b). O center of rotation, S subscapularis, D deltoid,  
I infraspinatus, TM teres minor (Burkhart et al. [186])
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potentially other cuff muscles, which can also 
allow abnormal head kinematics, especially 
superior head migration. The loss of the barrier, 
in concert with destabilizing effect of the deltoid, 
may be what causes massive cuff tears to prog-
ress to cuff tear arthropathy [174]. The effect of 
tears on the joint reaction forces remains unclear. 
Parsons et al. found that joint reactive force was 
decreased in complete tears of the supraspinatus; 
but Hansen found the joint-reactive force to be 
increased at early abduction. If joint reactive 
force is decreased, it could indicate at least par-
tial loss of the stabilizing contraction compres-
sion mechanism [160, 178].

The question of when a large tear begins to 
alter the biomechanics of the shoulder was further 
addressed by a recent cadaver study by Oh et al. 
The authors found that it was necessary for a rota-
tor cuff tear to include the entire supraspinatus 
and one-half of the infraspinatus to result in supe-
rior and posterior migration of the humeral head. 
This finding was in agreement with that of most 
other authors and reemphasizes the necessity of 
force coupling for the stabilization that allows the 
shoulder to function. This study was unique in 
that the superficial shoulder muscles were left 
intact, and they found that the head was stabilized 
by activation of the pectoralis major and latissi-
mus dorsi [164, 182, 186–188]. A similar cadaver 
study by Hansen et al., in which the humeral head 
was stabilized, demonstrated that increasing force 
in the remaining cuff muscles and a less signifi-
cant increase at the deltoid were required to 
abduct the arm, but that at least until the tear was 
7 cm in length, this increased force requirement 
was well within the physiological range an 
 average person could generate in vivo [71]. 
Interestingly, this study also showed that massive 
rotator cuff tears increased the force requirements 
for the remaining musculature, most notably at 
the initiation of abduction. For the largest 8 cm 
tears, the force required was beyond what the del-
toid could likely generate in a fatigued state [71].

It is important to note that the aforementioned 
cadaveric studies are limited by the fact that even 
when fatigue is factored in, the studies do not take 
into account the significant pain patients often 
experience, which may limit muscle activation. 

Such pain can cause a reflex inhibition of the cuff 
musculature that could change shoulder biome-
chanics. Thus, even small tears can alter shoulder 
biomechanics in vivo, despite models suggesting 
that the effect should be minimal. Kelly and col-
leagues performed a study that compared patients 
with symptomatic and asymptomatic cuff tears 
(determined by pain level and range of motion 
after tear confirmed on MRI) as well as patients 
with no cuff pathology (determined by MRI). 
Electromyographical (EMG) analysis of these 
three patient populations during various func-
tional tests (i.e., internal rotation, lifting weight 
onto an overhead shelf, etc.) showed statistically 
significant differences in muscle firing patterns, 
although sample size was low. The activation of 
the supraspinatus muscle during all functional 
tests was greatest in the symptomatic rotator 
cuff tear patient population and least in the 
 control patient population (no cuff pathology). 
Asymptomatic patients had an activation level of 
the supraspinatus muscle that was between that of 
symptomatic and control patients [190].

Other factors not considered in most biome-
chanical studies include the fact that chronic tears 
also develop tendon retraction and fatty infiltra-
tion that further decrease the force that a muscle 
can generate. Those effects may change the pen-
nation angles of individual muscle fibers. These 
changes can cause further loss of normal shoul-
der biomechanics [146, 191, 192].

For patients who are poor candidates for rotator 
cuff repair, physical therapy programs which focus 
on anterior deltoid strengthening have produced 
some success in increasing shoulder elevation and 
abduction and reducing pain. These programs 
focus on the anterior deltoid and the teres minor 
which together may reapproximate force coupling. 
Furthermore, the anterior portion of the deltoid 
allows elevation without the shearing effect that 
activation of the middle portion of the deltoid may 
cause [193, 194]. While these studies suggest that 
physical rehabilitation focused on strengthening 
the remaining musculature may allow elderly and 
low demand patient to maintain quasi-normal bio-
mechanics, they are likely not able to reestablish 
the stabilizing effect of the intact rotator cuff, 
especially in very large rotator cuff tears.
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Summary

The development of rotator cuff pathology is mul-
tifactorial in nature; resulting from a combination 
of intrinsic and extrinsic factors. Age- related 
degeneration, oxidative stress, vascular changes, 
and inflammation are all potential contributors to 
the intrinsic pathology of the rotator cuff. Of the 
variety of cellular and morphologic changes that 
are observed in the setting of massive rotator cuff 
tears, two changes—muscle atrophy and fatty 
degeneration—are strongly correlated with high 
repair failure rates and worsening functional out-
comes. Yet, the precise molecular basis for these 
changes is largely unknown.

Massive tears of the rotator cuff prevent the 
cuff from stabilizing the humeral head on the gle-
noid to allow other muscles to generate motion 
across the joint. It is unclear exactly how large a 
tear must be to cause a loss of the force coupling 
effect of the rotator cuff and normal shoulder 
biomechanics. Another major question, still 
unanswered, is the mechanism behind the evolu-
tion of subjective pain in the setting of rotator 
cuff pathology as many cuff tears are asymptom-
atic. Investigation and further understanding of 
these fundamental mechanisms will not only lead 
to better diagnostic and prognostic capabilities 
but will also aid in the development of better 
treatment modalities and adjunctive therapies for 
massive rotator cuff tears.
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