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Massive rotator cuff tendon tears – a biologic and regenerative approach  

Abstract 

Massive rotator cuff tears (MRCTs) are very large tears that are difficult to repair and often 

associated to an uncertain prognosis. These lesions are usually degenerative and may be 

associated with chronic pain and severe functional impairments. They are extremely frequent 

with advancing age, leading to great suffering and limitations in affected patients. The 

musculo-tendinous degenerative changes associated to chronic MRCTs and, the low natural 

healing and regeneration potential of the rotator cuff Tendon-Bone interface (TBi) represents a 

difficult challenge, thereby imposing the development of new therapeutic strategies. Several 

clinical solutions (e.g. surgical repair, tendon transfers, reverse shoulder arthroplasty and, 

superior capsule reconstruction) have been addressed to tackle this problem. However, none of 

them have been, so far, satisfactory, imposing the need for innovative therapeutical 

approaches. 

Several studies have proposed the use of stem cells as a possible tool for tendon healing and 

regeneration, and within it, human mesenchymal stem cells (hMSCs) have emerged as a valid 

therapeutic option. Most of their therapeutic effects are attributed to their capacity of secreting 

a wide panel of trophic factors (secretome) capable of inducing modulation and regenerative 

processes in the affected regions. Having this in mind the present thesis aimed at developing 

innovative strategies for MRCT regenerative medicine based on hMSCs, their secretome and 

the combination of them with nanopatterned based biodegradable biomaterials. 

For this purpose a MRCT rat model was initially established by sectioning bilaterally the 

supraspinatus and infraspinatus tendons. Interestingly, with the use of a bilateral lesion, our 

results demonstrated that the degenerative changes were aggravated in a more accurate way, 

resembling those observed in human tissues. Consequently, the described animal model 

represented a key step for the assessment of therapeutic strategies aiming at 

preventing/reverting chronic musculo-tendinous changes and/or enhancing the potential 

healing of TBi. 

After this, considering the importance of muscle quality on TBi healing and surgical outcomes 
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when repair is attempted, the effect of hMSCs secretome on the prevention of muscle 

degeneration after inflicting a MRCT was analyzed. It was observed that the injection of 

hMSCs secretome immediately after the lesion was established, could decrease the 

development of muscle degeneration in a rodent model of MRCT. In addition, both precise 

intramuscular local injection and multiple systemic secretome injections shown to be 

promising delivery forms for preventing muscle degeneration. This strategy is particularly 

important for patients whose tendon healing after later surgical repair could be compromised 

by the progressing degenerative changes.  

Finally, the impact of a Tissue Engineering (TE) strategy based on the combination of an 

electrospun keratin scaffold seeded with hMSCs secretome-preconditioned human tendon 

cells (hTCs) to improve rotator cuff TBi healing, without surgical repair, was assessed. Initial 

in vitro data revealed that hMSCs secretome increased hTCs phenotype, particularly the 

expression of extracellular matrix associated molecules, as well as their cell densities, and 

viability. A proteomic characterization of hMSCs secretome, revealed the presence of specific 

proteins (e.g. Follistatin, Pigment epithelium-derived factor (PEDF), IL-6, decorin, and 

biglycan) involved in muscle homeostasis and TBi healing, which are most likely linked to 

these phenomena. Subsequent experiments performed in a MRCT rat animal model 

(previously described and discussed) revealed that preconditioning hTCs with the hMSCs 

secretome in a TE strategy yielded improved rotator cuff TBi healing.  

In summary, the present work indicates that hMSCs, and their secretome, could represent a 

potential tool to help treating and improve MRCT outcomes. Nevertheless, we should keep in 

mind that its application in the future should be combined with other different approaches, 

particularly those that use TE concepts. These findings are of clinical and social relevance as 

they bring a new perspective for the prevention and treatment of MRCT aiming to improve the 

quality of life of these patients. 

  



	 xvii 

Roturas massivas da coifa dos rotadores – uma abordagem biológica e regenerativa 

Resumo 

As roturas massivas da coifa dos rotadores (RMCR) são roturas grandes, difíceis de reparar e 

muitas vezes associadas a um prognóstico incerto. Estas lesões são geralmente degenerativas e 

podem causar dor crónica e incapacidade funcional graves. As RMCR são mais frequentes 

com o avançar da idade, levando a um aumento da sintomatologia e limitação funcional. As 

alterações degenerativas músculo-tendinosas associadas às RMCR crónicas e o baixo 

potencial natural de cicatrização e regeneração da interface Osso-Tendão (iOT) da coifa dos 

rotadores representam um desafio difícil, impondo assim o desenvolvimento de novas 

estratégias terapêuticas. Várias soluções clínicas (e.g. reparação cirúrgica, transferências 

tendinosas, artroplastia invertida do ombro e reconstrução da cápsula superior) têm sido 

usadas para tentar resolver este problema. No entanto, nenhuma destas opções tem sido 

satisfatória, até agora, impondo a necessidade de terapêuticas inovadoras. 

Vários estudos têm proposto o uso de células-estaminais como uma possível ferramenta para a 

cicatrização e regeneração do tendão e, dentro destas, as células-estaminais mesenquimatosas 

humanas (CEMh) emergiram como uma opção terapêutica válida. A maior parte dos seus 

efeitos terapêuticos é atribuída à sua capacidade de segregar um vasto painel de fatores 

tróficos (secretoma) que são capazes de induzir modulação e processos regenerativos nas 

regiões afetadas. Tendo isto em mente, a presente tese teve como objetivos o desenvolvimento 

de estratégias inovadoras para a medicina regenerativa das RMCR baseada em CEMh, o seu 

secretoma e a combinação deles com biomateriais biodegradáveis baseados em nanopartículas. 

Para este propósito, um modelo de rato de RMCR foi inicialmente estabelecido através da 

secção bilateral dos tendões supra-espinhoso e infra-espinhoso. Curiosamente, os nossos 

resultados demonstraram que usando a lesão bilateral, as alterações degenerativas foram 

agravadas de forma mais consistente e semelhante aquelas observadas nos tecidos humanos. 

Consequentemente, o modelo animal descrito representou um passo chave para a avaliação de 

estratégias terapêuticas visando a prevenção/reversão de alterações músculo-tendinosas 

crónicas e/ou o aumento do potencial de cicatrização da iOT. 
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Depois disso, e considerando a importância da qualidade do músculo na cicatrização da iOT e 

dos resultados cirúrgicos quando a reparação é tentada, foi analisado o efeito do secretoma das 

CEMh sobre a prevenção de degeneração muscular após induzir uma RMCR. Os resultados 

demonstraram que a injeção de secretoma das CEMh, imediatamente após a lesão ser 

estabelecida, poderia diminuir o desenvolvimento de degeneração muscular num modelo de 

rato de RMCR. Além disso, tanto a injeção local precisa intramuscular quanto as injeções 

sistémicas múltiplas de secretoma mostraram ser formas de administração promissoras para 

prevenir a degeneração muscular. Esta estratégia é particularmente importante para os 

pacientes cuja cicatrização do tendão após a posterior reparação cirúrgica poderia ser 

comprometida pelas alterações degenerativas progressivas. 

Por fim, avaliou-se o impacto de uma estratégia de Engenharia de Tecidos (ET) baseada na 

combinação de uma matriz de queratina electroalinhada semeada com células tendinosas 

humanas (CTh) pré-condicionadas pelo secretoma das CEMh para melhorar a cicatrização da 

iOT da coifa dos rotadores, sem reparação cirúrgica associada. Os dados iniciais in vitro 

revelaram que o secretoma das CEMh aumentaram o fenótipo das CTh, particularmente a 

expressão de moléculas associadas à matriz extracelular, bem como a sua viabilidade e 

densidades celulares. A caracterização proteómica do secretoma das CEMh, revelou a 

presença de proteínas específicas (e.g. Follistatina, fator derivado do epitélio pigmentado 

(FDEP); IL-6, decorina, and biglycano) envolvidos na homeostasia muscular e cicatrização da 

iOT, e que estão muito provavelmente ligados a estas ações. Experiências subsequentes 

realizadas no modelo animal de rato de RMCR (anteriormente descrito e discutido) revelaram 

que o pré-condicionamento de CTh com o secretoma das CEMh, numa estratégia de ET, 

proporcionou uma melhoria da cicatrização da iOT da coifa dos rotadores. 

Em resumo, o presente trabalho indica que as CEMh, e o seu secretoma, podem representar 

um instrumento potencial para ajudar a tratar e melhorar os resultados clínicos das RMCR. No 

entanto, devemos ter em mente que a sua aplicação futura deve ser combinada com outras 

abordagens diferentes, particularmente aquelas que utilizam conceitos de ET. Estes achados 

são de relevância clínica e social, uma vez que trazem uma nova perspetiva para a prevenção e 

tratamento das RMCR visando melhorar a qualidade de vida desses pacientes. 
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Thesis planning 

The present thesis is organized in seven different chapters. The body of chapters 3 - 6 is 

presented as research papers (accepted or submitted for publication).  

Section I – Chapters 1 to 3 

Chapter 1 presents a comprehensive and exhaustive overview of the knowledge about 

chronic massive rotator cuff tears (MRCTs). It starts covering all the topics regarding 

History, Definition, Epidemiology, Classification, Clinical presentation, Treatment, 

Anatomy, Histology, Tendon-Bone interface (TBi) healing and new therapeutic approaches 

including mesenchymal stem cells (MSCs) and its secretome. At the end, an extensive 

discussion of the different research works is provided, as well as some insights on future 

directions and strategies to treat this pathology.  

Chapter 2 describes the objectives of the thesis. 

Chapter 3 presents two systematic reviews that were conducted about the scientific 

evidence available (about the most used anatomical and non-anatomical clinical solutions) 

in the current clinical practice to treat chronic MRCTs. 

Section II – Chapters 4 to 6 

All the chapters within this section describe all the experimental work performed on the 

scope of this thesis.  

Chapter 4 describes the development of the MRCT rat animal model to further study the 

therapeutic interventions aiming to improve the condition of the disease. The results revealed 

that a bilateral injury mimics more consistently the degenerative characteristics of this 

pathology. 

Chapter 5 reports the results of using the secretome of human mesenchymal stem cells 

(hMSCs) as a new therapeutic tool for preventing muscle fatty degeneration and atrophy in 

the setting of a chronic MRCT. Moreover, it was also evaluated the influence of the site 

and/or periodicity of hMSCs secretome injection in the potentially positive effects. Our 

results suggest that the therapeutic intervention with hMSCs secretome injection initiated 

immediately after the occurrence of a two-tendon MRCT in a rat model, decreases the 
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muscle degeneration associated to this lesion. In addition, we demonstrated that the positive 

effects could be safely obtained either with systemic or local injections of hMSCs secretome.  

Chapter 6 provides an analysis of the effects of hMSCs secretome on human tendon cells 

(hTCs) in vitro. Moreover, the in vivo effects of a tissue engineering (TE) strategy involving 

these hTCs pre-conditioned in hMSCs secretome and seeded in a biodegradable electrospun 

keratin matrix was addressed by transplantation into a MRCT rat model without surgical 

fixation. Results revealed that hMSCs secretome led to increased densities and viability of 

the hTCs in vitro. Even more relevantly were the in vivo results, where we observed an 

improvement in the histological and mechanical properties of TBi, although a complete 

regeneration was not observed.  

Section III – Chapter 7 

Chapter 7 presents a general discussion of all the works carried out in the scope of this 

thesis, in which specific considerations and future perspectives/considerations are provided.  

Annex I 

In this Annex, it is presented an academic post-graduate education course that was developed 

in the context of the research project of the present thesis, integrating the International 

Postgraduate Program of the Health Sciences School of the University of Minho. The course 

“MASSIVE ROTATOR CUFF TEAR: FROM BASIC SCIENCE TO CLINICS“ was 

organized in three consecutive years and consisting of a theoretical Symposium and a hands-

on cadaveric course about this problematic. The target audience was orthopedic surgeons 

interested in shoulder pathology and aiming to improve practical skills and discuss basic 

research, theoretical indications and outcomes in MRCT. 

	



 

 

 

 

 

 

 

 

 

 

 

 

 

SECTION I 

 

 

 

 

 

 



 

 

  



 

 

 

 

 

 

 

 

 

 

 

Chapter 1  

 

 

General Introduction 

 

 

 

 

  



 

 



	

 5 

1. INTRODUCTION 

1.1 General Introduction 

Approximately one century ago E. Amory Codman published the first two known cases of 

rotator cuff repair1. From his description, we can verify that the tendon may not have been 

of good quality and it was retracted toward the glenoid in such a way that prevented an 

anatomical repair, as he had to suture the tendon edge ‘‘à-distance”1-3. Probably, nowadays 

we would interpret these two cases as massive rotator cuff tears (MRCTs) but the term has 

only been adopted more recently4, 5. 

It is apparent great interest on MRCTs, both from clinical and biomechanical research5. 

Noteworthy, we believe that this interest will be increasing even more, in which the 

contribution of biological and biomaterial research will bring new tools that may facilitate 

and promote tendon-to-bone healing. These massive tears are usually chronic lesions 

associated with myotendinous retraction6-8, atrophy and fatty degeneration of the muscles9, 

which turns surgical treatment a difficult and high-demand technical challenge. In addition 

to this, the degenerative process affecting the muscle-tendinous unit compromises the 

ability to heal the tendon in the bone10. Being so, when these tears lost the necessary 

elasticity for an anatomical complete repair and/or they have a high degree of fatty 

degeneration of the muscles (beyond Goutallier stage 2) they have a low probability of 

successful repair, a great likelihood of relapse and therefore, they can be considered 

irreparable9, 11, 12. 

The normal function of rotator cuff musculature creates a ‘‘concavity compression”, a 

mechanism that imparts stability to the gleno-humeral joint and establishes a stable fulcrum 

against which the deltoid can rotate the humeral head and elevate the arm13-15. So, the 

rotator cuff musculature is responsible for the dynamic stability of the shoulder function – 

the rotator cuff “force couple”16-19 – and when this balance is lost, in MRCTs, and not 

restored, the scenario can complicate with the installation of a static superior subluxation of 

the humeral head20-25 and finally osteoarthritis7, 22, 25. In addition, in MRCTs, there are 

structures that become increasingly important for stability of the shoulder, like the coraco-

acromial ligament, which is a stabilizer against antero-superior dislocation of the humeral 
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head, because the rotator cuff fails to perform that function. Consequently, resection of the 

coraco-acromial ligament, which is sometimes performed when doing subacromial 

decompression, is not advocated in these patients26-29.  

Moreover, a retracted MRCT involving the supraspinatus (SS) and infraspinatus (IS) 

tendons has been suggested as a cause of suprascapular neuropathy30-34 due to the traction 

exerted in the suprascapular nerve (SSN), at the suprascapular notch or around the base of 

the spine of the scapula. In fact, it has been reported that in 8-27% of patients with 

MRCT33, 35 has a relatively fixed position beneath the transverse scapular ligament36-41and 

so, the excessive traction can result in injury to this nerve31, 38, 42-44. Thus, this neuropathy 

may be solved with a substantial improvement in pain and function through the rotator cuff 

surgical repair30, 33. However, caution should be taken in the mobilization of the rotator cuff 

tendons during its reinsertion at the footprint, which can result in an iatrogenic injury to the 

neurovascular structures37, 38. 

However, in addition to mechanical difficulties, biological impairments such as relative 

hypovascularity of the tendons are also present, leading to impairment of tendon-to-bone 

healing45. 

Usually, the initial step treatment of rotator cuff tears is conservative with pain control and 

physiotherapy, trying to restore a balanced shoulder. However, during this period the tear 

size can progress, and if the tear becomes symptomatic and surgery needed, it may result in 

a massive irreparable tear, precluding an anatomical repair. So, it is important to identify 

and treat a massive tear that needs surgical repair when it is still reparable. Nowadays, an 

evidence-based strategy to choose at the right time this subset of patients is still not well 

established and a lot of patients, when submitted to surgery, they already have an 

irreparable tear. The key parameters to choose the definitive treatment are based on the 

clinical symptoms, the functional demands of the patient and the reparability of the lesion46. 

The ideal condition would be to have technical options that help to treat a MRCT, when it 

becomes symptomatic and resistant to the conservative treatment, transforming an 

irreparable and inelastic tear in a reparable one with a favorable biologic milieu stimulating 

the tendon-to-bone healing. Prevention of the degeneration typically installing after a 
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MRCT would also be particularly important for patients, whose tendon healing after later 

surgical repair could be compromised by the progressing degenerative changes.  

 A significant amount of work is being done to change the actual situation and some 

options are under investigation and will be reviewed here. 

 

1.2 Definition and Epidemiology 

Several definitions of a MRCT have been proposed based in different criteria, namely the 

diameter of the tear (³5 cm)47, 48, the area of the defect/tear pattern49 and the mobility of the 

tear margins19, as well as the number of tendons affected where at least 2 are completely 

torn8, 38, 46, 50. Moreover, other authors added that at least one of the two tendons must be 

retracted beyond the top of the humeral head51. Despite the fact that all of these 

classification systems have positive points and limitations, we think that the easiest to 

apply, reproducible and informative, is the one based in the number of tendons affected. 

Regarding the anatomical location, MRCTs can be described as postero-superior or antero-

superior52, 53. Postero-superior rotator cuff tears (RCT) involve the SS and the IS, with or 

without associated lesion of the teres minor (Tm) tendon, whereas antero-superior tears 

involves a complete tear of the SS and the subscapularis tendons. In postero-superior tears, 

the progression of IS muscle atrophy seems to induce compensatory hypertrophy of the Tm 

muscles. In patients with atrophic IS, shoulders with compensatory hypertrophy of the Tm 

had a greater strength and range of external rotation than shoulders with normal or atrophic 

Tm54. So, patients with postero-superior RCT can be partially compensated by Tm 

hypertrophy, by a process linked to the activation of mTOR signaling in the Tm muscle and 

this, may be an effective therapeutic target when treating a MRCT55. Moreover, antero-

superior RCT involving the subscapularis may be associated with instability, tenosynovitis 

or rupture of the long head of biceps brachii (LHB) tendon, which has an important 

contribution for the symptomatology usually present in these patients. 
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The etiology of a MRCT can be purely traumatic (acute) or degenerative (chronic). The 

former is very rare and associated with an extensive trauma that can rupture the healthy 

cuff. Characteristically, they have an absence of fatty muscle degeneration (usually less 

than a stage 2 of Goutallier classification unless a few months passed after the triggering 

trauma) and an earliest possible repair should be done46. However the degenerative process 

associated with ageing promotes and increases the frequency of tendon injuries such as 

RCT56, 57. So, chronic MRCTs are much more frequently find in clinical practice and 

exhibit degenerative musculo-tendinous changes. Noteworthy, independently of the 

classification used, the important point is to evaluate the healing potential of the tendon5 

and try to establish if the tear is repairable without tension or not because MRCT are not 

synonymous of irreparability45, 51. This concept is essential to establish the prognosis and 

choose the appropriate treatment of this lesion. Signs of irreparability include static 

superior migration of the humeral head, a narrowed or absent acromio-humeral distance 

(AHD), and fatty infiltration affecting >50% of the rotator cuff musculature58-61. 

RCTs are very frequent, especially among older people, being individuals over 60 years the 

most affected. The prevalence of rotator cuff disease increases with advanced age, with 28–

65% of individuals over 65 years having RCTs62, 63 and a ten-year difference was found 

between patients with no rotator cuff tear (48.7 years of average age), unilateral tear (58.7 

years) and bilateral tear (67.8 years)64. MRCTs have been reported as ranging from 10% to 

40% of all rotator cuff tears45, 58, 59, 65-69. In a more enlightening way, MRCTs are 

responsible for 80 % of recurrent tears70, 71. 

 

1.3 Natural History and Prognostic Factors 

Information about the natural history of RCTs is sparse and only few studies looked 

specifically at this point7, 64, 72. A rotator cuff tendon tear is a problem of the tendon as well 

as the respective muscle, because the resultant retraction affects the myotendinous unit as a 

whole. Retraction of the muscle belly may lead to a change in the pennation angle between 

the muscle fibers and the subsequent development of fatty infiltration where the fat 
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accumulates in the interfiber gaps73, 74 and with intrafascicular, extrafascicular or 

intratendinous locations75, 76.  

A better understanding of the molecular pathways subjacent to fatty infiltration is important 

to develop potential therapeutics that could avoid or reverse these degenerative processes. 

Currently, it is believed that the hypothetic sources of adipocytes during fatty degeneration 

comes from: 1) the proliferation of pre-existing adipocytes within the muscle, 2) the 

differentiation of resident stem cells into mature adipocytes and, 3) extramuscular sources 

recruitment77, 78 (e.g. tendons79, 80). Satellite cells of adult muscle may play an important 

role, as they are responsible for regeneration of muscle after injury, in which age or 

extracellular environment may negatively affect its regenerative capacity 80, 81. Noteworthy, 

it is known that the stem cell populations that reside in adult skeletal muscle (e.g. satellite 

cells) have the ability to differentiate into adipogenic lineages82, being hypothesized, 

although not proven, that they can be the source of adipocytes in fatty infiltration83. 

Following this idea, transforming growth factor-β (TGF-β) has also been postulated as a 

key player in the promotion of rotator cuff muscle fibrosis and fatty infiltration by acting in 

fibro/adipogenic progenitor (FAP) cells, an important cellular origin of rotator cuff muscle 

fibrosis and fatty infiltration. So, TGF-β pathway is a critical regulator of the degenerative 

muscle changes seen after MRCTs84. Moreover, several transcription factors have been 

implicated in the pathogenesis of fatty infiltration. For instance, peroxisome proliferator–

activated receptors (PPARs) and CCAAT/enhancer-binding proteins (C/EBPs) are involved 

in the differentiation of pre-adipocytes into mature adipocytes85. Furthermore, MyoD1, and 

Myf5 are transcription factors regulating the differentiation of myoblasts into mature 

muscle cells include myogenin86. In addition, the Wnt signaling pathway is a key regulator 

of adipogenesis of MSCs. Indeed, in vitro studies have found that Wnt signaling actively 

suppresses adipogenesis and the absence of Wnt signaling induces spontaneous 

reprogramming of myoblasts toward adipocyte differentiation87. Another study established 

that mechanical stretch in muscle directly activates Wnt signaling to inhibit myoblast 

differentiation into adipocytes88. Overall, the above-referred studies suggest that the loss of 

mechanical stretch, as it is patent in MRCTs, initiates adipogenic pathways of multipotent 

stem cell or precursor cell populations within the muscle, leading to fatty degeneration of 

the muscle80. 
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The amount of muscle fatty degeneration and atrophy are important prognostic factors for 

the outcome of a rotator cuff repair, as this chronic changes are associated with poor 

biologic and mechanical properties that harms the capacity to heal of the myotendinous 

unit9, 50, 89-93. These muscles degenerative changes progresses throughout time, while non-

operative treatment is undertaken, can result in poor outcomes due to the increased non-

healing/re-rupture rates when surgical repair is attempted72. They are at the current 

knowledge considered irreversible, and (currently) the only way to improve the clinical 

outcome is to perform an early intervention in small tears before the appearance of an 

irreversible muscular damage11, 89.  

Therefore, it is not possible to have an effective control of the progression of these changes 

during the conservative treatment. So, strategies to prevent muscle degeneration after 

chronic RCT are important to facilitate further surgical repair and to avoid the irreparability 

of the lesion. In this line of thought, some approaches are being tried in order to prevent or 

reverse chronic RCT pathophysiology such as continuous muscle-tendinous mechanical 

traction73, pharmacological administration of anabolic steroids74, 94, inhibition of 

inflammatory pathways with licofelone95 and MSCs augmenting rotator cuff repair96.  

Experimentally, continuous traction and staged repair proved to partially reverse fibrosis 

and atrophy of the muscle in a sheep model, but this method most likely would not be 

translated to clinical practice73. Concerning pharmacological interventions with anabolic 

steroids, these demonstrated to be valuable in the prevention of fatty infiltration and partial 

preservation of muscle function, although complications like infections were present and 

need to be considered74. At the same time, it is also known that the progression of fatty 

infiltration is faster in RCT that are traumatic and/or involve more than one tendon. Rotator 

cuff repair should be performed before the appearance of muscle Goutallier stage 2 fatty 

infiltration or atrophy with positive tangent sign and, as soon as possible in older patients 

when the tear involves multiple tendons72. Nevertheless factors influencing the evolution of 

RCT are not well-understood, patient age greater than 60 years, full-thickness tears, and 

fatty infiltration were associated with RCT progression, when non-operative treatment of 

symptomatic RCT was undertaken97. Elderly people have been shown to have a higher 

frequency of larger tears, related with a degenerative process and fewer excellent results 
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than younger patients, although high satisfaction rates have been reported57, 98-100. However 

age should not be looked as a major determining factor in deciding treatment rather a 

careful assessment of each individual patient evaluating his or her suitability for surgery 

and subsequent rehabilitation is more important99. Nonetheless, other factors can influence 

the RCT prognosis including diabetes, history of smoking, use of nonsteroidal anti-

inflammatory drugs (NSAIDs) and overall fitness101. Diabetes increases the risk of 

infection and rotator cuff repair failure102. On the other hand, smoking is an important risk 

factor for the development of rotator cuff tears103. It was described a direct relation between 

the dose and the frequency of smoking with severity of RCT, where massive tears are more 

frequent in smokers than in non-smokers104. Moreover, smoking also adversely affects 

postoperative pain relief and clinical scores105. Finally, NSAIDs have been shown to inhibit 

tendon-to-bone healing, in a rat model, and their use should be reconsidered at least after 

rotator cuff surgical repair106. 

1.4 Clinical Assessment 

The clinical diagnosis of symptomatic MRCT is based, like in other pathologic entities, on 

the history and physical examination. Besides the irreplaceable role that this issue plays in 

the diagnosis, it also helps to decide the need and type of treatment. These lesions may be 

associated with incapacitating and chronic pain, severe functional impairment and 

weakness50, 107. 

There are some pathologies that can mimic the presentation of a MRCT, but in fact, what 

they really affect is subjacent to other anatomical areas like the cervical spine (e.g. cervical 

myelopathy or radiculopathy), and this, should always be kept in mind and excluded during 

investigation/evaluation. 

 

1.4.1 History 

The main complaint is usually a painful shoulder either during activities of daily living, and 

particularly at night when may even awaken the patient. This symptom may have 
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contributions from other locations besides the rotator cuff like the acromio-clavicular 

joint108, the LHB tendon and the subacromial bursa109. Furthermore, patients may report 

varying degrees of weakness and losses of the range of motion, which may prevent the 

achievement of some activities of daily living, thereby interfering with the autonomy of the 

patient.  

 

1.4.2 Physical Examination 

Small tears affecting a single tendon may present difficulties in the clinical diagnosis, 

however, massive tears can be identified almost always with a great degree of certainty. 

Hence, inspection should reveal a visible atrophy of the SS and/or IS muscles in the 

corresponding fossae. Previous surgical incisions and deltoid insufficiency should also be 

noted. In addition, a joint effusion may be present - the ‘‘geyser sign’’ or “fluid sign” – 

resulting from synovial fluid escape from the gleno-humeral joint into the subacromial 

bursa, leading to swelling of the shoulder110, 111. Additionally, a hard bulging beneath the 

deltoid can be seen, corresponding to the ascended humeral head with an antero-superior 

escape, particularly when the coraco-acromial ligament has been previously resected27.  

Active and passive range of gleno-humeral movement should be evaluated. Many patients 

with MRCT are able to maintain overhead motion through balanced force couples112, 113. 

However, some patients are severely debilitated with a pseudoparalytic shoulder with 

pronounced loss of active range of gleno-humeral movement (the anterior elevation is less 

than 90º, in other words inability to actively raise the affected arm above shoulder level), 

but passive motion is maintained. In addition to this, functional deficits can also be used to 

locate the tear site109. Posterosuperior cuff disruption typically causes impairment in 

abduction, anterior elevation, and active external rotation. If the subscapularis is involved, 

we can observe an internal rotation weakness and increased passive external rotation114. All 

movements’ power should be graded according to the Medical Research Council (MRC) 

scale115. Thus, based on such assumptions, the available specific clinical tests for rotator 

cuff myotendinous units should not only be used to guide the diagnosis, but also to decide 

the appropriate treatment116: 
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Jobe sign117 (for assessment of the SS tears) evaluates the ability/strength of the affected 

shoulder to maintain the arm in a position of 90º of elevation in internal rotation against a 

force applied by the examiner. There is concern that pain may interfere with strength 

testing, and interpretation of muscle weakness can affect the sensitivity, specificity, and 

accuracy of the test109.  

Lift-off test118 (for assessment of complete tears of the subscapularis) evaluates the ability 

of the patient to push away the examiner hand from an internally rotated and extended 

position (hand on the lumbar region - ‘‘behind the back’’). The test is considered positive if 

the patient is unable to raise the arm posteriorly off the back. 

Belly-press test/”Napoleon” sign119 (for assessment of the upper portion tears of the 

subscapularis) evaluates the patient’s ability to push down on the belly with the hand flat 

without the elbow dropping behind the plane of the body. The test is considered positive 

when the elbow drops in a posterior direction, internal rotation is lost, and pressure is 

exerted by extension of the shoulder and flexion of the wrist. This position is known as 

Napoleon sign and can be used in predicting not only the presence of a subscapularis tear 

but also its general size120.  

Bear-hug test121 (for assessment of subscapularis tendon tears) is performed by placing the 

palm of the affected side on the contralateral shoulder with the fingers extended and the 

elbow positioned anteriorly. The patient then holds this position while the physician tries to 

pull the patient’s hand away from the shoulder by applying an external rotation force 

perpendicular to the forearm. The test is considered positive when it is impossible to 

maintain the initial position. 

Belly-off sign122 (for assessment of subscapularis partial tears and/or postoperative 

insufficiencies) of the arm of the patient is passively brought into flexion and maximum 

internal rotation with the elbow 90° flexed. The elbow of the patient is supported by 1 hand 

of the examiner, while the other hand brings the arm into maximum internal rotation, 

placing the palm of the hand on the abdomen. The patient is then asked to keep the wrist 

straight and actively maintain the position of internal rotation as the examiner releases the 

wrist. The sign is positive if the patient cannot maintain this position, lag occurs and the 
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hand lifts off the abdomen. This test is reliable only if there are intact external rotators.  

Dropping sign123 (for assessment of IS tendon tears). The examiner places the patient’s 

elbow in 90° of flexion with the arm by the side in 0° of abduction and 45° of external 

rotation. The examiner holds the patient’s forearm in this position and instructs the patient 

to maintain this position. The dropping sign is considered positive if the patient is unable to 

maintain this position and the arm drops back into the neutral position. The dropping sign is 

both 100% sensitive and 100% specific for irreparable tears of the IS with significant fatty 

degeneration116. 

Horn-blower’s sign124, 125 (for assessment of teres minor and IS tendon tears) was first 

reported in obstetric brachial plexus palsy and indicates the difficulty in raising the hand to 

the mouth in the absence of external rotation of the shoulder. This sign is performed with 

the arm at 90° of abduction in the scapular plane and the elbow at 90º of flexion, being the 

patient asked to rotate the arm externally; if this is not possible and there is an inability to 

complete this action without abducting the arm to avoid active external rotation, the horn-

blower sign is positive. The horn-blower sign is both 100% sensitive and 93% specific for 

irreparable tears of the teres minor116. 

External rotation lag sign (ERLS)126 (for assessment of the SS and IS tendon tears). The 

patient is seated on an examination couch with his or her back to the physician, who holds 

the elbow passively flexed to 90º, and the shoulder is at 20º of elevation (in the scapular 

plane) and near to maximal external rotation; the patient is then asked to actively maintain 

the position of external rotation in elevation as the physician releases the wrist, while 

maintaining support of the limb at the elbow. The sign is positive when a lag, or angular 

drop occurs.  

Drop sign126 (for assessment of the IS tendon tears). The patient is seated on the 

examination couch with his or her back to the physician, who holds the affected arm at 90º 

of elevation (in the scapular plane) and at almost full external rotation, with the elbow 

flexed at 90º. The patient is asked to actively maintain this position as the physician 

releases the wrist while supporting the elbow. The sign is positive if a lag or "drop" occurs.  
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Internal rotation lag sign (IRLS)126 (for assessment of subscapularis tendon tears). The 

patient is seated on an examination couch with his or her back to the physician, who holds 

the affected arm at almost maximal internal rotation. The elbow is flexed to 90º, and the 

shoulder is held at 20º of extension. The dorsum of the hand is passively lifted away from 

the body until almost full internal rotation is reached. The patient is then asked to actively 

maintain this position as the physician releases the wrist, while maintaining support at the 

elbow. The sign is positive when a lag occurs.  

1.4.3 Imagiological evaluation 

Imaging studies are useful to complement the information about both the diagnosis and the 

choice of the correct treatment for MRCT. Some modalities are used more frequently 

together with several classifications. Based in the information provided by them, the patient 

is located in the spectrum of the disease. This information aims to define the natural history 

of the disease and help in the decision of the treatment. 

a. X-ray 

Radiographs of the shoulder are usually the first examination used in the diagnosis and 

evaluation of MRCT. The presence of cortical irregularity of the greater tuberosity at the 

attachment site of the SS indirectly indicates the presence of a rotator cuff tear with a 

sensitivity of 90%, and a negative predictive value of 96%127. In AP radiographs, the 

distance from the lower edge of the acromion to the superior aspect of the humeral head – 

AHD - can be decreased due to a superior migration of the humeral head when the dynamic 

stabilizing effect of the rotator cuff is lost, meaning that a MRCT is present. The size of a 

rotator cuff tendon tear and the extent of fatty infiltration of the muscles have a significant 

negative correlation with the AHD23, 128, 129. Moreover, proximal migration of the humeral 

head is indicative of a chronic rotator cuff tear that cannot be surgically repaired46. In 

addition to this, proximal humeral migration leads to degenerative changes in the acromion, 

acromio-clavicular joint, coracoid and glenoid, being possible the final appearance of a 

glenohumeral arthritis (cuff tear arthropaty)111, 130. Characteristically, the abnormal contact 

between the humerus and the acromion can lead to rounding off of the greater tuberosity 

(femoralization) and concave erosion of the under surface of the acromion 
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(acetabulization)131. For instance, Hamada et al22 classified MRCT radiographically based 

in AHD, degenerative changes in the  acromion and gleno-humeral joint space narrowing. 

The five-grade classification presumes to reflect the temporal evolution of RCT and is as 

follows:  in Grade 1 the AHD is maintained (³ 6 mm) and narrows in Grade 2 (£ 5 mm); in 

Grade 3 an acetabulization in addition to the Grade 2 narrowing is seen; in Grade 4, 

narrowing of the glenohumeral joint is added to the Grade 3 features, and Grade 5 

comprises a humeral head collapse. Subsequently, Walch et al132 subdivided Grade 4 of 

Hamada et al. into two subtypes: Grade 4A, glenohumeral arthritis without subacromial 

arthritis (acetabulization); and Grade 4B, glenohumeral arthritis with subacromial arthritis. 

b. Ultrasonography  

Although this examination is highly operator-dependent, the test permits evaluation of the 

shoulder during provocative maneuvers, allowing a dynamic evaluation of the bilateral 

shoulder, which represents a clear advantage over other image examinations133, 134.  

It is also particularly useful in the presence of orthopedic implants, as computed 

tomography (CT) scan and magnetic resonance imaging (MRI) are limited by artifact-

induced image distortion. However, limitations of ultrasonography including difficulty in 

defining complex tear patterns and grading the severity of fatty infiltration of muscle, as 

well as the identification of coexistent intra-articular pathology that can involve the labrum 

or biceps tendon134. Nevertheless, recent reports have also shown that ultrasonography is, in 

fact, an effective way to evaluate muscle atrophy and fatty infiltration135, 136. 

c. CT scan 

CT scans are now used less frequently than MRI, but they are useful to detect rotator cuff 

tears, assessing rotator cuff atrophy and fatty infiltration, and also evaluating the structural 

results after surgery9, 11, 137, 138. 

Goutallier et al. reported a classification system to define the severity of fatty infiltration in 

the affected rotator cuff muscle using CT scan9, 137. They proposed also that the degree of 

fatty degeneration could predict clinical outcomes after rotator cuff repair12. Hence, CT 
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scan can provide a more detailed view of the local bony architecture and acromio-clavicular 

joint, which can be useful when planning treatment. Limitations include the radiation 

involved at each examination, and it has a limited role in the setting of intra-articular 

associated pathology or partial rotator cuff tears. For this purpose, CT arthrography may be 

used, which can allow a precise evaluation of the intra-articular structures (e.g. labrum) and 

RCT that communicate with the articular surface139. Moreover, CT arthrography may have 

a more important role after surgery, because metal anchors and their associated artifacts 

may compromise the diagnostic value of MRI140. 

d. MRI 

MRI has 92.1% sensitivity and 92.9% specificity to diagnose a full-thickness rotator cuff 

tear141. Indeed, MRI, with or without contrast, can be used to detect and grade MRCT and 

the associated prognostic factors like the tear size, retraction, and fatty infiltration. Fuchs et 

al. have validated a classification by MRI to evaluate and stage the severity of fatty 

degeneration142. The information obtained can be used to estimate the quality, and 

consequently, the reparability of the torn musculo-tendinous unit 65, 143-145. 

This examination tool provides also detailed information on the soft tissue structures, which 

helps to detect associated intra-articular pathology, and is less operator-dependent and 

easier for orthopedic surgeons to review. Limitations include motion artifact, intolerance by 

claustrophobic patients and possible contraindication for certain implanted devices134. 

1.4.5 Electrodiagnostic studies  

Electrodiagnostic studies like electromyography (EMG) and nerve conduction velocity 

(NCV) studies remain the standard option for the diagnosis of SSN injury34. Although 

controversial, and because a large proportion of patients with MRCT have associated SSN 

neuropathy that can be reversed with surgical repair, preoperative electrodiagnostic studies 

may help to rule out this injury34, 35.  

EMG may demonstrate denervation of the SS or IS muscle with resultant fibrillations and 

sharp waves. In NCV studies, the motor conduction velocity of the SSN provide a latency 
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value from the Erb point to the SS and IS muscles as well as, a latency value between the 

muscles. The overall sensitivity and specificity of EMG and NCV studies are highly 

variable and depends on the condition being tested. It has been suggested that bilateral 

studies may be useful to enable a comparison of values34. Thus, electrodiagnostic studies, 

in the setting of SSN injury, can potentially be used to partly predict functional outcome 

after treatment where the severe preoperative EMG changes are associated with least 

improvement and vice versa33, 146. 

1.5 Rotator cuff Tendon-bone interface (TBi) and healing  

TBi is a highly organized structure where two different tissues (tendon and bone) connect, 

allowing the transmission of force produced by the muscle to the bone, resulting in 

movement. Briefly, the tendon is composed of a highly organized collagenous extracellular 

matrix (ECM) and parallel collagen fibers, which are oriented along the long axis of the 

tendon. Some specialized fibroblasts (tenocytes) are distributed in parallel rows between 

the collagen fibers, and a few vascular structures are evident. Then, the dense collagen 

fibers of the tendon gradually intermesh with fibrocartilage, which becomes progressively 

mineralized and continuing into the adjacent cortical bone. A tidemark is usually noted 

between non-mineralized and mineralized fibrocartilage (Fig 1). 
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Figure 1 - Rotator cuff (SS and IS) uninjured TBi histological analysis. The normal histology of 

the intact TBi is composed of four consecutive zones: a dense tendon zone, non-mineralized 

fibrocartilage, mineralized fibrocartilage and bone. The tendon collagen fibers are typically oriented 

along the long axis of the tendon and the fibrocartilage zone becomes progressively mineralized 

toward the bone border. There is also a tidemark, a well-defined transition line between the non-

mineralized and mineralized fibrocartilage, which indicates the production of a flat surface during 

the mineralization process (Masson’s Trichrome, original magnification 40x). 

 

The healing process after injury or surgical repair is usually predictable with three 

overlapping stages – (1) inflammation, (2) proliferation/matrix production and (3) 

remodeling147, 148. In this process, the recruitment and activation of intrinsic tenocytes peaks 

in the proliferation phase where they are recruited from the paratenon, endotenon and 

epitenon, migrating to the wound site and begin proliferating149, 150. All sources of 

tenocytes are important in synthesizing an ECM, as well as in the establishment of an 
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internal neovascular network151. Indeed, it is recognized that the self-healing potential of 

each tissue is carried out by endogenous resident stem cells152. In tendon tissue, several 

works have described the presence of multipotent stem cells, termed tendon 

stem/progenitor cells, proposing it as one of the potential approaches of tenogenic 

regeneration153, 154 152, 155, 156. These cells may have indeed an important role in embryonic 

and young tendon injuries, as this is clinically evident in infants’ tendo-achilles, whose 

tendon regenerates few weeks after the tenotomy used in the Ponseti's technique of clubfoot 

correction157, 158. However, in adult tendon tears (e.g. rotator cuff), such fact seems not to 

occur due to the decline of these cells throughout life, which may explain why the 

spontaneous regeneration process is very limited and fail159.  

Moreover, successful rotator cuff healing could occur in adults by reactive scar formation 

(rather than regeneration of a histologically normal TBi) even if the overall structure and 

organization of the normal insertion site does not regenerate160-162. In fact, in tendon healing 

process, and more specifically in the inflammatory phase, different types of cells, including 

fibroblasts/tenocytes, platelets and MSCs, enter in the wounded area, whereby cellular 

interactions play a crucial role in the healing process163. In particular, MSCs have been 

presented as important modulators of tendon healing processes164. However, it remains still 

unclear how MSCs modulate the healing process, if it is by their differentiation into 

tenocytes at the injury site165 or, if it is by acting as modulators of the local biological 

behaviors via cell–cell contact or by the secretion of immunomodulatory and trophic 

factors, or by the combination of all these mechanisms159, 166, 167.  

Interestingly, it was postulated that if it was possible to recapitulate the events that occur 

during the ontogenesis process, the structure of the rotator cuff insertion could be 

reformed160. So, all this fits in the focus of our research work, in which we try to find 

methods to augment and orientate the biologic response following rotator cuff tears, 

thereby aiming to improve TBi’s characteristics and clinical outcomes. 
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1.6 Current Clinical solutions 

Treatment should be individualized, guided by the symptomatology and conducted in a 

multidisciplinary and stepwise approach. The goal is first to relieve pain, and whenever 

possible regain the function of the shoulder. 

Conservative treatment is usually the first step. After that, if symptoms persist, then 

operative treatment may be indicated. In that case, the ideal solution would be an 

anatomical and tension-free repair on the footprint. The term massive has a connotation of 

difficulty and irreparability but despite the challenging, most of the MRCT are, nowadays, 

reparable with arthroscopic surgical techniques and material advancements51. However, 

sometimes the complete repair is not possible or the healing likelihood of the tendons is 

low and then, there are many palliative alternatives available in clinical practice. At the 

present knowledge, there is no strong evidence favoring one option over the others. So, the 

evidence available is based in the outcomes described about a certain procedure, which 

choice depends on the clinical scenario, severity of the tear, tissue quality and finally, the 

option of the surgeon46. 

1.6.1 Conservative treatment 

The management of symptomatic MRCT patients should begin with non-operative 

management, which includes activity modification, analgesic medications, physical therapy 

and for some authors, steroid infiltration168-171. Moreover, some patients are not suitable for 

surgery, because they frequently are elderly patients with multiple comorbidities, which can 

preclude a major surgery, while moderately symptomatic patients may accept their 

functional limitations171. Being so, non-operative treatment should focus on control pain, 

improve range of motion and also eliminate scapular dyskinesia. Physical therapy, which 

attempts to restore shoulder function and strengthen the intact portions of the rotator cuff, 

periscapular muscles, and deltoid has been shown to be effective, particularly when it is 

given in patients with well-preserved motion and strength170. More recently, data on deltoid 

rehabilitation programs, namely Levy/Reading Shoulder Unit exercises, have demonstrated 

that the stabilizing effect of recruiting the anterior deltoid was sufficient to significantly 

improve function and pain in medically unfit elderly patients with MRCT171. This program, 
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is based in the kinematic patterns, observed in MRCT, described by Burkhart112, where  

deltoid rehabilitation can transform an unstable pattern to a captured fulcrum kinematics 

pattern. In addition, corticosteroid subacromial injections are, sometimes, used in order to 

control pain before the beginning of the physiotherapy cycle171. However, its use is 

controversial with little reproducible evidences supporting it172.  

Successful outcomes have been reported with non-operative treatment in patients with less 

physical demands and expectations7, 46. However, we should keep in mind that patients, 

with MRCTs, who underwent non-operative management show significant progression of 

fatty infiltration and atrophy of rotator cuff muscles. Such evidences, can difficult further 

surgical treatment when it is needed, and, there is a risk of a reparable tear progressing to 

an irreparable tear7. With the propagation of a chronic rotator cuff tear, the unloaded 

muscles undergo degenerative changes, including increased fibrosis and fatty infiltration, 

which causes further medial retraction of the tendon edge173.
 

Moreover, significant 

progression of degenerative structural gleno-humeral joint changes (osteoarthritis) is 

proven during the non-operative treatment7, 46. 

1.6.2 Surgical Treatment 

If symptoms persist, even when an adequate conservative therapy program has been 

conducted, the patient may warrant operative treatment. 

The ideal goal of a rotator cuff tear surgery is an anatomical tension- free repair of the 

rotator cuff tendons on the footprint174, 175. Although this is not always possible, as most 

MRCTs are technically challenging, repair with the tendon stump being reducible to the 

footprint through arthroscopic surgical techniques and advanced materials is, nowadays, 

possible51, 71. However, frequently at long-term follow-up, the tendon is not healed back to 

the bone with a retear rate as high as 94%, decreasing the positive clinical outcomes176. 

Such biologic failure of TBi healing is related to muscle-tendinous degeneration, reduced 

cellular activity, and decreased tendon healing potential177-179.  

Moreover, in the absence of mechanical stress there is a decrease of bone density of the 

humeral head180, resulting in an increased tension repair to surgically appose the tendon to 
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the anatomical footprint of the now osteoporotic humeral head, with both conditions 

contributing to compromise the repair integrity181, 182. Furthermore, Meyer et al. suggested 

that the osteoporotic bone found in elderly difficult successful repairing of RCTs183. 

Tendon-bone healing is dependent on bone ingrowth184 and research has been set with 

osteoinductive agents, trying to augment and improve tendon-bone healing162. So, trying to 

improve local biologic conditions, there are some associated procedures that are being used 

to increase the likelihood of tendon healing, as bone-venting techniques185, 186. For instance, 

Milano et al.187 analyzed the effect of this technique in a randomized trial with two 

treatment groups: single-row repair 1) with or 2) without microfractures of the greater 

tuberosity. Although the authors found no significant clinical or structural differences 

between groups after conducting a subgroup analysis for tear size, they showed in another 

way, a greater healing rate in the microfracture group for large to massive tears.  

The weak-link of rotator cuff tendon healing are the tendon and TBi, and so, strategies 

should be directed to improve the healing process in this level. On the other hand, it should 

be remembered that procedures like trimming of the tendon border, trying to obtain healthy 

tendon tissue with better biologic characteristics to heal might be not successful. Such 

assumption is based on the histopathologic tendon changes, which are not only localized at 

the site of rupture but also in the macroscopic intact tendon portion, suggesting more 

generalized involvement of the tendon188. Therefore, a main issue remains to develop 

biomechanically stronger fixation techniques to improve tendon healing to the bone189. The 

ideal construct should provide a high ultimate fixation strength as well as a minimum of 

displacement under cyclic loading190. The double-row fixation concept was developed in 

order to optimize the biomechanical properties of rotator cuff reconstructions. Indeed, 

biomechanical studies have demonstrated that double-row fixation provides a superior 

initial fixation strength and a footprint coverage comparing with the single-row 

technique191, 192 193. However, it was also shown that single-row repairs using modified 

suture configurations were able to achieve comparable biomechanical results to the double-

row repairs in ultimate failure load, as well as cyclic displacement194-196. Furthermore, the 

potential benefit of improved footprint coverage could not be transferred to the clinical 

setting, as double-row repairs have comparable clinical results, as well as failure rates197, 198. 

In addition, other important factors concerning double-row repairs are related to the 
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increased implant costs, increased surgical time and questionable cost-effective 

relationship199. Thus, the retear rate remains high even with the double-row technique, 

particularly for large and massive tears200. Moreover, recent biomechanical studies 

demonstrated that, although double-row repair had a high ultimate load to failure, an 

increased number of failures occurred at the musculo-tendinous junction or where the 

medial suture anchors had been placed201 202. 

The arthroscopic repair has several theoretical advantages due to its minimal-invasive 

character, no need for deltoid detachment procedure and the possibility to treat intra-

articular associated lesions, which have led to its increased popularity. In fact, since the 

beginning of the 21st century, the use of the arthroscopic technique for rotator cuff repair 

has dramatically increased and has outpaced the open surgical technique203. However, it has 

been suggested that arthroscopy should be performed preferably to repair small and 

medium tears, while for large and massive tears, open repair may result in superior 

outcomes204. Currently, there is not definitive scientific evidence that can be used to 

support the choice between open or arthroscopic surgical techniques for the treatment of 

MRCTs. Trying to find an answer to this question, a systematic review was conducted to 

systematize the outcomes of arthroscopic and open repair of MRCTs. Our hypothesis was 

that the arthroscopic technique would have at least similar results as the open technique. 

The main conclusions were that arthroscopic and open repair resulted in improved post-

operative outcomes, in which both approaches provided similar results and, therefore, the 

arthroscopic repair should be recommended due to its inherent advantages. This work is 

presented with more detail in Chapter 3.1. 

Despite the apparent immediate success of the tendon repair, long-term follow-up shows 

that the tendon is frequently not healed back to bone, decreasing objectively the clinical 

results66. In fact, it is well known that functional results after repair tend to be better in 

patients with healed cuffs66, 145. Moreover, we should keep in mind that the anatomy, 

histology and biology of the rotator cuff insertion are not restored even after successful 

rotator cuff repair. Furthermore, healing of TBi occurs with a fibrovascular scar tissue, 

which is biomechanically inferior to the native insertion site of the rotator cuff insertion205. 

Therefore, signs that can help to anticipate irreparability of RCTs includes static superior 

migration of the humeral head, a decreased AHD and fatty infiltration affecting >50% of 
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the rotator cuff musculature58-60, 206. However, even an irreparable MRCT without arthritis 

(Hamada grade 1-3) should be treated surgically when it is associated with significant pain 

and whose conservative treatment failed to improve the symptoms. In this case, the surgical 

treatment remains a challenge due to the technical difficulties and unpredictability of the 

results of the repair essay, which has led orthopedic surgeons to seek for alternative options 

to treat MRCTs. In this sense, many palliative – non-anatomical - interventions have been 

proposed, including LHB tenotomy or tenodesis132, 207, subacromial debridement208-216, 

tendon transfers (Latissimus dorsi with or without Teres major transfer143, 217-222 for 

postero-superior tears, and Pectoralis major transfer68, 221, 223 for antero-superior tears), 

superior capsular reconstruction224, 225 and shoulder arthroplasty (humeral 

hemiarthroplasty130, 226, 227, and  reverse shoulder arthroplasty (RSA)228-236. While the first 

two options (LHB tenotomy/tenodesis and subacromial debridement) are indicated in older 

patients with a painful shoulder but with a good function, the other procedures aim also to 

improve function beyond pain. For instance, Boileau et al.237, 238 showed that if a patient has 

a deficit of external rotation associated to a MRCT without osteoarthritis, only a tendon 

transfer could restore it. Indeed, the above-referred authors advocated that in cases of 

isolated loss of active external rotation related to an irreparable postero-superior cuff tear, 

the latissimus dorsi (alone or in association with the teres major) tendon transfer should be 

performed in isolation. In cases with combined loss of active elevation and external 

rotation, the tendon transfer should be performed associated to a RSA. 

Paul Grammont introduced a new reverse prosthesis concept, imposing a new 

biomechanical environment for the deltoid muscle to act, thereby allowing it to compensate 

for the deficient rotator cuff muscles228. This revolutionary design minimizes torque on the 

glenoid component, helping in the recruitment of more fibers of the anterior and posterior 

deltoid to act as abductors. In fact, several indications have emerged, based on the clinical 

experience showing that the RSA restores active elevation above 90 degrees in patients 

with a cuff-deficient shoulder229. Being so, RSA is currently presented as an option that can 

provide a more predictable pain relief and recovery of function in irreparable MRCT231, 232, 

234. Nonetheless, outcomes after RSA for irreparable MRCTs have not been well defined in 

the scientific literature. Trying to find an answer to this question a systematic review with 

meta-analysis and meta-regression was conducted to analyze the outcomes of RSA in 
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MRCT patients. The hypothesis postulated was that the RSA would improve pain and 

function of patients with chronic, irreparable MRCTs, which had failed to improve after 

conservative treatment. Thus, the main conclusion was that patients with irreparable 

MRCTs without presence of osteoarthritis have a high likelihood of achieving a painless 

shoulder and functional improvements following RSA. Nevertheless, the appropriate 

surgical intervention for the specific individual patient with an irreparable MRCT has not 

been widely agreed and, at the current knowledge, there is a lack of strong scientific data 

supporting the surgeon’s option. This work is presented with more detail in Chapter 3.2.  

In summary, the main factors associated with rotator cuff failure healing are fatty 

infiltration, increased tears size as well as increased age. At the same time, it seems also 

reasonable that biology may be the most important factor in rotator cuff healing189. 

Moreover, we should remember that although there are yet not available anatomical clinical 

solutions to treat chronic irreparable MRCTs, this ideal should be sought and investigated. 

Following this line of thinking, the work developed in this doctoral thesis attempted to 

contribute with some steps for this long scientific/clinical way. 

 

1.7 Rotator cuff healing augmentation 

Repair of RCT has been tried to improve experimentally by the use of biologic approaches, 

including platelet-rich plasma (PRP), bone marrow aspirate, scaffolds, growth factors, gene 

therapy and cell therapy. Cell-based therapies form an important essay to improve the 

structure of repair, and combination of growth factors, scaffolds, and implanted cells 

provide the best strategy for successful outcomes. The use of scaffolds such as fibrin, and 

synthetic vehicles, as well as the use of gene priming for stem cell differentiation and local 

anabolic and anti-inflammatory impact have both provided essential components for 

enhanced tendon and tendon-to-bone repair in rotator cuff tear. Research in several animal 

species indicates that the concept of gene-primed stem cells, particularly embryonic stem 

cells, combined with effective culture conditions, transduction with long-term integrating 

vectors carrying anabolic growth factors, and development of cells conditioned by use of 

RNA interference gene therapy to resist matrix metalloproteinase degradation, may 
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constitute potential advances in rotator cuff repair239. However, these TE strategies for 

rotator cuff repair have sparsely been reached and documented in human clinical trials. 

 

1.7.1 Cell-based approaches  

Over the last decade, there has been a substantial effort to assess the impact of cell 

therapies in tendon healing. Notably, there has been an increasing interest on the 

development of therapies to promote tendon regeneration, in which several studies have 

proposed the use of adult stem cells as a possible tool, and within it, MSCs have emerged 

as a promising therapeutic option in the regenerative medicine of different tissues, 

including tendon189 96, 240-246.  

Although its potential has not yet been fully clarified, several authors have proposed that 

beyond its differentiation capacity and cell-cell interaction, the secretion of a wide range of 

factors, known as secretome, could be the main reason of their regenerative capacity in the 

lesion sites166, 167, 247-249. In fact, it has been shown that MSCs’ secretome acts as a 

regulator/modulator of different cellular processes such as proliferation, differentiation, 

communication and migration250-255. In addition, reduction of apoptosis256, anti-

inflammatory effect159, 257, angiogenesis159, 258, 259 and immunomodulatory effects 

controlling lymphocyte proliferation159, 260 have also been claimed to be MSCs’ secretome 

actions. From the clinical application point of view, trophic factors produced by stem cells 

have shown to have reparative effects in spontaneous horse tendon injuries159. In fact, stem 

cell-based therapies and more specifically MSCs, have been identified as complementary 

therapeutic approaches to the surgical reattachment, trying to improve rotator cuff tendon 

healing96, 240, 241, 245, 246, 261. The high number of transplanted cells was shown to be an 

important factor to improve rotator cuff tendon healing241, in which the cross-talk between 

tenocytes and hMSCs was suggested as key player of such improvements262, 263. Ekweme 

underlined that the increase in the amount of collagen deposited and all the ECM may 

accelerate the functional recovery upon cell transplantation262. More recently, Randelli et 

al. showed that the human tendon stem cells (hTSCs) from the rotator cuff co-cultured in a 

transwell system with the lipoaspirate product that contains and produces growth-factors, 

significantly increased the proliferation rate of hTSCs without altering their stemness and 
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differentiation capability264. 

Even though, available preclinical studies with MSCs strategies to augment the rotator cuff 

surgical repair have not showed consistent results. Gulotta et al240 showed that the addition 

of BMSCs to the rotator cuff insertion site did not improve the structure, composition, or 

strength of the healing tendon attachment site. Bearing this in mind, they proposed that 

cell-based strategies might need to be combined with growth and differentiation factors to 

be effective. A combination of stem cells, modified before implantation, using exposure to 

different growth factors or modifications to the culture conditions to generate a desired 

phenotype is one of the most investigated strategies239. Grounded on this idea, the same 

group demonstrated that BMSCs, genetically modified to overexpress the developmental 

gene membrane type 1-matrix metalloproteinase (MT1-MMP)261, the scleraxis245 can 

improve TBi healing. However, not every strategy is effective as it was evident with the 

application of MSCs genetically modified to overexpress BMP-13, which did not improve 

tendon healing265. With purified human bone marrow-derived MSCs, Degen et al. 

evaluated at 2 and 4 weeks their ability to augment the healing process of an acute rotator 

cuff repair in an athymic rat model. They found that (only) after 2 weeks there was a 

biomechanical strength of the repair, although the effects dissipated by 4 weeks and did not 

present significant differences between groups266. More recently, Oh et al96 described the 

effect of adipose-derived stem cell (ADSCs) for the improvement of fatty degeneration and 

rotator cuff healing in a chronic rotator cuff tear rabbit model, where the subscapularis 

insertions in 32 rabbits were cut bilaterally. They found that local administration of ADSCs 

augmenting the repair decreased significantly the muscle fatty infiltration besides to 

improve muscle function and tendon healing. 

The current evidence about the efficacy and safety of stem cells use on rotator cuff tears in 

preclinical studies has been confirmed in human studies. However, clinical studies are 

sparse and only two studies have been reported241, 246. Ellera Gomes et al.246 and Hernigou 

et al241 showed an improvement of the clinical outcomes of tendon integrity after the 

injection of MSCs, obtained from iliac crest during the repair of rotator cuff tears. Ellera 

Gomes et al.246 enrolled 14 consecutive patients with full-thickness RCT (13 of which were 

massive with at least 2 tendons involved) repaired with transosseous stitches through mini-

open approach. Ten ml of MSCs concentrate was injected at TBi repair. After 12-month 
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follow-up, MRI analysis showed tendon integrity in all cases. More recently, Hernigou et 

al.241 reported the results after a ten-year follow-up. MSCs concentrate was used as an 

adjunct to standard rotator cuff repair (single row) at the time of arthroscopy for the treated 

group, and a control group without MSCs injection was used. From the results, it was found 

a significant decrease in the number of ruptures in the MSC-treatment group, with 87 % of 

patients demonstrating tendon integrity compared to just 44 % of control group patients. 

Moreover, cell analysis in the MSC-treatment group demonstrated that the number of 

MSCs was relevant to the outcome, with patients receiving more than 30000 MSCs having 

2 cm2 or more healed over the footprint at three months, while those who received fewer 

than 30000 MSCs needed at least four months or more to achieve the same degree of 

surface healing. 

Interestingly, MSCs may be obtained during surgery and locally at the proximal humerus. 

Microfractures at the footprint in the humerus gives an immediate access to MSCs and 

growth factors, which may enhance the tendon healing at the TBi when repairing rotator 

cuff tears. It has been showed that MSCs passed through holes drilled in the tendon 

footprint, infiltrating the repaired rotator cuff and improving rotator cuff healing267. 

However at long-term (two years) they do not result in significantly different outcomes, 

either clinically or at imaging, compared to traditional rotator cuff repair268.Therefore, 

although the interest of MSCs treatment in rotator cuff pathology is increasing, it is also 

important to highlight some existing concerns regarding its application, namely the survival 

cells after transplantation, lung capillary entrapment, infections and immunological 

reactions159. Thus, believing that the secretion of factors (secretome) could be the main 

reason of MSCs regenerative capacity, a cell transplantation free strategy, based solely on 

the use of MSCs’ secretome seems reasonable to be tested. Bearing this in mind, the 

rationale of such hypothesis has several advantages, namely: 1) MSCs secretome can be 

produced easily in large quantities, 2) it can be stored efficiently, and 3) does not require as 

many cells as when making a transplant of MSCs. 

 

1.7.2 Growth factors and PRP 

The therapeutic use of growth factors (GFs) is another promising strategy to enhance 

tendon healing189. They represent a group of cytokines and proteins inducing mitosis, ECM 
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production, neovascularization and cell differentia- tion269.  

Studies have suggested that a cocktail of different growth factors are involved in tendon 

healing, in which it would be desirable to mimic its content and profile over the tendon 

healing period. Platelet-derived growth factor (PDGF), transforming growth factor-beta 

(TGF-β), vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF) 

and insulin-like growth factor-1 (IGF-1) have been described as having a role in tendon 

healing 189, 270. For instance, Rodeo et al162 found that the administration of osteoinductive 

growth factors resulted in a greater formation of fibrocartilage, with a concomitant increase 

in tendon attachment strength. However, when the data were normalized by tissue volume, 

there were no differences between groups, suggesting that the treatment with growth factors 

results in the formation of poor-quality scar tissue rather than true tissue regeneration. At 

12 weeks after administration, the osteoinductive growth factors carrier had less stiffness 

than the other groups. Following this concept, PRP has been used and commercialized as a 

source of endogenous growth factors, containing a supra-physiological concentration of 

GFs involved with musculoskeletal repair such as PDGF, TGF-β, IGF, epidermal growth 

factor (EGF), VEGF and FGF271, 272.  

PRP seems to be a cheap, safe and promising GF mixture189. However, the results in vivo 

for MRCT are conflicting and no consistent effects were reported in MRCT273, 274. For 

instance, Antuna et al. 274 and Ruiz-Moneo et al275 did not find clinical improvements or 

differences in rotator cuff healing with the use of PRP to augment suture in MRCT. 

However, Jo et al273 showed that the application of PRP for large to massive rotator cuff 

repairs significantly improved structural outcomes, as evidenced by a decreased retear rate. 

In addition, while no significant differences were observed in clinical outcomes, except the 

overall shoulder function after 1-year follow-up, better structural outcomes in the PRP 

group might suggest improved clinical outcomes at longer-term follow-up. Thus, due to the 

chronic nature of these injuries, it has been suggested that PRP application should be serial 

in order to enhance its benefits276. 

In conclusion, further research is needed to determine the optimal factor or combination of 

factors, number and time of applications to obtain successful biologic augmentation of 
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rotator cuff repairs.  

 

1.7.3 Scaffolds, Tissue Engineering and Regenerative Medicine 

The high-frequency, low tissue repair quality, and sub-optimal clinical recovery of rotator 

cuff tendon healing have stimulated the development of innovative therapeutic strategies, 

namely in the field of tissue engineering (TE). The repair of TBi through the development 

of TE strategies that would allow the creation of a similar (morphological and functional) 

tissue is one of the TE achievements, seeking for improving clinical outcomes96, 240-246. 

TE using biomaterials is, nowadays, a focus of intense worldwide investigation and will 

probably be one of the treatments/strategies to be applied in MRCT. Conceptually, TE is a 

multidisciplinary field, involving the use of cells, biomaterials, growth factors or their 

combinations, looking for the creation of directed and more sophisticated applications 

capable of increase healing response and promote tissue repair. Scaffolds have been one of 

such biomaterials, providing mechanical support and having biological properties that may 

favorably influence cell proliferation and differentiation, hopefully improving tendon-to-

bone healing51. Graft augmentation has been described as an alternative to mechanically 

reinforce rotator cuff repairs, which may help to improve healing in MRCT277. However, 

the great problem in MRCT healing is currently biological and not mechanically and so, it 

is logical to combine scaffolds with other approaches in a TE strategy. Even though, TE 

strategies with cells requires an adequate scaffold, which should contain the appropriate 

properties for them to grow and adhere, interact with specific GFs and cytokines, 

proliferate, differentiate and for their own ECM production for the success of cell therapy 

application278. Moreover, this kind of materials should also provide mechanical support and 

may have biological properties in order to favorably influence tendon-to-bone healing 

processes51. Furthermore, tissue regeneration through TE techniques, can be achieved by 

culturing isolated cells on 3-D scaffolds, which may act as biological substitutes to 

tissue/structure repair263.  
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More recently, biodegradable synthetic materials scaffolds have been used, which by 

providing non-permanent support to cells, can serve as temporary matrices for tissue 

regeneration, progressively disappearing as the new tissue is formed189. Furthermore the 

development of a 3D electrospun scaffolds, which through their close structural 

resemblance to ECM provides morphological cues encouraging cell growth. Thus, the 

application of functional tissue engineering (FTE) in a scaffold design to obtain scaffolds 

with adequate mechanical properties together with the development of fabrication and 

coating techniques may facilitate the integration of bioactive molecules (e.g. GFs) within 

the scaffolds279, 280. There are several requirements, which should be met when designing 

scaffolds for tendon tissue engineering. The material should be biocompatible, promoting 

new tissue formation without immunological response. Sufficient void space is an 

important requirement in order to allow adequate nutrient delivery to the seeded or 

infiltrated cell population281, 282. In fact this void space quantified as scaffold porosity is 

determinant for cellular proliferation and ECM formation, which enables the scaffold 

integration with host tissue282-284. The goal is to achieve the same mechanical properties 

(e.g. elastic modulus, toughness and ultimate strength) as the host tissue to restore normal 

physiologic function and prevent stress-shielding of the newly formed tissue283-286.  

Moreover, biodegradability is an important feature. When implanting a scaffold, it is 

expected that this will provide the conditions for new tissue formation at the same rate of 

its own degradation occurs283, 284, 287. Synthetic scaffolds offer the advantage of being able 

to be tuned to have a wider variety of mechanical properties and degradation characteristics 

through different fabrication and processing techniques. Despite these advantages, their 

degradation and wear products may cause an unwanted host immune response or toxicity. 

Natural scaffolds do not carry these risks and are readily degraded. The most popular 

current technique for production of nanofibrous scaffolds is electrospinning because it is a 

continuous, scalable process, which allows production of fibers ranging from nanometers to 

microns in either a random or aligned fashion. 

Human hair keratin offers great possibilities for tissue regeneration and repair applications 

because of its abundance, bioactive properties and potential as a reliable autologous 

material 288. Among existing biomaterials, fibrous matrices produced by electrospinning 
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technique are widely used because they can mimic the nanoscale structure and complexity 

of the ECM, and are controllable in fiber diameter and alignment289. It has been previously 

reported success in electrospinning randomly oriented keratin fibers by blending human 

hair keratin with a small amount of poly(ethylene oxide) (PEO), and showed that these are 

compliant for fibroblast attachment and proliferation290. Despite these scaffolds have an 

enormous potential, they are still in a premature phase of development. Their use in large 

scale for tendon regeneration in humans is still far from being a reality.  

Tissue regeneration through TE techniques can be achieved by culturing isolated cells on 3-

D scaffolds to develop biological substitutes and for that it is important to increase the 

number of isolated cells263. Several approaches have been described as efficient pre-

treatment factors for the activation and proliferation of the cells like PRP291-293 and 

scleraxis245 with a positive effect in tendon healing. 

MSCs have been considered as natural candidates to support the healing of soft tissue 

injuries because of their ability to differentiate into tenocytes, which may occur following 

in vivo transfer165. However, as tenocytes are the major cell type in tendon and are the key 

machinery driving tissue repair via the production of GFs and synthesis of ECM, it is 

logical to use tenocytes as the cell source in tendon tissue engineering294.  

Nevertheless there are limitations in its use for tendon tissue engineering related to the 

limited capacity to proliferate and differentiate, phenotype drift and function loss, 

decreased cell density and expression of decorin (DCN) are often observed during in vitro 

expansion of tenocytes294, 295. Strategies that increase cell densities and viability of tendon 

cells before implantation may overcome these limitations. The conditioning of MSC with 

differentiation and growth factors before transplantation has been described as a method to 

increase and control their therapeutic efficacy245, 292, 293, 296, 297. Moreover, even in more 

differentiated cells like tenocytes, Jo et al. showed that PRP can promote cell proliferation 

and enhance gene expression and the synthesis of tendon matrix291.  

In Conclusion, Regenerative Medicine has become a discipline that joins cell biology, TE 

and surgery to renew tissues with vital cells, bio-matrices and signaling molecules298, 299. 

Interaction between cells and scaffolds, cell adhesion on the matrix surface, cell 
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proliferation, maturation and differentiation and ECM production are all important factors 

for being successful when aiming to regenerate musculo-tendinous tissues.  
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Considering the deleterious effect of RCT in the patient quality of life, especially when a 

massive tear is present, the difficulties associated to treatment and less than optimal outcomes, 

we decided to work on a biological approach aiming to improve outcomes of MRCT 

treatment. The use of biologic agents to decrease the degenerative process and to improve TBi 

regeneration is especially relevant in patients with diminished biologic potential like it is 

patent in MRCT.  

It is important to evaluate the effects of interventions in rotator cuff pathology by 

characterizing histologically both rotator cuff muscles and TBi. Histological analysis plays a 

critical role to evaluate the quality of muscle, the tendon-bone healing and the success of 

tendon repair1. For this reason, validated histological grading scales are crucial to objectively 

evaluate the healing process and the structure of new formed tendon-enthesis in the context of 

therapeutic approaches2 3. So, in this work, the Watkins tendon maturing score4 modified by 

Ide5 have been used to evaluate the regeneration of rotator cuff disease in a rat model, as it is 

adequate and validate to evaluate enthesis regeneration2. Moreover, validated methods will be 

used as basis to analyze muscle fatty infiltration6-8 and atrophy6, 9.  

The research project herein presented intends to:  

1. develop and characterize an animal model of MRCT;  

2. analyze the effects of hMSCs secretome on preventing muscle from degenerative 

changes in a MRCT rat model; 

3.  evaluate the effects of the MSCs secretome 1) in human (h)TC cultures obtained from 

proximal biceps tendon in vitro and 2) in the impact of a TE strategy based on a 

biodegradable electrospun keratin membrane seeded with TCs, pre-conditioned by the 

hMSC secretome, on promoting histological regeneration and improving 

biomechanical outcomes of TBi characteristics in an in vivo chronic MRCT rat model. 
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ABSTRACT 

Importance Surgical outcomes of repaired massive rotator cuff tear (MRCT) are poorly 

reported in the scientific literature. 

Objective This study aims to evaluate the reported outcomes of open or arthroscopic 

repair of massive rotator cuff tears. 

Evidence review A comprehensive search was performed until 31 January of 2017 

using Medline, Scopus, Cochrane Database of Systematic Reviews, and CENTRAL 

databases. Studies with a prospective design that assessed the outcomes of open or 

arthroscopic repair of massive rotator cuff tears (with at least 1 year of follow-up) were 

included. If the results of massive tears were not possible to subgroup, the study was 

excluded. Methodological quality was assessed using Coleman methodology score. 

Findings Twelve studies were included (comprising 1187 patients, 571 with a massive 

tear), 8 reporting arthroscopic repair outcomes, 2 open repair and other 2 reporting both 

techniques outcomes. Tendons involved were majorly the supraspinatus, infraspinatus 

and subscapularis, and the method of classification of MRCT was mostly by the tear 

size. Open procedures used mostly single row and transosseous fixation, while 

arthroscopic repair used both single and double row and fixation with anchors (1-7 

anchors). Most common associated procedures were subacromial decompression, 

anterior acromioplasty and complete bursectomy. Immobilization period comprised 3 to 

6 postoperative weeks, using sling or abduction pillow. Mean follow-up was 57 (12-

108) months. Quantitative synthesis showed significant improvements in the post-

operative clinical scores. 

Conclusions Arthroscopic and open repair resulted in enhanced postoperative outcomes 

comparing to the pre-operative status. Rotator cuff massive tears repair requires further 

scientific research and better reporting to obtain stronger conclusions. 

 

Level of evidence Level II. 
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 What is already known 

• There is a lack of prospective evidence comparing arthroscopic and open repair 

of massive rotator cuff tears. 

• It was previously suggested that open repair may provide superior results against 

arthroscopic repair. 

 

What are the new findings  

• Both repair approaches provide similar post-operative outcomes.  

• There is a lack of prospective data comparing the two repair approaches. 

• Most of studies do not provide a systematic evaluation of tendon healing (retear 

rate). 

• In theory, the arthroscopic approach avoids the complications related to the open 

procedure (e.g. deltoid insufficiency), but most of the studies did not report the 

surgical complications. 
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Introduction 

Rotator cuff tears are the most common non-traumatic upper limb cause of 

disability in people over 50 years, and may be considered as a natural age-related 

process 1. Massive rotator cuff tears (MRCTs) represent around 20% of all rotator cuff 

tears and are associated with a high retear rate, up to nearly 80% 2-5.  

Several definitions of MRCT have been proposed based in different criteria 

including the diameter of the tear (³5 cm) 6 7, number of tendons affected (³2 tendons) 8-

11, the area of the defect 12 or tear pattern and the mobility of the tear margins 13. 

Additionally, it has been proposed to further divide the MRCTs into anterosuperior, 

posterosuperior and anteroposterior as they present distinctive characteristics 14. 

Although none of the classification systems was universally accepted, in a more 

pragmatic fashion, the MRCTs may be defined as very large tears that are often difficult 

to repair and associated with an uncertain prognosis 15.  

Moreover, they are often resistant to nonoperative treatment, in which case the 

surgical approach is advised. Ideally, an anatomical and tension-free repair of the rotator 

cuff tendons to the footprint should be obtained, restoring a strong connection between 

bone, tendon and muscle 16-18. The surgical treatment of MRCTs still represents a 

challenge. However, the current technological and surgical techniques developments 

made most of the MRCTs reparable 19. Nevertheless, despite this apparent immediate 

success of the tendon repair, long-term follow-up shows that the tendon is frequently 

not healed back to bone, decreasing objectively the clinical results 20. In fact, it was 

initially suggested that arthroscopy should be performed to repair small and medium 

tears, while for large and massive tears, open repairs may result in superior outcomes 21. 

Nonetheless, the current scientific evidence is not clear to support the choice between 

open and arthroscopic surgical techniques for the treatment of MRCTs and the 

respective outcomes have not been well defined. 

The purpose of the current systematic review was to systematize the outcomes of 

arthroscopic and open repair of MRCTs. The population of interest included adult 

patients with chronic, massive but surgically repairable rotator cuff tears. It was decided 

to use only higher quality evidence-based research (with a prospective design) that can 

be used to conclude which surgical technique is superior for a given patient. Our 

hypothesis was that the arthroscopic technique would have at least similar results as the 

open technique. 
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Methods 

Search strategy 

The systematic review of the literature was conducted according the Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement, 

which aims to improve the standard of reporting of systematic reviews and meta-

analyses 22. The protocol used was a priori registered at the International Prospective 

Register of Systematic Reviews (PROSPERO) (http://www.crd.york.ac.uk/prospero/; 

ID: CRD42015027037). 

A computerized database search using Medline, Scopus, the Cochrane Database 

of Systematic Reviews, and the Cochrane Central Register of Controlled Trials 

databases was carried out. The reference list of the most relevant original studies was 

scanned for additional studies. All searches were performed through October 2015. 

Original studies that assessed the clinical, radiological or biological outcomes from 

different surgical techniques used to repair massive RCTs were included.  The search 

strategy included the terms “rotator cuff”, “arthroscopy”, “open”, “massive” and 

“reparable”, using the Boolean operators (AND, OR). 

Two investigators (N.S., N.F.) performed the search independently, and results 

were confronted to check for overlapping. If disagreement arose on a particular study, a 

third reviewer (P.M.) was consulted for arbitration.  

 

Study selection 

All the titles from all database searches were combined and duplicates were 

removed. Once titles were screened for potential relevance to the management of 

MRCTs, pertinent abstracts of the selected titles were then screened for further detail to 

ensure that the study satisfied the eligibility criteria. If insufficient information within 

the title or abstract was provided, the manuscript was automatically considered for full-

text review.  



	72	

After the identification of potential relevant studies, these were retrieved and the 

respective full-text analyzed for their eligibility based on the following inclusion 

criteria: (1) live human subjects; (2) primary arthroscopic or open repair performed on 

RCTs classified as “massive” by the authors of the original study, as defined bellow; (3) 

follow-up of, at least, 1 year; (4) studies with a prospective design. Studies that included 

both open and arthroscopic cases but separated their results clearly by group were 

allowed. 

It was à priori agreed that the minimum size of a tear that would be accepted as 

a valid definition of massive would have to be greater than 3 cm in the coronal plane, 

but with complete detachment of both supra- and infraspinatus tendons, or 4 cm in the 

coronal plane and the complete detachment of at least one tendon 23. If in any paper the 

definition of “massive” did not meet these minimum criteria, or use of the term 

“massive” was considered inappropriate by agreement between the 2 reviewers (N.S., 

N.F.) then the paper was excluded. If the sample population also included patients with 

smaller tears, these studies were excluded unless they presented data on the massive 

cuff tear patients in isolation. Moreover, other reviews or meta-analyses, clinical 

commentaries, expert opinions, biomechanical studies, technical notes, studies with a 

retrospective design, single case studies or case series were excluded. In addition, 

studies including acute traumatic tears or revision cases, tendon transfers, long head 

biceps tenotomy or subacromial debridement alone, skeletally immature populations, 

the use of synthetic grafts or allografts, or if the RCTs repair was performed as a 

complementary procedure of other surgical procedures (e.g., shoulder arthroplasty) were 

also excluded. 

 

Data collection and extraction 

Each original study was characterized into four categories: research 

characteristics, patient demographics, procedural details, and outcomes.  

Research characteristics included the type of study, year of publication, number 

of shoulders enrolled, follow-up duration, patients lost to follow-up, dates of 

recruitment period, and the method by which the authors classified the tear pattern as 

“massive” or “reparable.”  
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Patient demographics included age, sex, handedness, and preoperative duration 

of symptoms. Procedural details collected included partial versus complete repair, 

single versus double row, performance of interval slides, performance of concomitant 

procedures (biceps tenotomy, biceps tenodesis, distal clavicle resection, subacromial 

decompression), number of anchors used, and duration of postoperative immobilization.  

When available, pre- and postoperative functional outcome scores were 

collected. Surgical complications (as noted by the authors) were also used as endpoints. 

The occurrence of a retear was evaluated by collecting data on how retears were 

assessed (ultrasound, MRI, or other means), the number of retears occurring, and the 

estimated time between surgery and the occurrence of a retear.  

 

Methodological quality assessment 

The level of evidence was assigned to each included original study, accordingly 
24. Study methodological quality was evaluated with the Modified Coleman 

Methodology Score 25, which has been previously used in arthroscopic shoulder 

publications 3 26 27. The Modified Coleman Methodology Score is a 15-item 

questionnaire based on the subsections of the Consolidated Standards of Reporting 

Trials statement (for randomized controlled trials) 28 but modified to allow for other 

study designs. Scores of 85 to 100 are considered excellent, 70 to 84 good, 55 to 69 fair, 

and less than 55 poor.  

 

Statistical analysis 

Means and standard deviations were obtained from individual studies. When this 

information was not available, authors of individual original studies were contacted in 

an attempt to retrieve this information. The quantitative analysis was performed by 

calculating the difference between pre- and post-surgical average scores and the pooled 

standard deviation. Afterwards, the 95% confidence interval (CI) of the difference 

(ΔCI95%) was estimated for each individual study. 
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Results 

Study selection  

The database and hand search yielded 795 titles and abstracts. Duplicated 

articles were removed and 454 articles were screened based on their title and abstract. A 

total of 26 full-text articles were screened according the inclusion and exclusion 

eligibility, yielding 12 studies 14 29-39 eligible for inclusion in the qualitative synthesis. 

From these, 8 studies were regarding arthroscopic repair 14 29-35, 2 studies about open 

repair 36 37 and 2 approached both arthroscopic and open repair 38 39. Search strategy 

steps and reasons for inclusion are displayed at the PRISMA flow chart (Figure 1). 
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PRISMA 2009 Flow Diagram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. PRISMA diagram. Flow chart displaying the search and eligibility strategy. 
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Research Characteristics 

 The open repair procedures were published between 1997 and 2006, while the 

arthroscopic repair procedures were among the years 2003 and 2016 (Table 1).  

 

Table 1 – Overview of the included original studies’ methods. 
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Patient demographics 

 After screening the original studies sample’s for MRCTs, a total subgroup of 

435 and 76 patients were available for the arthroscopic and open repair, respectively. 

The mean age for the MRCTs cohort was 62.4 ± 3.4 years for arthroscopic repair and 61 

± 4.2 years for open repair. Across the studies’ samples, the male gender was more 

prevalent (62.3%, from 30 to 82%) and the operated shoulder was the dominant upper 

limb in 76% (range, 62-93%) of the patients (Table 2). The method of classification was 

usually defined by the size of the tear (> 3 cm) 29-31 33-39, and two studies defined by the 

number of tendons involved 14 32. The tendons involved were majorly the supraspinatus, 

infraspinatus and subscapularis 14 30 32 34 35 37 and, in one study, the teres minor tendon 32. 

The duration of symptoms was reported in 5 studies 14 30 36-38, ranging between 2 and 

180 months, and without any previous surgeries reported 14 29 32 38. The follow-up 

duration across the included studies was between 12 and 108 months, with an 

approximated pooled post-operative duration for the MRCTs of 54.7 months 14 29-35 37 38 

and a lost to follow-up rate comprised between 0 and 15% for arthroscopic and, 1 and 

32% for open repair (considering the total sample), respectively 29-39. 

 

Table 2 – Original included studies sample’s characteristics. 

First Author Year 
Mean 

Age (yr) 
% Male 

Dominant 

(%) 

Pre-op 

duration 

symptoms 

(mo) 

Arthroscopic 

Ide 38 2005 57** 82%** 62%** 8 (2-24)** 

Bennett 32 2003 67.1 62% 86% N.R. 

Park 33 2008 55.8** 54%** N.R. N.R. 

Levy 34 2008 57.3** 64%** N.R. N.R. 

Miškulin 35 2014 59 30% N.R. N.R. 

Carborel 31 2012 55.5** 43%** N.R. N.R. 

Franceschi 30 2007 61.6 54% 75% >3 

Ma 29 2012 61.2** 55%** 64%** N.R. 

Bishop 39 2006 64** N.R. N.R. N.R. 

Ok 14 2016 61.8 71% 82% 59.4 
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Open 

Ide 38 2005 57** 78%** 78%** 6.4 (2-36)** 

Melillo 36 1997 58 79%** 71%‡ > 12 

Prasad 37 2005 64 75%** 93%** 56.4 (6-180)** 

Bishop 39 2006 64** N.R. N.R. N.R. 

Legend: N.R. – Non-reported; N.A. – Non-applicable. 

** - values of total cohort and not massive cohort; ‡ - values of combined groups (open 

and debridement) 

 

Surgical procedures characteristics 

 In the arthroscopic repair, there was heterogeneity in the patient’s decubitus 

during surgery and in the use of single or double row procedures (Table 3). The number 

of anchors used was 1-4 for single row 29-31 33 38 and 2-7 for double row procedures 14 29-

31 33 34. The fixation method was homogeneous across the included studies since all 

studies used anchors to fixate the rotator cuff tendons. Additionally, when reported, the 

interval slide procedure was commonly performed 29 31 32 39. Regarding the postoperative 

immobilization, it was commonly used the sling (1 to 6 weeks) 14 29-35 39 or, in some 

cases, the abduction pillow (3 to 6 weeks) 14 30 33 38. 
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Table 3 – Surgical procedure characteristics. 
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 In the open repair, it was used the single row procedure 36-38 and the fixation 

procedure was majorly transosseous 37-39 or through anchors 38. The amount of anchors 

used were poorly reported, once just one study reported they used more than 2 anchors for 

fixation procedure 38. The performance of interval slide and deltoid detachment procedures 

was heterogeneous across the included studies. The abduction pillow (3-4 weeks) 36 38 or a 

sling (6 weeks) 39 were used for postoperative immobilization. 

 

Outcomes of interest 

It was found moderate heterogeneity concerning outcome assessment parameters, 

with the included original studies using different sets of scores and/or outcome parameters 

to assess their surgical follow-up outcomes (Table 4).  
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Table 4 – Original included studies outcomes for arthroscopic and open repair. 
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The retear rate varied substantially across the studies, from 0% to 81%. For the 

MRCTs, there was a pooled retear rate of 30.4% (104 in 342 patients) 14 30 34 35 38 39, with 

30.9% (n=301) 14 30 34 35 38 39 and 26.8% (n=41) 37-39 for the arthroscopic and open repair 

procedures, respectively. Two studies provided retear rate, however they did not account to 

the calculated pooled rate once it was not possible to subgroup the retear rate for MRCTs 29 

31. Overall, only two studies reported a low rate of complications with lower rate for 

arthroscopic repair (16%) 33 comparing to open repair (22%) 36. In addition, 5 studies 29 30 

35 37 38 reported no complications, and other 5 14 31 32 34 39 did not report this parameter.  

  

Quantitative analysis 

 Data of pre- and post-surgery clinical outcomes was analyzed for patients with 

MRCTs (Table 5). Mean difference and deviation between pre- and post-surgical clinical 

outcomes for Constant score was 17.4 ± 13.2 (95% CI, 14.9-19.9) 14, 26.4 ± 11.7 (95% CI, 

22.7-30.2) 32 and 44.0 ± 19.7 (95% CI, 37.9-50.1) 34. Mean difference and deviation for 

ASES score was 27.1 ± 11.4 (95% CI, 24.9-29.3) 14, 55.6 ± 16.3 (95% CI, 50.3-60.8) 32 

and 49.2 ± 4.7 (95% CI, 47.7-50.7) 29. 

 

Table 5 – Results of pre- and post-surgery clinical scores in patients with massive rotator 

cuff tears. 

Reference 

Constant ASES 

Repairs intact 
Pre-

surgery 

Post-

surgery 

Mean 

difference 

(95% CI) 

Pre-

surgery 

Post-

surgery 

Mean 

difference 

(95% CI) 

Bennet 

(2003) 32 

47.6 ± 

12.7 

74.0 ± 

10.6 

26.4 ± 11.7 

(22.7 ; 30.2) 

27.7 ± 

19.6 

83.3 ± 12.3 55.6 ± 16.3 

(50.3 ; 60.8) 
N.R. 

Levy 

(2008) 34 

35.9 ± 

24.2 

79.9 ± 

13.7 

44.0 ± 19.7 

(37.9 ; 50.1) 

- - - 
75% 

Ma (2012) 
29 

- - - 40.4 ± 4.0 89.6 ± 4.7 49.2 ± 4.7 

(47.7; 50.7) 
70% 

 (Ok 

2016) 14 

56.9 ± 

15.4 

74.3 ± 

10.5 

17.4 ± 13.2 

(14.9; 19.9) 

52.3 ± 

11.4 

79.4 ± 11.4 27.1 ± 11.4 

(24.9; 29.3) 
57% 

Legend: N.R. – Non-reported; CI – Confidence interval; ASES - American Shoulder and 

Elbow Surgeons Standardized Shoulder Assessment Form. 
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 Table 6 summarizes the clinical scores that were able to pool for arthroscopic and 

open repair. All the clinical scores improved from the pre-surgery weighted mean and the 

post-surgery weighted mean (at 26 to 56 months follow-up), however with similar final 

follow-up outcomes scores.  

 

Table 6 – Summary of pooled data for clinical scores in patients with MRCTs - 

arthroscopic vs. open (A vs O). 

 No. of studies 

reporting pre and 

post-surgery mean 

scores 

(A vs O) 

No. of 

pooled 

patients 

(A vs 

O) 

Mean 

pooled 

follow-up 

(months)* 

(A vs O) 

Pre-surgery 

weighted 

mean 

(A vs O) 

Post-surgery 

weighted 

mean 

(A vs O) 

Constant  4 vs 2 202 vs 

28 

27.6 vs 26 46.1 vs 33.6 74.8 vs 65.4 

UCLA  4 vs 2 190 vs 

40 

31.0 vs 56 13.9 vs 12.5 30.5 vs 32.2 

ASES  4 vs 1 179 vs 

13 

27.0 vs NR 41.4 vs 35.0 81.6 vs 85.0 

Legend: NR – Non-reported; UCLA - University of California at Los Angeles Shoulder 

Score; ASES - American Shoulder and Elbow Surgeons Standardized Shoulder 

Assessment Form. 

* - some pooled means include values of the total cohort, according table 1. 

 

Methodological quality 

 The mean Coleman Methodology Score was 82.0 ± 11.6 points (Table 7), with the 

arthroscopic repair procedures showing higher methodological quality (85.9 ± 8.0 vs. 73.3 

± 13.1). The level of evidence was majorly classified as level II (10 studies) 14 29 31-37 39. In 

addition, one study was classified as level I 30 and other as level III.38 

 Several major methodological issues were identified, including: small sample sizes 

(n<60) 29 30 32 36-39; low level of evidence, where only two studies performed randomized 

controlled trials 29 31; lack of postoperative rehabilitation description 35-37; scarce 
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description of the outcome assessment procedures 32-36; insufficient description of subject 

selection process 35-37 39. 

 

Table 7 – Methodological quality according Coleman Methodology Score. 

Coleman Methodology Score Arthroscopic Open Total 

Mean (SD) Mean (SD) Mean (SD) 

Part A 

Study size (10) 

Mean duration follow-up (5)  

No. of treatment procedures (10)  

Type of study (15)  

Diagnostic certainty (5)  

Description of surgical procedure (5)  

Rehabilitation & compliance (10) 

Part B 

Outcome criteria (10)  

Outcome assessment (15)  

Selection process (15)  

 

Total part A (60)  

Total part B (40)  

Total score (100)  

 

8.2 (2.1) 

4.1 (1.4) 

10.0 (0.0) 

11.1 (2.1) 

5.0 (0.0) 

5.0 (0.0) 

9.0 (3.2) 

 

10.0 (0.0) 

10.6 (2.6) 

13.0 (4.2) 

 

52.3 (3.7) 

33.6 (4.8) 

85.9 (8.0) 

 

7.0 (0.0) 

4.3 (1.5) 

10.0 (0.0) 

 10.0 (0.0) 

5.0 (0.0) 

4.0 (1.2) 

5.0 (5.8) 

 

10.0 (0.0) 

11.8 (2.9) 

6.3 (6.3) 

 

45.3 (6.2) 

28.0 (6.9) 

73.3 (13.1) 

 

8.0 (2.0) 

4.3 (1.4) 

10.0 (0.0) 

10.8 (1.9) 

5.0 (0.0) 

4.7 (0.8) 

7.5 (4.5) 

 

10.0 (0.0) 

10.5 (2.5) 

11.3 (5.7) 

 

50.3 (5.8) 

31.8 (6.1) 

82.0 (11.6) 

 

Discussion 

 The main finding of this systematic review was that arthroscopic repair of MRTCs 

results in comparable retear rates when confronted with open repair procedures (pooled 

retear rate 31% vs. 27%). However, it should be noted that open repair procedures group 

comprised a lower number of patients (n=41 vs. n=301). Similarly to these findings, it was 

previously reported that the surgical approach (open vs. mini-open vs. arthroscopic) to 

RCTs greater than 3cm seems to do not have effect on the retear rate 40 41.  

It was previously reported that the clinical outcomes for patients with a MRCT are much 

less satisfactory and a large proportion of these patients have a compromised recovery after 

surgery 11 42-46. Moreover, it has been reported that up to 94% of surgically repaired 

MRCTs do not completely heal 47. However, in this pooled data, it was found smaller 

retear rates, maybe because most of the studies did not studied systematically the healing 
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status of the rotator cuff 35 37 38, and the apparently satisfactory results may have cloaked 

the existence of a new rupture. In fact, three studies 35 37 38 for arthroscopic repair and two 

studies for open repair 37 38 presented a low retear rate (between 0-7%), which may be 

underreported due to lack of systematization of the healing status of the repair. This fact 

allied to the difficulty in subgrouping the MRCTs sample 29 31 could have biased the 

estimation of the retear rate. In addition, posterosuperior and anteroposterior MRCTs seem 

to have higher retear rates than anterosuperior tears 14. 

Concerning clinical and functional assessment, both approaches displayed 

satisfactory postoperative outcomes at a mean pooled follow-up of 3 years 29 32 34. 

Moreover, arthroscopic technique has at least, as good results as the open technique (Table 

6) avoiding the complications of the open technique. Mean improvement was 26.4 to 44 

points and 49.2 to 55.6 points for Constant and ASES scores, respectively. The minimal 

clinically important difference (MCID) after shoulder surgery is 10.4 points for Constant 

score 48 and 21 points for the ASES score 49. In this sense, at final follow-up, arthroscopic 

repair of MRCTs outcomes were between 254-423% higher than the MCID for the 

Constant score 32 34 and between 234-265% higher for the ASES score 29 32. However, no 

conclusive answer could be drawn regarding the superiority of arthroscopic over open 

repair, and vice-versa. The same findings were reported by Carr et al. 41 50 where they 

found that there is no difference in clinical effectiveness or cost-effectiveness between 

open repair and arthroscopic repair for degenerative rotator cuff tears at 2 years, presenting 

both a high retear rate. So, it is important to identify the technique that insures better 

clinical improvement for these patients. 

 Arthroscopic repair procedures used evenly the single and double-row procedures, 

using 1-4 and 2-7 anchors, respectively. In this sense, it was found in a systematic review 

of overlapping meta-analyses that the double-row approach in RCTs repair provided 

superior clinical outcomes and structural healing comparing to the single-row repair 51. 

Open repair procedure studies used the single-row approach 38 or the transosseous fixation 
37 39. However, scientific evidence shows that the retear rate appears to do not be 

influenced by the method of repair (transosseous vs. single-row) 40. In more recent studies, 

there is a current trend for opting for the anchor fixation once it allows the formation of 

suture-bridging constructs that exceed the fixation features of the traditional transosseous 

repair. Nonetheless, depending on the bone quality, transosseous fixation may lead to 

better footprint restoration 52. 
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Several definitions of MRCTs have been proposed based in different criteria like 

the diameter of the tear (³5 cm) 6 7, number of tendons affected (³2 tendons) 8-11, the area 

of the defect 12 or tear pattern and the mobility of the tear margins 13. However, in fact 

MRCTs are very large tears that are difficult to repair and often associate with an uncertain 

prognosis 15. Therefore, in order to assemble the greatest number of massive tears reported 

in different prospective studies, we decided to include studies that reported the results of 

large-to-massive tears in the same group (at least 3 cm) 30 31 33-36 38 39.  

Since outcomes of arthroscopic and open repair are comparable, these facts support 

scientifically surgeons to use which technique they prefer to treat massive tears. However, 

it should be remembered that the arthroscopic repair offers some advantages including the 

possibility to access to the glenohumeral joint, inspection and treatment of associated 

lesions, and less soft tissue aggression associated to the surgical procedure.  

 

Limitations 

 This systematic review has its inherent limitations related to this type of study. The 

absence of control groups or comparative studies between open and arthroscopic repair 

precluded the performance of meta-analysis directly comparing different techniques and a 

more direct and accurate comparison between the studies. Moreover, the lack of important 

data (e.g., preoperative values and/or standard deviations of the outcome measure scores) 

limited the inclusion of more studies in the quantitative analysis and reach stronger 

conclusions.  

Standardized routine follow-up imaging evaluations (at the same time-point, for 

instance at 12 and 24 months) would provide a more accurate assessment of the rupture 

healing status and a more reliable estimation of the retear rate. In addition, the open repair 

studies were usually published previously and thus, they have less probability in including 

the routine follow-up imaging evaluations to assess the rotator cuff integrity. 

The lack of description on the patient characteristics (dominance, preoperative 

duration of symptoms, concomitant injuries and the number and type of previous shoulder 

surgeries), surgery details (number of anchors used, performance of interval slide, 

decubitus and comprehensive postoperative rehabilitation) and standardized outcome 
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measure scores, are issues that might influence the surgical and clinical outcomes should 

be addressed in future studies. 

There was a clear difficulty in separating the MRCTs subgroup from the other tear 

sizes due to extrinsic factors (i.e., related to the original studies), which definitely 

decreased the number of studies eligible for inclusion in this systematic review. 

Subgrouping the results by tear size would give more strength to the study’s conclusions 

and would allow a more precise and refined treatment indications based on the tear size. 

Despite the efforts to include the highest level of evidence in this systematic review 

(at least prospective studies), only one level I 30 study was available to be included. To 

achieve high-level strong scientific conclusions, more randomized controlled trials, with 

larger cohort samples, subgrouped by tear size and with proper follow-up imaging 

assessment are required. 

 

 

Conclusion 

  Arthroscopic and open repair resulted in improved post-operative outcomes. Both 

repair approaches provided similar results and, therefore, the arthroscopic repair should be 

preferred due to its inherent advantages. MRCTs repair requires further scientific research 

and better reporting to obtain stronger conclusions. 
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Reverse shoulder arthroplasty for irreparable massive rotator cuff tears: a systematic 

review with meta-analysis and meta-regression 

Abstract 

Background: Massive rotator cuff tears (MRCTs) are very large tears, which are often 

associated with an uncertain prognosis. Indeed, some MRCTs even without osteoarthritis 

are considered irreparable, and non-anatomical solutions are needed to improve patient’s 

symptoms. Reverse shoulder arthroplasty (RSA) is an option that can provide a more 

predictable pain relief and recovery of function. Nonetheless, outcomes after RSA for 

irreparable MRCTs have not been well defined. The aim of this study was to quantitatively 

aggregate the findings associated with the use of RSA in this subset of patients and analyze 

the effect on patient’s functional status and pain. 

Methods: A comprehensive search was performed until October of 2015 using Medline, 

Scopus, Cochrane Database of Systematic Reviews, and CENTRAL databases. Studies 

that assessed the outcomes of RSA in patients with irreparable MRCT without 

osteoarthritis (with at least 2 years of follow-up) were included. If the results of MRCT 

without osteoarthritis were not possible to subgroup, the study was excluded. 

Methodological quality was assessed using Coleman methodology score. 

Results: A total of 6 studies (266 shoulders) comprising a follow-up ranging from 24 to 

61.4 months were included. The mean Coleman Methodology Score was 58.2 ± 11.8 

points. There was an overall improvement from pre- to post-operative assessments of the 

clinical score (d=1.35, p<0.001), forward flexion (d=0.50, p=0.009), external rotation 

(d=0.40, p<0.001), function (d=1.04, p<0.001) and pain (d=-0.89, p<0.001).  

Conclusion: Patients with irreparable MRCT without presence of osteoarthritis have a high 

likelihood of achieving a painless shoulder and functional improvements following RSA.  

Level of evidence: Level III, systematic review of level III studies 

Keywords: Massive; chronic; irreparable; rotator cuff tears; pseudoparalytic shoulder; 

Reverse shoulder arthroplasty 
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Introduction 

Massive rotator cuff tears (MRCTs) are very large tears, which are difficult to 

repair and are often associated with an uncertain prognosis55. They are usually chronic 

lesions and associated with myotendinous retraction47, 69, 70, atrophy and fatty infiltration of 

the muscles20, 28. The clinical presentation typically includes a painful and pseudoparalitic 

shoulder which is defined as a shoulder with active shoulder elevation under 90 degrees in 

the presence of free passive anterior elevation25, 66. However, there are also some patients 

with irreparable MRCTs who maintain elevation of over 90 degrees, but have intractable 

pain51. 

The degenerative changes of the musculotendinous unit increase over time and are 

associated with loss of elasticity, poor biologic and mechanical tissue properties. These 

changes adversely affect and, in some cases, hamper the surgical reattachment and healing 

of the musculotendinous unit to the bone23, 26, 28-31, 44, 46, 58.  

The definition of MRCT lesion is still not consensual9, 11, 14, 23, 25, 56, 64, 70 and the two 

most widely used systems are based on the dimension of tendon retraction (with a diameter 

greater than 5 cm)11, 14, and based on the number of tendons affected, with a minimum of 

two complete tendon tears23, 25, 64, 70. Following these criteria, MRCTs have been reported 

as ranging from 10% to 40% of all rotator cuff tears and 80 % of recurrent tears1, 10, 15, 16, 33, 

36, 37, 42, 45, 63. Moreover, Hamada et al34 classified radiographically MRCTs based on the 

acromiohumeral distance (AHD), degenerative changes of the acromion and  glenohumeral 

joint space narrowing. The five-grade classification presumes to reflect the temporal 

evolution of rotator cuff tears and is as follows: in Grade 1 the AHD is maintained (³ 6 

mm) and narrows in Grade 2 (£ 5 mm); in Grade 3 an acetabulization in addition to the 

Grade 2 narrowing is seen; in Grade 4, narrowing of the glenohumeral joint is added to the 

Grade 3 features, and Grade 5 comprises a humeral head collapse. Only Hamada grade 1, 

2, or 3 patients are considered to have a MRCT without associated arthritis.  

Computed tomography scanning27, 28 and magnetic resonance imaging20 have been 

proposed as critical tools to detect MRCTs and to grade the associated prognostic factors, 

such as the tear size, tendon retraction, and fatty infiltration. The information obtained can 

be used to estimate the quality and, consequently, the reparability of the torn 

musculotendinous unit36, 52, 57, 68. However, determining which rotator cuff tears constitute 
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an irreparable MRCT can be difficult and somewhat arbitrary51. Nevertheless, the presence 

of severe and fixed retraction of the musculotendinous unit (grade 3 on the classification 

system of Patte54), severe cuff muscle fatty infiltration (grade 3 or 4, on the Goutallier 

classification for CT scan27, 28 or Fuchs classification for MRI20), and/or proximal humeral 

migration with narrowing of the acromiohumeral space (under 6 mm) on the 

anteroposterior view in neutral rotation65, they can be considered chronic and irreparable. 

Surgical treatment is advised in an irreparable MRCT without arthritis (Hamada 

grade 1-3), associated with significant pain and whose nonoperative treatment failed to 

improve the symptoms. However, surgical treatment remains a challenge due to the 

technical difficulties and unpredictability of the results of the repair, which has led 

orthopedic surgeons to seek alternative options to treat MRCTs. In this sense, many 

palliative interventions have been proposed, including long head of the biceps tenotomy or 

tenodesis4, 61, subacromial débridement21, tendon transfers22, 24, 50, 52, superior capsular 

reconstruction48, 49, partial rotator cuff repair3, 13, rotator cuff debridement17, 21, 53, and 

reverse shoulder arthroplasty (RSA)7, 18, 38, 51, 59, 62. Nevertheless, the appropriate surgical 

intervention for the specific individual patient has not been widely agreed upon, and 

currently, there is a lack of strong scientific data to support any of the available surgical 

options. 

RSA is presented as an option that can provide a more predictable pain relief and 

recovery of function7, 38, 51. Nonetheless, outcomes after RSA for irreparable MRCTs have 

not been well defined in the scientific literature. Therefore, the purpose of the current work 

was to conduct a systematic review and a meta-analytic procedure on the outcomes of RSA 

to treat adult patients presenting with chronic, irreparable MRCTs. The hypothesis was that 

the RSA would improve pain and function of patients presenting with chronic, irreparable 

MRCTs that had failed to improve after nonoperative treatment. 
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Methods  

Search strategy 

The systematic review of the literature was conducted according the Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines, which 

aims to improve the standard of reporting of systematic reviews and meta-analyses43. The 

protocol was à priori registered at the International Prospective Register of Systematic 

Reviews (PROSPERO) (http://www.crd.york.ac.uk/ PROSPERO 

2015:CRD42015026902). 

In October 2015, a comprehensive database search was performed, using the 

Medline, Scopus, the Cochrane Database of Systematic Reviews and the Cochrane Central 

Register of Controlled Trials databases. The reference list of the most relevant original 

studies was scanned for additional studies. Original studies that assessed the clinical and 

radiological outcomes of RSA treatment in patients with MRCTs were included. The 

search terms included: “rotator cuff”, “massive”, “irreparable”, “arthroplasty” and 

“reverse” using the Boolean operators (AND, OR). 

The search was performed independently by two reviewers (NS and NF). In case of 

disagreement, a third reviewer (PSM) was consulted for final decision.  

 

Study selection 

All the titles from all database searches were screened and the duplicates were 

identified and removed. Once titles were screened for potential relevance to the RSA 

treatment of MRCTs, pertinent abstracts of the selected titles were then screened for 

further detail to ensure that the study satisfied the eligibility criteria. If insufficient 

information within the title or abstract was provided, the manuscript was automatically 

considered for full-text review.  

After the identification of potential relevant studies, these were retrieved and the 

respective full-text analyzed for their eligibility based on the following inclusion criteria: 

(1) live adult human subjects; (2) primary RSA performed on rotator cuff tears classified 

as “massive” and “irreparable” by the authors of the original study; (3) follow-up of at 

least twenty-four months; (4) studies published in the English language. Studies that 
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included revision surgery, after previous failed repair attempts, were allowed. Only 

primary RSA procedures were included. Exclusion criteria encompassed: (1) studies not 

containing a succinct description of the criteria for the definition of “massive”; (2) studies 

including patients with rheumatoid arthritis; (3) studies not specifying the surgical 

technique; (4) studies including patients with rotator cuff arthropaty (patients with Hamada 

classification system > 3) and not presenting separate data for the MRCTs without 

osteoarthritis; (5) other reviews or meta-analyses, clinical commentaries, expert opinions, 

biomechanical studies, technical notes, single case studies or case reports. 

 

Data collection and extraction 

After the studies’ selection, the information from individual eligible studies was 

independently extracted and recorded into separate databases. A third team element (PSM) 

was responsible for combining the databases and for solving potential disagreements 

between the independent reviewers.  

The data from the original studies was collected into 4 categories: research 

characteristics, patient demographics, procedural details, and surgical outcomes.  

Research characteristics included: type of study, year of publication, number of 

shoulders enrolled, follow-up duration, patients lost to follow-up, dates of recruitment 

period, and the method by which the authors classified the tear pattern as “massive” or 

“irreparable.”  

Patient demographics collected included age, sex, handedness, and preoperative 

duration of symptoms. Procedural details collected included surgical approach (delto-

pectoral vs supero-lateral), performance of concomitant procedures (e.g. biceps tenotomy 

or tenodesis, and tendon transfers), and duration of postoperative immobilization.  

When available, pre- and post-operative functional outcome scores, pain, measures 

of strength, as well as active range of motion (AROM) with respect to external rotation 

(ER), internal rotation (IR), abduction (ABD) and forward flexion (FF) were collected. 

Satisfaction, surgical complications (as noted by the authors) and revision surgery were 

also used as endpoints.  
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Methodological quality assessment 

The level of evidence was assigned to each paper, accordingly67. The 

methodological quality of the included original studies was evaluated with the Modified 

Coleman Methodology Score (MCMS),12 which has been used previously in shoulder 

surgery publications.19, 35, 39 The MCMS is a 10-item questionnaire, divided in two sections 

(A and B), based on the subsections of the Consolidated Standards of Reporting Trials 

statement (for randomized controlled trials) but modified to allow for other study designs. 

Scores of 85 to 100 are considered excellent, 70 to 84 good, 55 to 69 fair, and less than 55 

poor.  

 

Statistical analysis 

The meta-analytic procedures were implemented with R studio (version 3.3.1). Pre- 

and post-operative measures were extracted from individual studies. When the provided 

parameters were not sufficient to compute effect sizes for individual studies, the 

corresponding authors were contacted and asked to provide additional information.  

In the impossibility of obtaining this information and with the goal of increasing the 

number of studies included in the meta-analytic aggregation, different strategies were used 

to input missing information. In particular, for studies in which measures of dispersion 

(i.e., variance, standard deviation, or standard error) were not provided, an approximation 

of the significance level (when the actual p-value was not reported) was used to estimate 

the corresponding t-statistic. Thereafter, a dispersion measure – the standard error (SE) – 

was calculated according to the formula: 

𝑆𝐸 =
𝑀𝑒𝑎𝑛𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑡  

and the corresponding standard deviation (SD) was estimated by: 

𝑆𝐷 = 𝑆𝐸 ∗	 𝑛 

Cohen’s d and d variance were calculated as a means to define the effect size and 

the confidence interval for each study, using the MBESS package41. Afterwards, the meta-

analytic procedure was performed. Meta-analytic results are summarized with pooled d 
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measures. Prior to the pooling of results, the heterogeneity level between studies was 

estimated based on the Cochran Q-test and I2 statistic. I2 was calculated as  

𝐼1 =
𝑄 − 𝑑𝑒𝑔𝑟𝑒𝑒𝑠	𝑜𝑓	𝑓𝑟𝑒𝑒𝑒𝑑𝑜𝑚

𝑄 ∗ 100, 

where Q is the Cochran’s statistic. I2 values of 25, 50 and 75 represent low, medium and 

high heterogeneity, respectively40. In the case of significant heterogeneity, a random-

effects model (the Restricted Maximum-Likelihood method) was used to estimate the 

overall, pooled effects. Alternatively, a fixed-effects model (the Mantel-Haenszel method) 

was performed. Aiming to assess the impact of individual studies on the overall, pooled 

results, sensitivity analyses were conducted, with a leave-one-out strategy (i.e. multiple 

meta-analyses were conducted with one study being left out). Subgroup and meta-

regression analyses were conducted to assess the influence of specific factors (e.g. pre-

operative severity, patients’ satisfaction, study quality) on the overall results. Finally, the 

presence of potential publication bias was examined through the visual inspection of 

funnel plot asymmetry, and statistically tested using the Begg and Mazumdar rank 

correlation method2 (p<0.05 represents statistically significant publication bias). The 

analytical implementation of the meta-analytic was performed, using the Metafor 

package60. 
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Results 

Study selection 

The database and hand search yielded 362 titles and abstracts. Duplicated articles 

were removed and 256 articles were screened based on their title and abstract. A total of 35 

full-text articles were screened according the inclusion and exclusion eligibility, yielding 6 

studies7, 18, 38, 51, 59, 62 eligible for inclusion in the qualitative synthesis. Search strategy steps 

and reasons for exclusion are displayed at the PRISMA flow chart (Figure 1). 
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Figure 1. PRISMA diagram. Flow chart displaying the search and eligibility strategy. 

 

The results of the 6 included studies are summarized in Table 1. Three studies18, 38, 

51 presented data that allowed pooling the analysis in separate subgroups and results are 

summarized in Tables 2-4. Thus, in order to account for the impact of the patients’ 
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characteristics on the outcomes, these groups were considered separate studies in the meta-

analytic procedure. 
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Table 1 – Summary of the results analysis in the 6 different included studies.  
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Table 2 – specific subgroups analysis in Favard et al. study. 
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Table 3 – specific subgroups analysis in Mulieri et al. study. 
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Table 4 – Specific subgroups analysis in Hartzler et al. study. 
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Research Characteristics 

 The region where the studies were performed showed a moderate homogeneity, 

including Europe (4 studies)7, 18, 59, 62, and America (2 studies)38, 51. 

 The mean Coleman Methodology Score was 58.2 ± 11.8 points (Table 5). The level 

of evidence varied across the studies - level II (1 study)62, and level III (5 studies)7, 18, 38, 51, 

59. 

Table 5 – Methodological quality according Modified Coleman Methodology Score 

(MCMS). 

Modified Coleman 

Methodology Score 

Mean 

(SD) 

Part A 

Study size (10) 

Mean duration 

follow-up (5)  

No. of treatment 

procedures (10)  

Type of study (15)  

Diagnostic certainty 

(5)  

Description of 

surgical 

procedure (5)  

Rehabilitation & 

compliance (10) 

Part B 

Outcome criteria (10)  

Outcome assessment 

(15)  

Selection process (15)  

 

Total part A (60)  

 

5.8 

(3.4) 

5.0 

(0.0) 

10.0 

(0.0) 

0.0 

(0.0) 

5.0 

(0.0) 

3.7 

(1.0) 

6.7 

(5.2) 

 

10.0 

(0.0) 

3.7 

(4.4) 

8.3 
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Total part B (40)  

Total score (100)  

(6.1) 

 

36.2 

(6.6) 

22.0 

(9.9) 

58.2 

(11.8) 

 

 Major limitation issues were: small sample sizes (n<60)7, 18, 51, 59, 62; low level of 

evidence, as none of the included studies provided a prospective design7, 18, 38, 51, 59, 62; 

limited description of the outcome assessment procedures7, 18, 38, 51, 59, 62; insufficient 

description of subject selection process18, 38, 51, 59. 

 

Patient demographics 

 After screening the original studies samples’ for MRCTs, a total subgroup of 266 

shoulders in 257 patients was available. The method of classification used in all studies 

was defined by the number of tendons involved (at least 2 tendons involvement). The mean 

follow-up was 47.4 months, ranging from a minimum of 34 to 61.4 months. The 

complications rate ranged between 4.1 % and 20%18 35 48 and, the revision rate ranged from 

a minimum of 1.4%35 to 8.3%48. A more detailed description is provided in Table 1. 

 

Quantitative Analysis 

With respect to the analysis of the clinical score (CS), it was observed a significant 

heterogeneity between studies (Q(9)=18.25, p=0.032), accounting for 52.76% of the 

variance (I2=52.76). The pooled results revealed an overall improvement (weighted 

average difference of 35.1) of the CS from pre- to post-operative assessments (d=1.35, 

p<0.001) (Figure 2). Similarly, it was noted that the aggregation of studies evaluating the 

FF yielded a significant overall post-surgical improvement (weighted average difference of 

41.8) on this parameter (d=0.50, p=0.009), again noting that there is a large and highly 
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significant heterogeneity between studies (I2=75.53, Q(5)=23.83, p<0.001). In contrast, 

regarding the external rotation, it was observed that the heterogeneity between studies was 

negligible (I2=0.02, Q(4)=5.49, p=0.240), which enabled the use of a fixed-effects model. 

Following the results of the previously described parameters, the pooled effects revealed 

significant beneficial effects of RSA on the level of external rotation (weighted average 

difference of 12; d=0.40, p<0.001). The post-surgical assessment was also found to be 

associated with a significant improvement on the function parameter (weighted average 

difference of 4), as revealed by the random-effects model (d=1.04, p<0.001; I2=62.48, 

Q(3)=8.35, p=0.039). The last tested parameter – pain – was found to significantly improve 

(weighted average difference of -5.2) from pre- to post-surgery (d=0.89; p<0.001; 

I2=19.63, Q(4)=4.16, p=0.384). Results of different clinical parameters are summarized in 

Figure 3.  

 

 

Figure 2. Forest plot. Overall effect of shoulder arthroplasty for irreparable massive 

rotator cuff tears on clinical score (CS). Individual lines represent the different studies 

included in the meta-analysis. The dashed line indicates the absence of significant effect, 

i.e., no significant different in CS between pre- and post-assessment. The diamond 

represents the aggregated pooled effect. The diamond does not cross the line of null effect, 
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indicating an overall significant improvement following the surgical intervention. The 

characteristics of the distinct subgroups are presented in Tables 2-4. 

 

 

Figure 3. Summary of the pooled effects of the shoulder arthroplasty on distinct 

clinical parameters. CS – clinical score; FF – forward flexion; ER – external rotation; 

function –function score (visual analog scale), pain – pain score (visual analog scale). The 

horizontal dashed line indicates the line of null effects, i.e., no significant differences 

between pre- and post-assessments. Positive values indicate increases from baseline to 

post-surgery; negative values indicate reductions. The diamonds represent the pooled 

estimates; vertical lines correspond to the confidence interval of each estimate. As can be 

observed, none of the vertical bars cross the null-effects line, indicating that all the effects 

are significant – there are overall significant improvements in all the assessed clinical 

parameters. 

 

The sensitivity analyses for each parameter revealed that no single study 

contributed to significant alterations in the pooled, overall, results. Nevertheless, it is 

important to note that, for the FF parameter, the exclusion of either the study of Boileau et 

al.7 or the study of Mulieri et al.51 lead to a decrease of the significance level to the limits 
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of statistical significance (p=0.048). Finally, it was observed that studies’ quality (MCMS 

section B) had a significant impact on the overall findings. In particular, the quality was 

inversely associated with the effect’s magnitude (B=-0.04, SE=0.02, p=0.013), i.e., studies 

with higher quality had a reduced effect size. This association is graphically displayed on 

Figure 4. In contrast, neither patients’ satisfaction, nor pre-operative parameters had a 

significant impact on the overall findings. 

 

Figure 4. Meta-regression plot. Bubbles represent individual studies (bubbles’ size is 

correspondent to the studies’ weight – studies with higher samples have larger weights for 

the estimation of the pooled effects). The plot suggests that studies with higher quality 

present the lower estimates of overall effect sizes (higher score of MCMS section B – Qual 

B). 
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Discussion 

The systematic review and a meta-analytic investigation showed that the RSA 

significantly improved the shoulder outcomes in patients with irreparable MRCTs. More 

specifically, it was observed that the parameters evaluated such as pain, function and 

mobility significantly improved from the pre-operative to post-surgery status. Of note, to 

the best of our knowledge, this is the first report to quantitatively aggregate the findings 

associated with this topic.  

Currently, an anatomical clinical solution is not available to effectively treat 

chronic irreparable MRCTs. Paul Grammont introduced a new reverse prosthesis concept 

imposing a new biomechanical environment for the deltoid muscle to act, thus allowing it 

to compensate for the deficient rotator cuff muscles32. The revolutionary design minimizes 

torque on the glenoid component, and helps in recruiting more fibers of the anterior and 

posterior deltoid to act as abductors. Several indications emerged, based on the clinical 

experience showing that the RSA restores active elevation above 90 degrees in patients 

with a cuff-deficient shoulder8.  

Despite the theoretical advantages of RSA helping to solve the challenging problem 

of irreparable MRCTs without arthritis, there is no strong evidence in the literature 

specifically reporting the results of RSA in this setting. Moreover, there is only one study18 

reporting the results of different techniques treating MRCT patients without osteoarthritis 

(younger than 65 years), and they found that the reverse shoulder prostheses sub-group 

showed better outcomes in terms of functional benefits. Nevertheless, it is a retrospective 

study, without a randomization of the procedures and including patients with different 

baseline characteristics. 

The indications for RSA within this population were significant persistent shoulder 

pain, dysfunction despite at least six months of non-operative treatment, the presence of at 

least a two-tendon tear, and Hamada stage-1, 2 or 3 changes in a patient for whom a non-

arthroplasty option did not exist51. Other authors preferred to reserve this procedure for 

patients with chronic loss of elevation, particularly in young active patients18, 62. In fact, it 

has been suggested that pre-operative mobility higher than 90 degrees of FF could be 

associated with worse outcomes, more specifically with higher complication rate51, and 

even with a decrease of shoulder mobility7. In our analysis, it was not possible to confirm 

the hypothesis of negative association between MRCTs patients with painful shoulder, 
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good pre-operative mobility and loss of mobility after RSA. Moreover, none of the studied 

pre-operative parameters had a significant impact on the overall findings. Thus, even this 

subset of good mobility patients may benefit from this surgical option after a failed 

conservative treatment attempt. Nevertheless, it is important to note that the low number of 

included studies in the meta-analysis may not be enough to statistically demonstrate this 

association. Furthermore, it is also relevant to consider that the post-operative outcomes 

were not consistently provided according the pre-operative mobility, and measurements of 

pre-operative mobility were not reported for all the included studies.  

External (particularly in patients with an absent or fat-infiltrated teres minor) and 

internal rotation of the shoulder often remains limited after a RSA8. Moreover, Boileau et 

al5, 6 showed that if the patient has a deficit of external rotation associated with a MRCT 

without osteoarthritis, only a tendon transfer can restore it. The authors advocated that in 

cases of isolated loss of active external rotation related to an irreparable postero-superior 

cuff tear, the latissimus dorsi (alone or in association with the teres major) tendon transfer 

should be performed in isolation. In cases with combined loss of active elevation and 

external rotation, the tendon transfer should be performed with a RSA. From the meta-

analysis of individual parameters, it was observed that whereas RSA yielded larger pooled 

estimates for the clinical scores (e.g. Constant score), pain and function, these effects were 

less pronounced for the external rotation and FF. Indeed, Hartzeler et al.38 found that the 

subgroup of patients with latissimus dorsi transfer had significantly higher external rotation 

gain. This raises the hypothesis that RSA may be more selectively effective for improving 

pain than mobility. 

However, it should be emphasized that the complications rate can be as high as 1 in 

each 5 RSAs. Moreover, the revision rate is approximately 1 in each 10 patients, at short to 

medium term. Furthermore, these rates were observed in specialized centers where 

surgeons have substantial experience using RSA for this specific population, which means 

that in less experienced “hands” these rates could be even higher. Finally, it is essential to 

provide this information to patients when counseling this therapeutic option. 

It is important to explicitly discuss some of the shortcomings associated with this 

work. Lack of appropriate reporting was evident for a great number of studies. For several 

studies, measures of dispersion (e.g. standard deviation, standard error, or confidence 

intervals) were not properly reported. Instead, most of the studies only included range, 
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which is not enough to robustly compute measures of effect-sizes. Some strategies of 

estimating confidence intervals based on range have been reported. However, this requires 

that strong assumptions be met, such as the normal distribution and/or absence of outliers. 

For this reason, it is not recommended to impute dispersion measures based solely on 

range values. This highlights the importance of adequate reporting in order to ensure a 

proper aggregation of studies to estimate overall effects. Another aspect pertains to the 

high dispersion levels in post-operative outcomes, compared to pre-operative levels. As a 

consequence, it is plausible not to exclude the hypothesis that some studies included 

participants displaying very high improvement values and thus contributing to an 

enlargement of the overall effects for individual studies.  

Some methodological considerations related with the experimental design are 

important to highlight. In particular, it was noted that none of the included studies 

performed randomization in the patients’ allocation. Furthermore, as there are a multitude 

of available surgical procedures, it would be of upmost relevance to compare RSA with 

other surgical approaches, which was not verified in the majority of the studies.  
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Conclusion 

Patients with irreparable MRCTs without presence of osteoarthritis have a high 

likelihood of achieving a painless shoulder and functional improvements following RSA. 

Therefore, older patients with symptomatic MRCTs without osteoarthritis that had failed to 

improve with conservative treatment, presenting signs revealing that the cuff is not 

reparable or would not heal back to bone (e.g. decreased AHI and advanced fatty muscle 

degeneration), RSA may result in significant improvement of the patient’s functional status 

and relief of pain symptoms, and thus should be recommended. Nonetheless, high quality 

studies (level 1) with randomization procedures and control groups, comparing different 

options to treat irreparable MRCTs without osteoarthritis are required. 
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animals were killed, and the supraspinatus and infraspina-
tus muscles were processed.
Results Histologic analysis revealed adipocytes, fatty 
infiltration and atrophy in the injured side with a greater 
consistency of these degenerative changes in the bilateral 
lesion group. Behaviour analysis revealed a significant func-
tional impairment of the fine motor control of the forepaw 
analyzed in staircase test where the number of eaten pellets 
was significantly higher in sham animals (sham = 7 ± 5.0; 
left unilateral = 2.6 ± 3.0; right unilateral = 0 ± 0; and 
bilateral = 0 ± 0, p < 0.05). A trend to reach a lower level 
of steps, in more injured animals, was also observed (sham 
animals = 3 ± 1.6 > left unilateral = 2 ± 2.1 > right 
unilateral = 0.8 ± 1.3 > bilateral = 0.8 ± 1.1).
Conclusions The present study has been able to establish 
an animal model that disclosed the hallmarks of MRCT. 
This can now be used as a valuable, cost-effective, pre-
clinical instrument to assist in the development of advanced 
tissue engineered strategies. Moreover, this animal model 

Abstract 
Purpose Massive rotator cuff tears (MRCT) are usu-
ally chronic lesions that present associated degenerative 
changes of the myotendinous unit that have been impli-
cated in limitations for surgical repair. In order to develop 
effective therapies, it is important to establish animal mod-
els that mimic the hallmarks of the injury itself. Therefore, 
in the present work, we aimed to (1) optimize a rodent ani-
mal model of MRCT that closely reproduces the fatty infil-
tration of the cuff muscles seen in humans and (2) describe 
the effects of unilateral or bilateral lesion in terms of histol-
ogy and behaviour.
Methods Massive tear was defined as two rotator cuff ten-
dons—supraspinatus and infraspinatus—section. Twenty-
one Wistar rats were randomly assigned to four groups: 
bilateral lesion (five animals), right-sided unilateral lesion 
(five animals), left-sided unilateral lesion (five animals) and 
control (six animals). Behaviour was analyzed with open 
field and staircase test, 16 weeks after lesion. After that, 
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overcomes some of the limitations of those that have been 
reported so far and thus represents a more reliable source 
for the assessment of future therapeutic strategies with 
potential clinical relevance.

Keywords Massive rotator cuff tear · Animal model · 
Fatty infiltration · Behaviour analysis

Introduction

Massive rotator cuff tears (MRCT) can cause debilitating 
symptoms including a painful and pseudoparalitic shoulder 
[20]. Several definitions of a MRCT have been proposed 
based in different criteria like the diameter of the tear 
(≥5 cm) [9, 13], the area of the defect [45], tear pattern 
and the mobility of the tear margins [6], but the easiest and 
most widely used proposition is based on the number of 
tendons affected, with a minimum of two totally torn rota-
tor cuff tendons defining the lesion [17, 20, 48, 50].

MRCT are usually chronic lesions associated with myo-
tendinous retraction [36, 49, 50], atrophy and fatty infiltra-
tion of the muscles [16, 23]. Such characteristics are impor-
tant prognostic factors for the outcome of a rotator cuff 
repair [17, 22, 23, 25, 30, 35, 46] because they are associ-
ated with loss of elasticity of the myotendinous unit, which 
adversely affect and, at times, hamper surgical treatment of 
the lesion [23, 24, 26].

In an attempt to improve surgical results, there is cur-
rently an increasing interest in developing new strategies to 
facilitate repair and thereby improve the healing process of 
MRCT injury [8, 15, 27]. However, the use of new thera-
peutic modalities must be tested, prior to use in humans, 
and the development of animal models and computer sim-
ulation have played a key role in achieving this aim [34]. 
The importance given to in vivo tests requires that the cho-
sen model be appropriate, cost-effective and adequately 
mimics the pathology [7].

Different animal models have been described to study 
rotator’s cuff pathology such as rabbit [18, 41], dog [42], 
sheep [10, 19], rat [3, 21, 28, 32, 39] and mouse [31]. The 
rat has important advantages, among which we highlight 
the similarity of the rotator cuff anatomy relative to the 
human being [3, 43], easiness of handling and low main-
tenance cost [28], which makes it a good candidate for the 
study of basic patho-anatomical mechanisms and thera-
peutic intervention results, in this pathology. However, we 
should underline that the load on the forelimb, like in other 
quadruped animals, is different from the human shoulder 
due to the human orthostatic position.

Initial attempts to develop a rat model of MRCT faced 
difficulties in mimicking the degenerative alterations asso-
ciated to this condition, mostly due to detachment of only 

one tendon (supraspinatus) and the high rate of tendinous 
adherences associated [3, 21]. This problem was overcome, 
at least partially, with a model in which there are at least 
two tendons detached [14, 28, 32] and therefore represents 
MRCT more faithfully. However, to increase the degree of 
fatty infiltration, some authors added a suprascapular nerve 
section to the two rotator cuff tendon detachment [28, 32].

Thus, the present study aimed at optimizing, validating 
and further characterizing, both histologically and func-
tionally, a chronic MRCT model in rat that can mimic as 
close as possible what happens in the humans without a 
definitive neurologic injury. We hypothesized that a two-
tendon rotator cuff tear in the rat model would result in 
muscle degeneration and that the extension of degeneration 
would be related with the number of sides affected. We fur-
ther aimed at determining whether functional impairment 
of fine motor control would be affected in a similar fash-
ion. Overall, the animal model herein presented overcomes 
some of the limitations of those that have been reported 
so far and thus represents a more reliable source for the 
assessment of future therapeutic strategies with potential 
clinical relevance.

Materials and methods

Rat animal model

Twenty-one male Wistar rats (16 weeks), housed in light 
and temperature controlled rooms and fed on standard diet, 
were randomly assigned to the experimental groups. Lesion 
was defined as supraspinatus and infraspinatus tenotomy, 
to simulate MRCT [28, 32, 39], and the cut-off point for 
chronicity was established at 16 weeks post-injury based in 
previous reports [14, 28]. The experimental control (Sham) 
was defined as a skin incision and detachment of the tra-
pezius from the spine of the scapula, without any gesture 
carried out in the rotator cuff tendons. Four groups were 
established: (1) bilateral lesion (n = 5); (2) Unilateral right 
lesion (n = 5); (3) Unilateral left lesion (n = 5); and (4) 
Sham (n = 6).

Surgical procedure

All animals were anesthetized by intraperitoneal injection 
of a 1.5:1 mixture of ketamine (60 mg/ml, Imalgen, Merial, 
Portugal) and medetomidine hydrochloride (0.4 mg/ml, 
Dorbene Vet, Laboratorios Syva SA, Spain). Once anes-
thetized, fur was shaved in the area of the surgical site, the 
skin disinfected with chlorohexidine (AGB, Spain), and the 
animals were placed in prone position with the forelimbs 
in external rotation. A transverse incision was made in the 
skin and underlying fascia over the posterior aspect of the 
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shoulder, followed by detachment of the trapezius from the 
spine of the scapula. The muscles of the rotator cuff were 
visualized with the supraspinatus (located in a superior 
position to the spine of the scapula) and the infraspina-
tus (inferior to the spine of the scapula) inserting into the 
greater tuberosity of the humerus. The acromion was care-
fully lifted to improve exposure of the area of insertion of 
the tendons that were then cut close to the bone and were 
allowed to retract medially (Fig. 1). A marking suture of 
Prolene 4-0 (Ethicon, Johnson and Johnson, USA) was 
placed on the end of the cut tendons to facilitate identifica-
tion at the time of dissection. The trapezius muscle and the 
overlying skin were closed in successive layers with Vic-
ryl 2-0 (Ethicon, Johnson and Johnson, USA). After sur-
gery, analgesia (butorphanol tartrate, 1 mg/ml, Fort Dodge, 
Spain) and antibiotic (enrofloxacin, 1 mg/ml, Bayer, Ger-
many) were administered, and the rats were kept under heat 
lamps until they were transferred to their cage, after which 
unrestricted activity was allowed.

Motor behaviour analysis

In order to understand the functional implication of the 
injury in an animal model and to analyze the efficacy of a 
given therapeutic intervention, it is also important to evalu-
ate shoulder function [39]. Behavioural analysis in labo-
ratory rodents is extensively used and validated in several 
contexts, namely in neurologic pathologies [44]. Some of 
these tests, especially those analyzing motor behaviour, 
including skilled limb movements, may be adequate to 
evaluate shoulder function. Behavioural open field [40, 44] 
and staircase [37] tests were performed at 16 weeks post-
injury during the course of this work.

Open field

This test allows the assessment of motor behaviour through 
quantification of the rearing activity and the distance trav-
elled, in a 5-min period. The rat is placed in the centre of a 
square arena (43.2 cm × 43.2 cm) with transparent acrylic 
walls and in a brightly illuminated room (Med Associates 
Inc., St. Albans, VT, USA). The total distance travelled 
and the number of rearings are automatically registered by 
equipment sensors, evaluating the explorative behaviour of 
the animal in this environment.

Staircase test

This test evaluates fine motor control and positioning in the 
space of the forelimb. The test apparatus consists of a clear 
chamber with a hinged lid that was developed to assess the 
independent forelimb use in skilled reaching and grasping 
task. A narrow compartment, with a central raised platform 

running along its length, is connected to this chamber. A 
removable double staircase, with seven steps on each side, 
is inserted in the space between the platform and the box 
walls. Each of the steps contains a small well, and three 
saccharin-flavoured pellets are placed in each well. The 
number of pellets eaten during the test period indicates 
the rat’s success in grasping and retrieving the pellets. The 
number of steps from which pellets have been removed 
provides an index of the attempts to reach the food and how 
far the rat can reach.

Animals were pre-trained on the 4 days before the actual 
test and are food deprived during this time (animals are 
allowed to eat only 1 h per day). The protocol consisted of 
2 days of testing during 5 min and then another consecu-
tive 2 days of 10 min’ test. On the 5th day, animals per-
formed the test where the total amount of eaten pellets and 
the number of steps reached (where pellets were removed) 
were registered.

Histology

Sixteen weeks after the surgical procedure and after the 
behavioural analysis, the rats were deeply anesthetized by 
intra-peritoneal injection of sodium pentobarbital (Ceva 
Saude Animal, Portugal) and killed. The myotendinous 
units were harvested, embedded in optimum cutting tem-
perature (OCT) compound and stored at −80 °C. Frozen 
samples were cut with a cryostat in 20-µm-thick sections 
at the coronal plane and then placed on glass slides (24 sec-
tions for each muscle). Haematoxylin and Eosin (HE) and 
Oil Red O stains were performed to assess the presence of 
intra-muscular adipocytes, muscle atrophy and fatty infil-
tration [28].

Fig. 1  Surgical procedure in the animal model. Star acromion lifted 
to improve exposure of the area of insertion of the tendons. Arrow 
supraspinatus and infraspinatus inserting on the greater tuberosity of 
the humerus
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In Oil Red O staining, lipids exhibit red colour, high-
lighting its presence. The amount of fat was evaluated with 
Oil Red O and graded semi-quantitatively on a four stage 
scale (1–4) in a manner based on that used by Goutallier 
for CT scan [23] except for the fact that we joined the 
stage 0 and 1 in a single stage 1 (stage 1—absence to rare 
presence of fat deposits; stage 2—there is important fatty 
infiltration but there is still more muscle than fat; stage 
3—there is as much fat as muscle; and in stage 4, more 
fat than muscle is present and so we can find numerous 

fat deposits or droplets present in the majority of muscle 
fibres). The HE staining allowed a semi-quantitative assess-
ment of the amount of intramuscular adipocytes, which 
was graded from 1 to 4 (grade 1—absence to rare pres-
ence of adipocytes; grade 2—some groups of adipocytes; 
grade 3—the number of adipocytes are equivalent to the 
amount of muscle in at least one field of small magnifica-
tion—40×; and grade 4—predominance of adipocytes in 
at least one field of small magnification). This staining was 
also used to assess muscle fibre atrophy that was graded 

Fig. 2  Open field analysis. a 
Total distance; b vertical counts 
(bilateral = 5; right unilateral 
n = 5; left unilateral = 5; sham 
n = 6; mean ± SD, p < 0.05) 
361 × 270 mm (72 × 72 DPI)

Fig. 3  Staircase test. a Total 
eaten pellets analysis; b right 
side eaten pellets analysis; c 
left side eaten pellets analy-
sis; d level (number of steps) 
reached analysis. (bilateral = 5; 
right unilateral n = 5; left 
unilateral = 5; sham n = 6; 
mean ± SD, p < 0.05) 
361 × 270 mm (72 × 72 DPI)
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Table 1  Descriptive statistics of behaviour and histologic analysis (mean ± SD)

Bilateral Right unilateral Left unilateral Sham

OF—distance travalled 578.2 (294.7) 968.3 (923.9) 974.2 (539.3) 545.3 (294.5)

OF—vertical counts 11.4 (5.0) 16.2 (7.9) 19.8 (13.6) 11.0 (4.8)

Staircase—total eaten pellets 0.0 (0.0) 0.0 (0.0) 2.6 (3.0) 7.0 (5.0)

Staircase—right side eaten pellets 0.0 (0.0) 0.0 (0.0) 2.6 (3.0) 4.3 (3.1)

Staircase—left side eaten pellets 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 2.7 (3.5)

Staircase—level reached 0.8 (1.1) 0.8 (1.3) 2.0 (2.1) 3.0 (1.6)

Fatty infiltration—right SS muscle 2.4 (0.9) 2.7 (0.5) 1.0 (0.0) 1.0 (0.0)

Fatty infiltration—left SS muscle 3.2 (0.8) 1.2 (0.4) 2.2 (0.8) 1.0 (0.0)

Fatty infiltration—right IS muscle 3.0 (0.7) 3.0 (0.0) 1.2 (0.4) 1.0 (0.0)

Fatty infiltration—left IS muscle 2.6 (0.9) 1.2 (0.4) 2.4 (0.6) 1.0 (0.0)

Intramuscular adypocites—right SS muscle 2.0 (0.7) 2.0 (0.0) 1.0 (0.0) 1.0 (0.0)

Intramuscular adypocites—left SS muscle 2.8 (0.4) 1.0 (0.0) 1.8 (0.4) 1.0 (0.0)

Intramuscular adypocites—right IS muscle 2.8 (0.8) 2.8 (0.8) 1.0 (0.0) 1.0 (0.0)

Intramuscular adypocites—left IS muscle 2.2 (0.4) 1.0 (0.0) 1.2 (0.4) 1.0 (0.0)

Atrophy—right SS muscle 1.6 (0.6) 1.5 (0.6) 1.2 (0.4) 1.0 (0.0)

Atrophy—left SS muscle 2.0 (0.0) 0.8 (0.8) 1.2 (0.4) 1.2 (0.7)

Atrophy—right IS muscle 2.0 (1.0) 1.6 (0.5) 1.2 (0.4) 1.2 (0.4)

Atrophy—left IS muscle 1.4 (0.5) 0.8 (0.8) 1.2 (0.4) 1.2 (0.8)

Fig. 4  Oil Red O staining of 
supraspinatus muscle. a Fatty 
infiltration analysis in right 
supraspinatus muscle; b fatty 
infiltration analysis in left 
supraspinatus muscle; c stage 
3 fatty infiltration (fat stained 
red) of the right supraspinatus 
muscle in a bilateral lesion ani-
mal (Oil Red O ×100); d stage 
4 fatty infiltration of the left 
supraspinatus muscle in a bilat-
eral lesion animal (Oil Red O 
×40) (bilateral = 5; right unilat-
eral n = 5; Left unilateral = 5; 
sham n = 6; mean ± SD, 
p < 0.05) 361 × 270 mm 
(72 × 72 DPI)
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semi-quantitatively from 0 to 3 (grade 0—no atrophy; 
grade 1—mild atrophy; grade 2—moderate atrophy; and 
grade 3—severe atrophy). This evaluation was based on 
aspects such as the apparent reduction in the size of mus-
cle fibres and their angular shape. An independent patholo-
gist conducted histological analysis, with the animal groups 
blinded.

The Animal Care Committee of the Life and Health Sci-
ences Research Institute (ICVS)/School of Health Sciences 
of University of Minho approved the research protocols in 
accordance with standardized Animal Care Guidelines [47].

Statistical analysis

For Histology data, statistical analysis was performed using 
the nonparametric Kruskal–Wallis test to identify differ-
ences between groups, followed by the Dunn’s multiple 
comparison test to assess which groups were significantly 
different. p < 0.05 was used to indicate a statistically sig-
nificant difference.

Behaviour statistical analysis was performed using a 
“one-way ANOVA” test followed by a Bonferroni post-test 
to evaluate statistical differences among groups. Statistical 

significance was defined for p < 0.05. All data are presented 
as mean ± SD.

Results

Motor behavioural analysis

Open field analyses (Fig. 2) revealed that the total distance 
travelled in the arena, just after the surgery, was not sig-
nificantly different between all groups (n.s.) (Fig. 2a). The 
number of rearing events (exploratory behaviour where ani-
mals stand up only in their hind paws) was also assessed, 
and once again animals from all groups had a similar per-
formance without significant differences (n.s.) (Fig. 2b). 
This data probably indicates that the chronic lesion of the 
rotator cuff does not affect the locomotion ability or the 
rearing behaviour of the rat because these activities are 
more dependent on the hind limb function.

The staircase test (Fig. 3) was performed at 16 weeks 
post-injury to assess fine motor control of the forelimb, as 
this function should be impaired with a chronic and mas-
sive tear of the rotator cuff. After a 4-day training period, 

Fig. 5  HE staining of supraspi-
natus muscle. a Intramuscular 
adipocytes analysis in right 
supraspinatus muscle; b intra-
muscular adipocytes analysis 
in left supraspinatus muscle; c 
grade 3 intramuscular adipo-
cytes of the right supraspinatus 
muscle of a bilateral lesion 
animal (HE ×100); d grade 2 
intramuscular adipocytes of 
the left supraspinatus muscle 
(lesion muscle) in an unilateral 
left lesion animal (HE ×40) 
(bilateral = 5; right unilateral 
n = 5; left unilateral = 5; sham 
n = 6; mean ± SD, p < 0.05) 
361 × 270 mm (72 × 72 DPI)
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the test was undertaken, and the number of eaten pel-
lets was significantly higher (p < 0.05) in sham animals 
(Fig. 3a). When we analyze right (Fig. 3b) and left (Fig. 3c) 
sides independently, we only found significant differences 
in the right side (p < 0.05) between sham animals com-
pared with bilateral and right unilateral lesion (Fig. 3b).

In the number of steps reached, where the pellets were 
withdrawn (eaten or pulled out), we observed a smaller 
number in ascending order on bilateral (0.8 ± 1.1) < right 
unilateral (0.8 ± 1.3) < left unilateral (2 ± 2.1) < sham ani-
mals (3 ± 1.6). This reflects a trend to reach a higher level 
of steps if the rat has “less lesion”; however, we did not 
find statistically significant differences (n.s.) (Fig. 3d).

Descriptive statistics is summarized in Table 1.

Histologic analysis

The results of fatty infiltration (Oil Red O), the amount of 
intramuscular adipocytes (HE) and muscular atrophy (HE), 
are presented separately and complemented with images 
and graphs to facilitate the comprehension of the data. 
Figures 4, 5, 6, 7 and 8 reveal the data obtained for these 
parameters in the supraspinatus and infraspinatus muscles.

In the right supraspinatus and infraspinatus mus-
cles, there was a significant increase (p < 0.05) in fatty 

infiltration in animals with bilateral and right unilateral 
lesion compared with left unilateral and sham animals. 
Additionally, it was also found a significantly increased 
number of adipocytes (p < 0.05) in the same groups. The 
degree of atrophy, in these same muscles, was greater in 
animals with bilateral and right unilateral lesion. This was 
more evident for the right supraspinatus, where significant 
differences (p < 0.05) were obtained between the bilateral 
lesion group relative to the sham group.

In the left supraspinatus and infraspinatus muscles, there 
was a significant increase of fatty infiltration in animals 
with bilateral and left unilateral lesion (p < 0.05). Moreo-
ver, the bilateral group also disclosed a higher rate of atro-
phy and infiltration of adipocytes.

Discussion

The most important findings of the present study were that 
injuring the upper limb of a rat through the tenotomy of 
supraspinatus and infraspinatus leads to: (1) atrophy and 
fatty degeneration of the muscle; and (2) an impairment of 
fine motor skills dependent on the shoulder function, sim-
ilar to what is seen clinically. Both of these observations 
were more noticeable when both paws are injured.

Fig. 6  Muscular atrophy analy-
sis. a Muscular atrophy analysis 
in right supraspinatus muscle; 
b muscular atrophy analysis 
in left supraspinatus muscle; 
c muscular atrophy analysis 
in right infraspinatus muscle; 
d muscular atrophy analysis 
in left infraspinatus muscle 
(bilateral = 5; right unilateral 
n = 5; left unilateral = 5; sham 
n = 6; mean ± SD, p < 0.05) 
361 × 270 mm (72 × 72 DPI)
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Some important points to consider when developing an 
animal model are: (1) the anatomical structure used in the 
model should be representative of the injured structure; and 
(2) the pathological condition must be simulated as accu-
rately as possible (e.g. partial vs complete rupture, small vs 
large vs massive tears, neuropraxia vs neurotmesis) because 
different conditions require different models. In another 
dimension, it is critical to have tools that accurately evalu-
ate the effectiveness of the model, either histologically and 
from the functional point of view [7].

Two previous studies using the rat model [28, 32] 
showed that the suprascapular nerve section, in association 
with a two rotator cuff tendon detachment, significantly 
increases the degree of fatty infiltration and muscular atro-
phy. However, in humans, the suprascapular nerve injury, 
which can be associated with MRCT, is a traction injury 
(neuropraxia) and has the potential for recovery after ten-
don repair [1, 2, 5, 12, 33]. As the neurologic injury in 
those animal models is a definitive section (neurotmesis), it 
represents a different type of lesion and does not represent 
faithfully what happens in MRCT.

The muscles on the injured side presented degenerative 
changes, and a statistically significant difference was found 

relative to sham and non-injured side in the model. How-
ever, it appears that there is a greater constancy and homo-
geneity in the degenerative changes associated with the 
bilateral lesion group, and there is a trend for more marked 
changes than in the unilateral lesion group (although only 
rarely these differences reach statistical significance).

Therefore, the results indicate that degenerative changes 
may be aggravated in order to represent in a more accu-
rate way the changes observed in humans, with the use of 
an animal model of bilateral lesion. This may be due to a 
greater immobility of the animal after bilateral lesion, lead-
ing to a higher degree of fatty infiltration and muscular 
atrophy.

This is, to the best of our knowledge, the first time that 
such a model is described, offering the additional advan-
tage of allowing using the two sides of the same animal, 
to assess different therapeutic interventions, reducing the 
number of animals required to conduct experiments, thus 
being ethically very defensible. The development of this 
rat model of MRCT should now proceed to investigate a 
reproducible functional assessment and evaluation of the 
associated pain. This would help to reveal the functional 
significance of the lesion and the outcome of therapeutic 

Fig. 7  Oil Red O staining of 
infraspinatus muscle. a Fatty 
infiltration analysis in right 
infraspinatus muscle; b fatty 
infiltration analysis in left 
infraspinatus muscle; c stage 
4 fatty infiltration of the right 
infraspinatus muscle of a bilat-
eral lesion animal (Oil Red O 
×40); d stage 1 fatty infiltration 
of the right infraspinatus muscle 
in a sham animal (Oil Red 
O ×40) (bilateral = 5; right uni-
lateral n = 5; left unilateral = 5; 
sham n = 6; mean ± SD, 
p < 0.05) 361 × 270 mm 
(72 × 72 DPI)
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interventions, from a functional standpoint, prior to the 
killing of the animal. A functional index with evaluation of 
movement, strength and pain, like the one used in clinical 
practice [11] or in other anatomical locations in the same 
animal model [38], would be an ideal tool and may be used 
also to assess a possible correlation with the histological 
data.

There are some limitations that can be identified in this 
study: (1) the reduced number of animals enrolled limits 
the power of the analyses; (2) the semi-quantitative assess-
ment of histological features is not a very precise assess-
ment, even though it is similar to the method used in clini-
cal practice; (3) the injury inflicted is an acute injury, in 
an young rat, that affects previously healthy tendon, as 
opposed to what commonly occurs in humans, where there 
are prior degenerative changes; (4) apoptosis is increased 
in rotator cuff pathology and plays a key role in the devel-
opment of the characteristic degenerative changes [4, 29]. 
However, this is not the case in this model, and the pos-
sible activation and increased activity of this homeostatic 
process, after the acute injury, were not studied; and (5) 
the single time point of all the presented analyses, and it 
would be interesting to investigate the kinetics of histology 

and behaviour following chronic lesion in more time 
points.

As a consequence of what was discussed above, the ani-
mal model presented in this report can represent a reliable 
source for the assessment of future therapeutic strategies.

Conclusion

The rat model developed in this study shows histological fea-
tures that are similar to those seen clinically, especially in the 
bilateral injury model. This should pave the way for further 
studies leading to a better understanding of the molecular 
mechanisms underlying the chronic degenerative changes of 
the myotendinous unit, development and testing of new thera-
peutic strategies aiming at preventing or reverting these same 
changes and enhance the potential healing of these tissues.
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Mesenchymal Stem Cell Secretome

A Potential Tool for the Prevention of Muscle Degenerative
Changes Associated With Chronic Rotator Cuff Tears

Nuno Sevivas,*yz§ MD, Fábio Gabriel Teixeira,*y PhD, Raquel Portugal,|| MD, Luı́s Araújo,*y MD,
Luı́s Filipe Carricxo,z MD, Nuno Ferreira,z§ MD, Manuel Vieira da Silva,*yz MD,
João Espregueira-Mendes,*y§{ MD, PhD, Sandra Anjo,#** MSc, Bruno Manadas,#yy PhD,
Nuno Sousa,*y MD, PhD, and António J. Salgado,*yzz PhD
Investigation performed at the Life and Health Sciences Research Institute (ICVS),
School of Health Sciences, University of Minho, Braga, Portugal, and the
ICVS/3B’s–PT Government Associate Laboratory, Braga/Guimar~aes, Portugal

Background: Massive rotator cuff tears (MRCTs) are usually chronic lesions with pronounced degenerative changes, where
advanced fatty degeneration and atrophy can make the tear irreparable. Human mesenchymal stem cells (hMSCs) secrete a range
of growth factors and vesicular systems, known as secretome, that mediates regenerative processes in tissues undergoing
degeneration.

Purpose: To study the effect of hMSC secretome on muscular degenerative changes and shoulder function on a rat MRCT
model.

Study Design: Controlled laboratory study.

Methods: A bilateral 2-tendon (supraspinatus and infraspinatus) section was performed to create an MRCT in a rat model. Forty-
four Wistar-Han rats were randomly assigned to 6 groups: control group (sham surgery), lesion control group (MRCT), and 4 treated-
lesion groups according to the site and periodicity of hMSC secretome injection: single local injection, multiple local injections, single
systemic injection, and multiple systemic injections. Forelimb function was analyzed with the staircase test. Atrophy and fatty
degeneration of the muscle were evaluated at 8 and 16 weeks after injury. A proteomic analysis was conducted to identify the mol-
ecules present in the hMSC secretome that can be associated with muscular degeneration prevention.

Results: When untreated for 8 weeks, the MRCT rats exhibited a significantly higher fat content (0.73% 6 0.19%) compared with
rats treated with a single local injection (0.21% 6 0.04%; P \ .01) or multiple systemic injections (0.25% 6 0.10%; P \ .05) of
hMSC secretome. At 16 weeks after injury, a protective effect of the secretome in the multiple systemic injections (0.62% 6
0.14%; P \ .001), single local injection (0.76% 6 0.17%; P \ .001), and multiple local injections (1.35% 6 0.21%; P \ .05)
was observed when compared with the untreated MRCT group (2.51% 6 0.42%). Regarding muscle atrophy, 8 weeks after injury,
only the single local injection group (0.0993% 6 0.0036%) presented a significantly higher muscle mass than that of the untreated
MRCT group (0.0794% 6 0.0047%; P \ .05). Finally, the proteomic analysis revealed the presence of important proteins with
muscle regeneration, namely, pigment epithelium-derived factor and follistatin.

Conclusion: The study data suggest that hMSC secretome effectively decreases the fatty degeneration and atrophy of the rotator
cuff muscles.

Clinical Relevance: We describe a new approach for decreasing the characteristic muscle degeneration associated with chronic
rotator cuff tears. This strategy is particularly important for patients whose tendon healing after later surgical repair could be com-
promised by the progressing degenerative changes. In addition, both precise intramuscular local injection and multiple systemic
secretome injections have been shown to be promising delivery forms for preventing muscle degeneration.

Keywords: massive rotator cuff tear; hMSC secretome; fatty degeneration; muscle atrophy

Massive rotator cuff tears (MRCTs) are very large tears
that are difficult to repair and are often associated with
an uncertain prognosis. The most objective and reproduc-
ible way to define an MRCT is when at least 2 tendons
are involved.8 These lesions are usually degenerative and
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may be associated with incapacitating and chronic pain,
severe functional impairment, and weakness.8,21 More-
over, they are often resistant to nonoperative treatment,
in which case surgery is advised. Ideally, an anatomic
and tension-free repair of the rotator cuff tendons to the
footprint should be obtained, restoring a strong connection
between bone, tendon, and muscle.5,38,56

Reattachment is not always effective, however, mainly
because rotator cuff tears affect the whole musculotendi-
nous unit, with both muscle and tendon deteriorating
over time.12,13,16 Specifically, muscle quality is a key pre-
disposing factor of healing failure and poor functional out-
come when repair is attempted.15,29,36 After a tendon tear,
the classic degenerative changes of the muscle, such as
atrophy and fatty degeneration, are often considered irre-
versible according to current knowledge.6,13,15 These
changes reflect a loss of the contractile elements, decreas-
ing the physiological properties such as the strength and
elasticity of the remaining musculotendinous units.8,30,41

Currently, the only way to improve clinical outcome is to
perform an early intervention in small tears before the
appearance of irreversible muscular damage.15,17 Therefore,
it is not possible to effectively control the progression of these
changes during nonoperative treatment. Thus, it is not sur-
prising that new protocols and therapeutic approaches are
being tried to prevent or reverse the pathophysiology of
chronic rotator cuff tears.10,11,35 More specifically, it would
be useful to be able to decrease muscle degeneration, partic-
ularly in patients with small tears that are not immediately
operated on and whose later surgical repair could be pre-
cluded by progressing degenerative changes.

Besides surgical and pharmacological interventions, the
use of stem cell–based therapies has emerged over the years
as a promising therapeutic tool for the repair and regenera-
tion of tendon and muscle. Mesenchymal stem cells (MSCs)
have been presented as a possible therapeutic tool able to
augment local repair and promote regeneration of tendon as
well as muscle.18,23,34,35,54 In addition to their multidifferen-
tiation capacity, it has been widely defended that most of
the therapeutic effects promoted by MSCs are grounded on
their trophic action through the secretion of growth factors,
cytokines, and vesicles (eg, exosomes), collectively known as

secretome.1,4,28,45,57 In fact, previous studies have demon-
strated that the secretome of MSCs in the form of conditioned
media (CM) revealed immunomodulatory effects inhibiting
peripheral blood mononuclear cells and T-cell proliferation.
More specifically, prostaglandins secreted by MSCs have
been considered as one of the key effector molecules of this
antiproliferative activity.24,39 For instance, Oh et al35 recently
described the beneficial effects of adipose-derived stem cells
on fatty degeneration and rotator cuff healing in a chronic
rotator cuff tear rabbit model. On Duchenne muscular dystro-
phy, the use of MSCs was correlated with anti-inflammatory
activity, in which the production of trophic factors was associ-
ated with increased activity of endogenous repair cells.20

We hypothesized that the injection of secretome from
human MSCs (hMSCs) derived from the bone marrow
will lead to decreased muscle fatty degeneration and atro-
phy that are usually associated with chronic rotator cuff
tears. Therefore, in the present work, we aimed to address
primarily the effects of hMSC secretome on preventing
muscle from degenerative changes in an MRCT rat model.
We also intended to evaluate the effect of interventions in
functional disability associated with the injury by studying
forelimb function.

METHODS

Rat Animal Model

Consent was obtained from the local ethics authority for
the protection of animals used for scientific purposes (Sub-
comissão de Ética e Ciências da Vida e da Saúde; SECVS
002/2016). For experimental purposes, animals were kept
and handled in accordance with the guidelines established
by Directive 2010/63/EU of the European Parliament and
of the Council of the European Union. Animals were
housed and maintained in a controlled environment at
22!C to 24!C with 55% humidity and a 12-hour light/
dark cycle, and they were fed with regular rodent chow
and tap water ad libitum. Animals were handled for 1
week before beginning injections to reduce the stress
induced by the surgical process.
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A bilateral 2-tendon MRCT was created in the rats as
previously described,44 where injury of both sides proved
to be a factor that exacerbates fatty degeneration and atro-
phy, to represent more accurately the characteristic mus-
cle degenerative changes observed in humans. Forty-four
Wistar-Han rats were randomly assigned to 6 groups:
a control group (sham surgery), a lesion control group
(MRCT), and 4 treated-lesion groups according to the site
and periodicity of hMSC secretome injection: single local
injection, multiple local injections, single systemic injec-
tion, and multiple systemic injections.

Surgical Procedure

Animals were anesthetized with a mixture of ketamine
hydrochloride (150 mg/kg; Imalgen) plus medetomidine
(0.30 mg/kg; Dorbene Vet; Laboratorios Syva SA) through
intraperitoneal injection. Afterward, the fur was shaved in
the area of the surgical site, the skin was disinfected with
chlorhexidine (AGB), and the animals were placed in prone
position with the forelimbs in external rotation. A trans-
verse incision was made in the skin and underlying fascia
over the posterior aspect of the shoulder, followed by detach-
ment of the trapezius from the spine of the scapula. The
muscles of the rotator cuff were visualized, and the supra-
spinatus (SS) and the infraspinatus (IS) tendons were
then cut close to the bone and allowed to retract medially.
The trapezius muscle and the overlying skin were closed
in successive layers with Vicryl 2-0 and Vicryl Rapide 4-
0 (Ethicon), respectively. Then, the animals were injected
with 100 mL of an antisedative (Orion Pharma) to recover
from the surgical procedure. Finally, analgesia (1 mg/mL
butorphanol tartrate; Fort Dodge) and antibiotic (1 mg/mL
enrofloxacin; Bayer) were administered, and the rats were
kept under heat lamps until they were transferred to their
cage, after which unrestricted activity was allowed.

Study Groups

The positive control group was defined as a skin incision
and detachment of the trapezius from the spine of the scap-
ula without any gesture carried out in the rotator cuff ten-
dons (sham surgery). Lesions were created on all other
animals as previously described.44 The 44 rats were allo-
cated as follows: control group (n = 7), lesion control group
(MRCT, n = 7), single local injection group (n = 8), multiple
local injections group (n = 7), single systemic injection group
(n = 8), and multiple systemic injections group (n = 7).

Expansion of hMSCs and Conditioned
Medium Collection

Passage 2 hMSCs derived from the bone marrow (Lonza)
were thawed and seeded into Nunc T-flasks (Thermo Sci-
entific) at 5000 cells/cm2 into Alpha-Mem medium (Invitro-
gen) supplemented with 10% fetal bovine serum (FBS;
Invitrogen) and 1% antibiotic/antimycotic (Invitrogen).
The cell cultures were incubated at 37!C in a humidified
atmosphere at 5% CO2. After 3 days, 50% of the medium
was replaced with fresh growth medium. When the cells

reached 80% to 90% confluence, they were harvested by
incubation with 0.05% trypsin-EDTA (Invitrogen) at 37!C
for 5 minutes, and then FBS–Dulbecco’s Modified Eagle’s
Medium (DMEM) was added to neutralize the reaction.
The harvested cells were then centrifuged at 300g for 10
minutes and resuspended in fresh growth medium and
replated into new flasks at 5000 cells/cm2. At passage 5
after 72 hours of growth, the cell culture growth medium
was removed, and the cells were washed 3 times with
DMEM-F12 (Invitrogen) and then washed 5 times in
phosphate-buffered saline without Mg21/Ca21 (Invitro-
gen). DMEM-F12 with 1% Kanamycin (Invitrogen) was
then added to the tissue culture flasks. The cells were
then placed in a humidified incubator operating at 37!C
and 5% CO2 for 24 hours. Afterward, the CM was collected,
centrifuged at 300g for 10 minutes to remove any cell
debris, and stored at 280!C until it was required for
further experiments. A proteomic-based analysis by mass
spectrometry and SWATH acquisition (liquid chromato-
graphy–tandem mass spectrometry; LC-MS/MS) was per-
formed (a detailed description is provided in the Appendix,
available in the online version of this article and at http://
ajsm.sagepub.com/supplemental).

Experimental Groups and hMSCs CM Injection

Four hMSC secretome treatment groups were assessed, as
described above, depending on the site and the frequency
of injection: single local, multiple local, single systemic,
and multiple systemic. All injections were performed using
a Plastipak 1.0-mL syringe (BD) with Neolus 0.5 3 25–mm
needle (Terumo).

Single local injections, along with the first injection of the
multiple local injections group, were given immediately after
the surgical detachment of the SS and IS tendons directly at
the SS and IS muscle that was exposed by the surgical
approach (250 mL per muscle, bilaterally, totaling 1 mL).
Multiple local injections were then given once a week, until
1 week before sacrifice (500 mL per side, bilaterally, totaling
1 mL), and the external point of injection (ie, skin coordi-
nates) was defined blindly without image guidance approxi-
mately 1 cm medially to the acromion and near the scapula.

Single systemic injections, along with the first injec-
tion of the multiple systemic injections group, were given
immediately after rotator cuff injury, into the gluteus
muscle (500 mL per side, bilaterally, totaling 1 mL). In
the multiple systemic injections group, weekly injections
into the gluteus muscle (500 mL per side, bilaterally, total-
ing 1 mL) were repeated until 1 week before sacrifice.

Both the positive (sham surgery) and negative (MRCT)
were used as controls (not receiving any hMSCs CM injection).

Motor Behavior Analysis (Staircase Test)

Forelimb fine motor control and positioning in the space
were assessed through the use of a double-staircase appara-
tus (80300; Campden Instruments Ltd), as it has been pre-
viously described and validated for rotator cuff injury by our
group.44 The shape and dimensions of the boxes were simi-
lar to those described by Montoya et al31 (Figure 1). The
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ratio between the postlesion value of the number of total
eaten pellets and prelesion value (at time zero) was made
for each animal. All behavior analyses were performed
under blinded operation. A detailed description of the test
is provided in the Appendix (available online).

Sacrifice

The animals were sacrificed at 8 weeks or 16 weeks after
lesion to evaluate chronic muscle fatty degeneration and
atrophy, based on previous reports.22,44 The rats were
weighed on the day of sacrifice using an electronic scale
(EP 2102CM; OHAUS Corp), and the sacrifice was per-
formed via an intraperitoneal injection of sodium pentobar-
bital (60 mg/kg Eutasil; Ceva Saude Animal).

The SS and IS musculotendinous units were dissected
and resected independently from their origin along the
respective fossa of the scapula. We observed that all
detached tendon stumps were retracted medially, along
with some adhesions to the surrounding tissues.

Wet Mass of Muscle

To obtain a measure of the muscle atrophy, we proceeded
to the weight measurement of the dissected muscles with
a digital scale (MP 500; Citizen) immediately after dissec-
tion.26,40 To avoid bias related to the animal’s weight, we
normalized the weight of the muscle as a ratio of animal
weight (obtained at the day of sacrifice).

Histological Analysis: Quantification
of Fat Content of the Muscle

To determine the fat content of the muscle, the musculoten-
dinous units of the SS and IS were harvested and embedded
in optimum cutting temperature compound, being stored at
280!C. Three series of consecutive slices (each with 4 cross-

sections 20-mm thick) were cut in the coronal plane of the
entire muscle using a cryostat and then mounted on glass
slides. To address fatty degeneration, Oil Red O and hema-
toxylin and eosin staining were performed.

Stained sections were visualized at 403 magnification,
and digital images throughout the entire cross-section of
the muscle were recorded and assembled, covering the
entire section in a nonoverlapping manner with use of
a digital camera (DX61; Olympus). The area of fat (staining
red) and the total muscle area were measured with the use
of ImageJ v1.32 image-analysis software (National Insti-
tutes of Health). Subsequently, a ratio between the fat con-
tent area relative to the total area was then calculated to
estimate the quantity of fatty degeneration for each muscle
sample. All muscle samples were analyzed in a random
order with a blinded approach.

Statistical Analysis

The statistical analyses of fatty degeneration and muscle
weight were performed using a 1-way analysis of variance
(ANOVA) followed by post hoc Bonferroni for multiple compar-
isons. For behavioral analysis (eg, staircase test), a repeated-
measures ANOVA was performed, followed by a Bonferroni
posttest for multiple comparisons through the use of SPSS sta-
tistical program (version 22; IBM Corp). Data are presented as
mean 6 standard error of the mean. Differences were consid-
ered statistically significant for P \ .05.

RESULTS

Motor Behavioral Analysis (Staircase Test)

To address the forelimb function of the animals, the num-
ber of eaten pellets was evaluated; the results are
expressed as the ratio of eaten pellets at each time point
relative to the prelesion value (Figure 2). We observed

Figure 1. Staircase test. This test evaluates fine motor con-
trol and positioning in the space of the forelimb. The appara-
tus consists of a clear chamber with a hinged lid that
assesses the independent forelimb use in a skilled reach-
ing-and-grasping task. It contains a double staircase with 7
steps on each side, and 3 pellets are placed into each well.

Figure 2. Total eaten pellets on the staircase test (ratio of
total eaten pellets at 4, 8, 12, and 16 weeks vs preopera-
tively). Data represent forelimb function progression compar-
ing the staircase test performance at 4, 8, 12, and 16 weeks
relative to performance before surgery. Poorer performance
was seen in injured groups compared with noninjured posi-
tive control animals, which was independent of secretome
injection. Data represent mean 6 standard error of the
mean. MRCT, massive rotator cuff tear; Preop, preoperative.
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nonsignificant effects of treatment (F5,16 = 1.60; P = .215;
h2

p = 0.334) and time factor (F1.42,22.81 = 0.234; P = .717;
h2

p = 0.014). The interaction between the 2 factors was
also not significant (F7.13,22.81 = 0.375; P = .910; h2

p = 0.105).

Muscle Weight

MRCT animals presented muscle atrophy 8 weeks after
injury, with a significantly lower muscle mass (0.0794%
6 0.0047%; P \ .001) compared with the noninjured con-
trol animals (0.1225% 6 0.0026%). The MRCT secretome-
injected groups also had a significant decrease of muscle
mass but to a lesser extent (single local, 0.0993% 6
0.0036%; multiple local, 0.0941% 6 0.0056%; single sys-
temic, 0.0932% 6 0.0044%; multiple systemic, 0.0923% 6
0.0051%; P \ .001). Furthermore, the single local injection
group presented a significantly higher muscle mass com-
pared with the untreated MRCT group (P\ .05) (Figure 3).

At 16 weeks after injury, MRCT animals still contin-
ued to have muscle atrophy (0.0919% 6 0.0032%) com-
pared with the uninjured group (0.1149% 6 0.0024%;
P \ .01). The same was also true for the multiple local
(0.0954% 6 0.0057%; P \ .05) and single systemic
secretome-injected (0.0946% 6 0.0046%; P \ .05) groups.
However, the single local (0.0995% 6 0.0034%) and the
multiple systemic (0.1040% 6 0.0036%) groups did not

have significant differences when compared with the
uninjured group (Figure 4).

Histological Analysis: Fatty Degeneration

When untreated for 8 weeks, MRCT animals (0.73% 6
0.19%) exhibited a markedly and significantly higher con-
tent of fat compared with the uninjured positive control
animals (0.07% 6 0.02%; P \ .001). The single local
(0.21% 6 0.04%; P \ .01) and multiple systemic (0.25% 6
0.10%; P \ .05) injection approach significantly decreased
the muscle fatty degeneration when compared with the
untreated MRCT group (Figures 5 and 6).

At 16 weeks, the untreated MRCT group (2.51% 6 0.42%)
revealed a remarkably higher content of fat when compared
with the uninjured group (0.20% 6 0.08%; P\ .001). In addi-
tion, we observed a protector effect of hMSC secretome in
multiple systemic (0.62% 6 0.14%; P \ .001), single local
(0.76% 6 0.17%; P \ .001), and multiple local (1.35% 6
0.21%; P \ .05) injections compared with the untreated
MRCT group. In reference to the secretome-injected groups,
we observed significantly less fatty degeneration in the mul-
tiple systemic injections when compared with the single sys-
temic injection (1.77% 6 0.25%; P \ .05) (Figures 7 and 8).
Table 1 details the muscle weight and fatty degeneration
results.

Figure 3. Muscle weight at 8 weeks (ratio between muscle
weight and total body weight). Animals with a single local
intramuscular hMSC secretome injection had significantly
heavier muscles than did MRCT animals. Data represent
mean and standard error of the mean. Statistically significant
difference: *P \ .05, **P \ .01, and ***P \ .001. hMSC,
human mesenchymal stem cells; MRCT, massive rotator
cuff tear.

Figure 4. Muscle weight at 16 weeks (ratio between muscle
weight and total body weight). Animals with a single local
injection and multiple systemic hMSC secretome injections
had no significant differences when compared with the unin-
jured positive control group. Data represent mean and stan-
dard error of the mean. Statistically significant difference: *P
\ .05 and **P \ .01. hMSC, human mesenchymal stem
cells; MRCT, massive rotator cuff tear.
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Proteomic Analysis

To further understand the in vivo results concerning mus-
cle fatty degeneration and atrophy, we characterized the
hMSC secretome through mass spectrometry (MS/SWATH
acquisition). This nontargeted proteomic analysis revealed

that hMSC secretome has a specific pattern of protein
expression. From the vast list of described proteins, we
highlighted the levels of proteins with actions in muscle
homeostasis. We found that molecules such as pigment
epithelium-derived factor (PEDF) and follistatin (UniProt
KB/Swiss-Prot classification, P36955 and Q12841, respec-
tively) were present (t = 2.31, P = .081) (Figure 9).

DISCUSSION

The major finding of this study is that the injection of
MSC secretome starting immediately after the lesion is
inflicted can decrease the development of muscle degener-
ation in a rodent model of MRCT. Moreover, these protec-
tive effects in muscle fatty degeneration and atrophy were
more consistent and reproducible in the single local secre-
tome injection and multiple systemic secretome injection
groups.

Strategies to prevent muscle degeneration after chronic
rotator cuff tears are important to facilitate further thera-
peutic solutions and to avoid the irreparability of the
lesion. Thus, to prevent or reverse muscle degenerative
changes associated with tendon rotator cuff tears (eg, fatty
degeneration), some approaches have been investigated,
such as continuous musculotendinous mechanical trac-
tion,10 pharmacological administration of anabolic ste-
roids,9,11 and inhibition of inflammatory pathways with
licofelone.33

It has been recognized that the self-healing potential of
each tissue is carried out by endogenous stem cells residing
in the tissue.52 Shoulder tissue–derived stem cells have
also been described and proposed as having the potential
of myogenic regeneration.47,48,52,53 Recently, stem cell–
based therapies and, more specifically, MSCs35 have been
identified as complementary therapeutic approaches try-
ing to augment the compromised ability of intrinsic self-
healing in chronic rotator cuff tears.

Figure 6. Photomicrographs of sections of the musculotendinous units stained with Oil Red O (at 8 weeks): (A) control, (B) single
local hMSC secretome, (C) single systemic hMSC secretome, (D) MRCT, (E) multiple local hMSC secretome, and (F) multiple sys-
temic hMSC secretome. Images shown were randomly selected inside each group (original magnification, 403). hMSC, human
mesenchymal stem cell; MRCT, massive rotator cuff tear. Scale bar = 200 mm.

Figure 5. Fatty degeneration at 8 weeks (ratio between area
with fat and total area). Animals with a single local injection
and multiple systemic hMSC secretome injections exhibited
significantly less fatty degeneration than did MRCT animals.
Data represent mean and standard error of the mean. Statis-
tically significant difference: *P \ .05, **P \ .01, and ***P \
.001. hMSC, human mesenchymal stem cells; MRCT, mas-
sive rotator cuff tear.

6 Sevivas et al The American Journal of Sports Medicine

 by guest on August 9, 2016ajs.sagepub.comDownloaded from 



	154 

 

 

 

It is currently accepted that the biological characteristics
and effects of MSCs are due to paracrine factors released
from these cells, the secretome, which can trigger regenera-
tive mechanisms and improve the ability to control inflam-
mation.24 In fact, it has been shown that the secretome of
MSCs regulates cellular functions such as proliferation, dif-
ferentiation, communication, and migration.3,27,42,43,49,50

Moreover, reduction of apoptosis,55 anti-inflammatory effect,2,24

angiogenesis,7,24,51 and immunomodulatory effects controlling
lymphocyte proliferation24,39 are proposed mechanisms of action
of MSC secretome. Finally, trophic factors produced by stem
cells have been shown to have reparative effects in different tis-
sue injuries, such as myocardial infarction,51 hepatic failure,55

chronic limb ischemia,7 lung fibrosis,2 and spontaneous horse
tendon injuries.24

With this in mind, the objective of the current study was
to investigate the effect of MSC secretome (CM) on the mus-
cle degenerative changes associated with chronic rotator
cuff tears. We used an established bilateral MRCT rat
model that accurately reproduces the degenerative changes
observed in humans. To our knowledge, this is the first
work demonstrating the positive influence of this approach
on the prevention of muscle degenerative changes.

Fatty degeneration of the rotator cuff muscle has been
considered an irreversible phenomenon, even after suc-
cessful rotator cuff repair.15 So, the only way to avoid the
negative effect of its presence in the muscle is to prevent
its appearance. In this study, 8 weeks after SS and IS ten-
don detachment, the animals treated with a single intra-
muscular hMSC secretome injection right after the injury
or multiple systemic injections had significantly less fatty
degeneration compared with the untreated MRCT ani-
mals. At 16 weeks, single local, multiple systemic, and

Figure 7. Fatty degeneration at 16 weeks (ratio between
area with fat and total area). Animals with a single local, mul-
tiple systemic, and multiple local hMSC secretome injections
exhibited significantly less fatty degeneration than did
MRCT animals. Data represent mean and standard error of
the mean. Statistically significant difference: *P \ .05 and
***P \ .001. hMSC, human mesenchymal stem cell; MRCT,
massive rotator cuff tear.

Figure 8. Photomicrographs of sections of the musculotendinous units stained with Oil Red O (at 16 weeks): (A) control, (B) single
local hMSC secretome, (C) single systemic hMSC secretome, (D) MRCT, (E) multiple local hMSC secretome, and (F) multiple sys-
temic hMSC secretome. Images shown were randomly selected inside each group (original magnification, 403). hMSC, human
mesenchymal stem cell; MRCT, massive rotator cuff tear. Scale bar = 200 mm.
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multiple local secretome injection groups exhibited a signif-
icant protector effect against fatty degeneration of the rota-
tor cuff muscles after an MRCT. These results indicate
that the administration of hMSC secretome prevents, at
least partially, the irreversible fatty degeneration progres-
sion occurring after an MRCT.

Muscle atrophy results in decreased muscle wet mass,
which can be used to objectively evaluate atrophy.26,40 At 8
weeks after injury, the single local treated group had signif-
icantly heavier muscles than did the untreated MRCT group.
Moreover, at 16 weeks, the control group had significant dif-
ferences versus the untreated MRCT, single systemic, and
multiple local injection groups. This means that the hMSC
secretome administered intramuscularly locally in a single
administration immediately after the injury or systemically
in a weekly application can decrease the muscle atrophy
associated with chronic rotator cuff tears.

At the same time, we also evaluated the influence of the
site and/or periodicity of hMSC secretome injection on
potentially positive effects. We observed that in the ani-
mals receiving weekly local hMSC secretome injection
(multiple local injections group), there was an erratic effect
on atrophy and fatty degeneration prevention. This might
be explained by the blind and inaccurate technique of injec-
tion, compromising the precision of intramuscular delivery
of the hMSC secretome (despite the landmark-guided proce-
dure) and by the fact that this repeated injection might cause
a frequent traumatic event with further local inflammation
and possible neurologic injury. We attempted to reproduce
the clinical practice in which the majority of clinicians do
not use image-guided procedures to localize precisely the
place of deposit of the infiltration. However, suggestions
from clinical studies46 and animal models37 indicate that
image-guided procedures can offer higher precision in locat-
ing the infiltration and greater clinical improvement.

Our results are also supported by the proteomic charac-
terization of hMSC secretome, revealing a specific pattern
of protein expression in which 2 molecules involved in
muscle homeostasis—follistatin (Q12841) and PEDF
(P36955)— were identified, with the former being present
in higher concentrations. These 2 molecules are probably
involved in the positive results observed in the present
study regarding muscle degeneration prevention with the
secretome application. Follistatin is an antagonist of sev-
eral members of the transforming growth factor–b super-
family, namely, myostatin, a negative regulator of muscle
regeneration. Besides the ability to block myostatin action,
follistatin stimulates the proliferation of muscle progenitor
cells and satellite cells, and it induces myoblasts to express
transcription factors that promote myogenic differentia-
tion, namely MyoD, Myf5, and myogenin.14,58 Moreover, it
has been observed in vivo that follistatin injection increases
muscle weight, and more interesting, it also promotes an
increase in the weight of noninjected muscles located
remotely.32 The follistatin action represents a signaling path-
way to preserve muscle mass and prevent muscle atrophy
that can be used therapeutically in acquired forms of muscle
degeneration.25 The other protein identified in secretome,
PEDF, has been proven to induce satellite cell proliferation
and promote muscle regeneration.19 Future in vivo studies
with rats treated with recombinant follistatin or PEDF, or
rats treated with CM depleted from these 2 proteins, may
provide further insight to the contribution of these molecules
in preventing muscle degeneration after MRCT.

Forelimb function was assessed using the motor behavior
staircase test.44 All injured animal groups presented worse
results than those of the control uninjured animals. Regard-
less of the periodicity and the route of administration, we
observed no significant differences between treated and
untreated groups of injured animals. These similar perform-
ances might be explained by the fact that the tendons were

Figure 9. Relative protein expression (PEDF and follistatin)
of human mesenchymal stem cell secretome. The levels of
the human proteins detected were normalized to the total
intensity of the sample. Data represent mean and standard
error of the mean. PEDF, pigment epithelium-derived factor.

TABLE 1
Descriptive Statistics of Muscle Weight

and Fatty Degeneration Histologic Analysisa

Group
8 wk

After Injury
16 wk

After Injury

Fatty degeneration, %
MRCT 0.73 6 0.19 2.51 6 0.42
Single local injection 0.21 6 0.04c 0.76 6 0.17d

Multiple local injections 0.45 6 0.10 1.35 6 0.21b

Single systemic injection 0.37 6 0.08 1.77 6 0.25
Multiple systemic injections 0.25 6 0.10b 0.62 6 0.14d

Positive control 0.07 6 0.02d 0.20 6 0.08d

Muscle weight, %
MRCT 0.0794 6 0.0047 0.0919 6 0.0032
Single local injection 0.0993 6 0.0036b 0.0995 6 0.0034
Multiple local injections 0.0941 6 0.0056 0.0954 6 0.0057
Single systemic injection 0.0932 6 0.0044 0.0946 6 0.0046
Multiple systemic injections 0.0923 6 0.0051 0.1040 6 0.0036
Positive control 0.1225 6 0.0026d 0.1149 6 0.0024c

aResults are reported as mean 6 standard error of the mean.
MRCT, massive rotator cuff tear.

Statistically significant difference compared with the MRCT
group: bP \ .05, cP \ .01, and dP \ .001.
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not surgically reattached to the bone, avoiding proper func-
tion of rotator cuff musculotendinous units.

The present study has some limitations and strengths
that require further consideration. First, the results were
obtained through an induced injury affecting previously
healthy tendons in a young rat, rather than a natural
degenerative process resulting in an MRCT as happens
commonly in humans. However, this is a rat model that
we described previously44 and that proved to develop the
characteristic degenerative changes of the muscle associ-
ated with a degenerative MRCT. Moreover, we were able
to evaluate several time points, which allowed us to investi-
gate the effect of the secretome application in terms of the
kinetics of histology and behavior in this MRCT model.

In addition, we observed a reduction of degeneration
with the secretome injection, and this may theoretically
facilitate the surgical repair and positively influence the
success rate of tendon-bone healing. However, this has
not been evaluated in this work, and further research
will be needed to confirm this theoretical advantage from
the use of secretome.

Finally, the observations done in this experimental
study cannot be directly translated into clinical practice.
Despite these limitations, our results may pave the way
for use of a cell-free treatment approach to decrease mus-
cle degeneration associated with rotator cuff tears,
namely fatty degeneration and atrophy, which can guide
further clinical research. This strategy has several advan-
tages because MSC secretome can be produced easily in
large quantities, can be stored efficiently, and does not
require as many cells as when making a transplant of
MSCs. Moreover, it avoids the risks associated with the
use of cells, like immunological reactions, nonsurvival of
the cells during transplant, lung capillary entrapment,
and infections.24

CONCLUSION

Our results suggest that therapeutic intervention with
hMSC secretome injection starting immediately after the
occurrence of a 2-tendon MRCT, in a rat model, can
decrease the muscle degeneration associated with this
lesion. In addition, we demonstrated that the positive
effects could be safely obtained with either systemic appli-
cation or local injection.
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Mesenchymal Stem Cells Secretome Improves Tendon Cell Viability in vitro and 

Tendon-Bone Healing in vivo using a Tissue Engineering Strategy in a Chronic Massive 

Rotator Cuff Tear Rat Model 

 

Background: Massive rotator cuff tears (MRCTs) represent a major clinical concern 

especially when degeneration and chronicity are involved, which highly compromise healing 

capacity.  

Hypothesis/Purpose: We aimed to study the effect of the secretome of mesenchymal stem 

cells (MSCs) on tendon cells (TCs) followed by the combination of these activated TCs with 

an electrospun keratin based scaffold to develop a tissue engineering (TE) strategy aiming to 

improve Tendon-bone interface (TBi) healing in a chronic MRCT rat model.  

Study Design: Controlled laboratory study 

Methods: human (h)TCs cultured with the hMSCs secretome (as conditioned media; CM) 

were combined with keratin electrospun scaffolds and further implanted in a chronic MRCT 

rat model. Wistar-Han rats (n = 15) were randomly assigned to 3 groups: untreated control 

(MRCT; n = 5), and lesion treated with a scaffold only (scaffold; n = 5) or with a scaffold 

seeded with hTCs preconditioned with hMSC-CM (STC_hMSC_CM; n = 5). Following 

sacrifice, 16 weeks after surgery, the rotator cuff TBi was harvested for histological analysis 

and biomechanical testing. 

Results: The hMSCs secretome increased hTCs viability and densities in vitro. In vivo, a 

significant improvement of the tendon maturing score was observed in the STC_hMSC_CM 

treated group (15.6 ± 2.41) compared to the MRCT group (11.0 ± 3.08; p<0.05). 

Biomechanical tests revealed a significant increase in the total elongation to rupture 

(STC_hMSC_CM 11.99 ± 3.30 mm; scaffold 9.89 ± 3.47 mm; MRCT 5.86 ± 3.16 mm; p< 

0.05) as well as a lower stiffness (STC_hMSC_CM 6.25 ± 1.74 N/mm; scaffold 6.72 ± 1.28 

N/mm; MRCT 11.54 ± 2.99 N/mm; p<0.01). 

Conclusions: Our results demonstrated that hMSCs-CM increases hTCs viability and densities 

in vitro. Clear benefits were also observed when integrating these primed cells in a TE strategy 

with an electrospun keratin scaffold, as evidenced by improved histologic and biomechanical 

properties. 
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Clinical Relevance: This work supports further investigation into MSCs secretome utilization 

for priming TCs toward a more differentiated phenotype and promotes the TE strategy as a 

promising modality to help improve treatment outcomes for chronic MRCT.  

 

Key Terms: massive rotator cuff tear; hMSCs secretome; tendon-bone healing 

What is known about the subject:  

Massive rotator cuff tears (MRCTs) represent a major clinical concern as the potential for 

natural healing is lost in adulthood and current surgical repair gives a high rate of retear, 

which negatively affects the clinical outcomes. Currently, there is a high interest in research of 

novel approaches based in mechanical, pharmacological, growth factors and cell-based 

approaches aiming to improve the healing process. This is particularly important in athletes, 

because this can have an impact in injury recovery and improving the athletic performance. 

Mesenchymal stem cells (MSCs) secrete a range of growth factors and vesicular systems 

known as secretome, which mediates regenerative processes in tissues undergoing 

degeneration. It was previously reported that hMSCs secretome can have an important paper 

on MRCT pathology treatment because effectively prevents the infiltration of fat and atrophy 

of the rotator cuff muscles, decreasing in this sense the muscle degeneration associated to this 

lesion. 

What this study adds to existing knowledge:  

To the best of our knowledge, this study represents the first report of the use of a tissue 

engineering (TE) system utilizing the hMSCs secretome to activate tendon cells (TCs) 

differentiation and increase its densities, aiming in vivo to improve tendon-bone interface 

(TBi) natural healing without surgical reattachment. Specifically, in in vitro culture, we 

demonstrated that hMSCs conditioned medium enhanced TCs viability and cell numbers. 

Moreover, in vivo and using for that purpose a rat model previously established, we showed 

that the implantation of electrospun keratin scaffolds seeded with hMSC-preconditioned TCs 

resulted in improved histologic tendon healing and biomechanical properties of regenerated 

TBi tissue, although the regeneration was not complete. Thus, our studies suggest that 

although surgical reattachment may be required to obtain complete healing, the TE strategy 

represents a promising modality to potentially improve treatment outcomes for chronic MRCT.  



	 163	

 

Introduction 

Massive rotator cuff tears (MRCTs) comprise approximately 20% of all cuff tears and 80% of 

recurrent tears7, 28. Although most MRCTs are currently reparable through arthroscopic 

surgical techniques and advanced materials26, at long-term follow-up the tendon-bone healing 

failure rate can be as high as 94%15, decreasing significantly the clinical outcome scores and 

strength58. Such biologic failure of MRCT tendon-bone interface (TBi) healing is related to 

muscle-tendinous degeneration, reduced cellular activity, and decreased tendon healing 

potential19, 30, 31. The high-frequency, low tissue repair quality, and sub-optimal clinical 

recovery of rotator cuff tendon healing have stimulated innovative therapeutic strategy 

applications including tissue engineering (TE) that aim to obtain TBis morphologically and 

functionally similar to the original tissue, ultimately leading to better clinical outcomes14, 17, 18, 

20, 35, 36, 54, 59. 

Stem cell-based strategies represent promising therapeutic tools for tendon repair and 

regeneration; among these, mesenchymal stem cells (MSCs) may be useful for tendon-bone 

healing14, 17, 18, 20, 35, 36, 54, 59. Rather than differentiating into tendon cells (TCs) after 

transplantation, most MSC therapeutic effects arise from their trophic capability through 

secreting numerous growth factors, cytokines, and vesicles, collectively known as the 

secretome3, 8, 32, 47, 57. In the form of conditioned medium (CM), this secretome can trigger 

immunomodulatory and anti-apoptotic activities, leading to tendon regeneration8, 13, 27, 29.  

Human hair keratin is useful for tissue regeneration and repair applications because of its 

abundance, bioactive properties, and as a reliable autologous material42. Furthermore, fibrous 

matrices produced by electrospinning are widely used as biomaterials because they can mimic 

the nanoscale structure and complexity of the extracellular matrix (ECM) with controllable 

fiber diameter and alignment24. Additionally, randomly oriented keratin fibers electrospun by 

blending human hair keratin with small amounts of poly(ethylene oxide) can support fibroblast 

attachment and proliferation50.  

Thus, considering the potential benefits of the MSCs secretome, the present study 

evaluated 1) its effects in human (h)TCs cultures obtained from proximal biceps tendon in 

vitro and 2) the impact of a TE strategy based on a biodegradable electrospun keratin 

membrane seeded with hTCs, pre-conditioned by the hMSCs secretome, on promoting 
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histological regeneration and improving TBI biomechanical properties in an in vivo chronic 

MRCT rat model.  

 

Materials and Methods 

All procedures described in this study were conducted in accordance with the Regulations and 

Guidelines of Research of our university and approved by the local Ethics Committee and the 

local ethics authority for the protection of animals used for scientific purposes (ID: SECVS 

002/2016). All patients provided written informed consent. 

 

In Vitro Experimental Design  

hTCs Primary Cultures (Tendon cells isolation Protocol images are provided in Fig. 1). The 

macroscopically intact intra-articular portion of the long head of the biceps (LHB) was 

obtained from 3 female patients (mean age 62.3 (46–72) years) who received open shoulder 

surgery at our hospital with an associated biceps tenodesis procedure. No patients had 

undergone prior surgery or other invasive procedures (e.g., corticosteroid injection) on the 

affected shoulder. 

hTCs were isolated as described by Pauly et al.38, with adaptations.  
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Figure 1 – Human tendon cells isolation. After a digestion protocol, small segments of the 

long head of biceps tendon (A) were plated in petri-dishes culture. After ten days (B), it was 

possible to see cells migrating from the tissue matrix to the dish, which adhered and started to 

grow. After this, we have established the (C) human tendon cell culture. 

 

 

hMSCs Preparation and CM Collection. CM was collected from bone marrow-derived 

passage 2 (P2) hMSCs (Lonza, Walkersville, USA) as previously described47. 

 

hTCs Incubation with hMSCs-CM, Cell Viability Assessment, and 

Immunocytochemistry. Upon isolation, hTCs (P5) were expanded and plated at 5 × 104 

cells/well in a 12-well plate and incubated from T0 with CM (n = 3) for 7 days (with 50% CM 

volume renewed at day 4 of culture). Subsequently, cell densities and viability were assessed 

by MTS test9, 44 and immunocytochemistry.  
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hTCs were incubated with the primary antibodies: decorin (Abcam, Cambridge, UK), 

collagen type-I (col-I; Abcam), and collagen type-III (col-III; Abcam) and observed under an 

Olympus BX-61 Fluorescence Microscope (Olympus, Hamburg, Germany). 

 

Cell Density Determination. Cell counts were performed using Cell-P software (Olympus). 

To normalize the data between the different sets, the results are presented in cell percentage 

(%), representing the number cells positive for each tested marker divided by the total number 

of cells/field (DAPI-positive cells; n = 3). 

 

Electrospun Keratin Matrix Preparation  

Aligned keratin fiber electrospinning. Keratin was extracted from human hair using 

sodium sulfide (Na2S, Sigma-Aldrich, St. Louis, MO), a reducing agent, as previously 

described55. Electrospinning was carried out according to previously established methods50.  

Scanning electron microscopy (SEM). For fiber diameter measurements, 5 random 

SEM images of the electrospun keratin matrices were taken at 2000x magnification using 

image J image-analysis software (National Institutes of Health, Bethesda, MD). The mean 

diameter was obtained using 150 data points. 

 

hMSCs Secretome Effects on hTCs in 3D Environments. P5 hTCs were collected and 

seeded onto electrospun keratin matrices at a density of 2 × 105 cells/scaffold. Cell-seeded 

matrices were cultured for 14 days in hMSCs-CM with medium changes every three days, 

then observed under a confocal microscope (Olympus FV1000). 

Detailed descriptions of all the in vitro procedures are provided as Supplementary 

material. 

 

In vivo Experiments (A schematic representation of the in vivo experiments is provided in Fig. 

2) 
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Figure 2 – Schematic representation of the in vivo experiments. 

 

MRCT Rat Model 

 Animals were maintained and handled in accordance with the guidelines established in 

Directive 2010/63/EU of the European Parliament and of the Council.  

Wistar-han rats (n = 15) were anesthetized with a mixture of ketamine hydrochloride 

(150 mg/kg; Imalgen, Merial, Portugal) plus medetomidine (0.30 mg/kg; Dorbene Vet, 

Laboratorios Syva SA, León, Spain) by intraperitoneal injection. A bilateral two-tendon 

MRCT rat model was generated as previously described46 (Fig. 3). Analgesia (butorphanol 

tartrate, 1 mg/ml, Fort Dodge, Girona, Spain) and antibiotic (enrofloxacin, 1 mg/ml, Bayer, 

Leverkusen, Germany) were administered. The rats were maintained under heat lamps until 

transferred to their cage, after which unrestricted activity was allowed. 

A detailed description of the procedure is provided as Supplementary material. 
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Figure 3 – MRCT rat model. A bilateral supra-spinatus and infra-spinatus tendon section 

was performed to create a MRCT.  

 

Experimental Groups and Surgical Procedure. At 16 weeks after lesion, the time defining a 

chronic lesion in this model46, 10 rats were randomly chosen for surgically embedding a 

scaffold within the tear defect (Fig. 4); the remaining 5 rats served as MRCT controls without 

surgical treatment. 

 

 
Figure 4 – Surgical application of an electrospun keratin matrix in MRCT defect. The 
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surgical strategy consisted in to fulfill the tear defect with a scaffold using one of 2 different 

approaches without surgical reattachment of tendons to bone 1) scaffold per se (scaffold 

group; n=5) and, 2) scaffold with hTCs pre-treated with hMSCs-CM (STC_hMSCsCM group; 

n=5). 

 

During surgery, all detached tendon stumps appeared medially retracted with some 

adhesions to the surrounding tissues. The tendons were freed from the fibrotic adhesions and 

mobilized. Using micro-tweezers, the defect was reconstructed using 2 strategies without 

tendon-to-bone reattachment: 1) scaffold alone (scaffold group; n = 5) and, 2) scaffold with 

hMSC-CM-pre-treated hTCs (STC_hMSC_CM group; n = 5).  

At 16 weeks post-therapeutic intervention (32 weeks post-lesion induction), animals 

were euthanized by sodium pentobarbital (Eutasil, 60 mg/Kg, Ceva Saude Animal, Lisbon, 

Portugal) intraperitoneal injection. The SS and IS muscle-tendinous units together with 

approximately 1.5 cm of the proximal humerus were dissected from the surrounding tissues 

and harvested en bloc. The rotator cuff TBis were then histologically and biomechanically 

evaluated (n = 5 each per group; randomly one side was sent for histology and the other side 

for mechanical tests). 

As an internal control and to establish the baseline biomechanical characteristics of the 

intact TBi failure pattern, histologic and biomechanical testing to failure analyses were also 

performed in uninjured rats.  

 

Biomechanical Testing 

 Specimens were tested up to failure, in a blinded fashion, in tensile mode using a universal 

mechanical testing apparatus (Zwick/Roell, Ulm, Germany). The muscle-tendinous junction 

and humeral head were held with mandibular grips using sufficient force to prevent damage 

and allow tendon alignment in the direction of load application (Fig. 5). Grip-to-grip distance 

was kept approximately constant across all specimens. Tensile testing was performed at 5 

mm/min crosshead speed. For each specimen a force-displacement curve until total rupture 

was recorded to evaluate the following mechanical characteristics: maximum load to failure 

(Fmax, N), elongation at maximum load (DLFmax, mm), total elongation at failure (DLtot, 

mm), and stiffness (S, N/mm, as the load-displacement curve linear portion slope).  
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Figure 5 – Biomechanical testing. Muscle-tendinous junction and humeral head were held 

with mandibular grips applying just enough force to prevent damage and to allow alignment of 

the tendon in the direction of load application. 

 

Histological analysis 

 Tissues were fixed in 10% buffered formalin, fully decalcified in 5% nitric acid, trimmed, and 

embedded in paraffin. Sections were cut in the coronal plane (20-µm-thickness), placed on 
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glass slides, stained with hematoxylin and eosin (HE) and Mason trichrome, and examined 

under light microscopy with an Olympus BH-2 microscope. The tendon maturing scoring 

system as reported56 and modified22 was used for objective TBi evaluation. An independent 

pathologist blinded to the section group origin evaluated and scored the sections.  

 

Statistical Analysis 

Power analysis using a proposed score (estimated Cohen’s d = 2.25)22 indicated that 5 rats per 

group would provide 80% power to detect a significant difference in the Ide’s modified 

histological score between groups with an alpha level of 0.05. 

Effects of the hMSCs secretome on hTCs in vitro were analyzed with the Student’s t-

test; statistical analyses of the tendon maturing score and mechanical properties utilized one-

way ANOVA with Bonferroni’s multiple comparison post-hoc analysis for comparing 

different groups. Significance was set at p < 0.05; all data are presented as the means ± 

standard error of the mean. 

 

 

Results 

hMSCs-CM Effects on hTCs In Vitro 

hMSCs-CM increased hTCs viability (t = 10.85; p < 0.001) compared to the control group 

(DMEM-F12 with 1% kanamycin, Fig. 6J). Immunocytochemistry indicated that hTCs 

incubation with hMSCs-CM significantly increased the number of cells expressing the tendon-

like characteristic markers col-I (t = 20.60, p < 0.001; Fig. 6B), col-III (t = 19.65, p < 0.01; Fig. 

6E), and decorin (t = 12.70, p < 0.01; Fig. 6H) compared to the respective control group (Fig. 

6A,D,G).  
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Figure 6 - In vitro application of hMSCs secretome on human tendon cells. Morphology 

and immunofluorescence staining of human tendon cells after 7 days of incubation with 

hMSCs secretome. Immunofluorescence revealed that hMSCs secretome was able to 

significantly increase the survival (cells densities) of human-derived tendon cells as analyzed 

by the expression of tendon cells markers, namely Collagen type-I (B, C), Collagen type-III (E, 

F) and Decorin (H, I) when compared to the control group (A, D, G). In addition to this, we 
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have also verified that hMSCs secretome was also able to improve significantly the metabolic 

activity (viability) of the human-derived tendon cells when compared to the control (J). Data is 

present as mean ± standard error of the mean, n=3. **p < 0.01, ***p < 0.001. Scale bar: 50 µm. 

Control: DMEM-F12 with 1% of kanamycin; hMSCs-CM: human mesenchymal stem cells 

conditioned media. 

 

hTCs Adherence in Electrospinning-Oriented and Aligned Keratin Fibers 

SEM images showed uniform keratin fiber formation with negligible beads (Fig. 7A). The 

mean fiber diameters were 0.685 ± 0.112 µm for aligned oriented fibers. After 14 days, hTCs 

plated in these electrospun keratin fibers could survive and adhere, being aligned with the 

fibers (Fig. 7B,C). 

 

 
Figure 7 – Electrospun keratin matrix. A) Scanning electron microscopic images of aligned 

keratin fibers fabricated by electrospinning. When human tendon cells were plated in the 

electrospun keratin scaffold, they were able to adhere and be aligned with the fibers (B, C). 

Scale bars represent 5µm (image A) and 100µm (images B, C). 

 

In vivo Studies 

At 16 weeks after implantation, scaffolds with or without cells were not visible. No evidence 

of infection, inflammation, or immune rejection existed at any surgical site. MRCT-untreated 

animals exhibited adhesions between the sectioned tendons and the surrounding tissues, 

whereas all treated animals showed macroscopic tendon-like tissue structures bridging the 

previously inflicted defects. 
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Histologic Examination  

HE staining revealed tendon-bone continuity in the STC_hMSC_CM group, with increased 

cell densities and fibrocartilage formation organization. A double tidemark, consistent with 

rapid mineralization front advance and new growing fibrocartilage, was observed, likely 

representing attempted TBi regeneration. Fig. 8A-D shows uninjured and injured TBi group 

histologic characteristics. 

 

 
Figure 8 - Rotator cuff (SS and IS) TBi histological analysis. A) Uninjured control 

sample. The normal histology of the intact TBi is composed of four consecutive zones: a 

dense tendon zone, non-mineralized fibrocartilage, mineralized fibrocartilage and bone. The 

tendon collagen fibers are typically oriented along the long axis of the tendon and the 

fibrocartilage zone becomes progressively mineralized toward the bone border. There is also a 

tidemark, a well-defined transition line between the non-mineralized and mineralized 
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fibrocartilage, which indicates the production of a flat surface during the mineralization 

process. B) Specimen obtained from MRCT group (at 32 weeks after injury). The tendon 

collagen fibers and the cells lost the characteristic parallel orientation; in TBi, the tendon has 

no continuity with bone and the tidemark is not present. C)  Specimen obtained from 

scaffold without tendon cells group (at 32 weeks after injury and 16 weeks after surgery 

with scaffold alone interposition between tendon and bone). The collagen fibers of the tendon 

have a more parallel orientation and the vascularity is mild. In the TBi, the collagen fibers of 

the tendon disclosed a more parallel orientation, the insertion of the tendon has continuity with 

bone ingrowth, there is regular fibrocartilage formation but no clear tidemark is 

observed. D)  Specimen obtained from STC_hMSCs-CM group (at 32 weeks after injury 

and 16 weeks after surgery with scaffold seeded with cells pre-treated with hMSCs - CM 

interposition between tendon and bone). 

Compared with the previous 2 groups, the proportion of fibers characteristic of "mature" 

tendon and parallel oriented fibers is increased. In the TBi, there is continuity between tendon 

and bone, more organized fibrocartilage formation and with increased fibrocartilage 

cells densities. We can observe also a double tidemark (arrows), which is consistent with a 

rapid advance of the mineralization front and new growing fibrocartilage, probably 

representing an attempt to regenerate the TBi. (HE, original magnification 40x) 

 

Histological Score (Ide’s Modified Tendon-Maturing Score)  

Histological score statistical analysis showed that treatment yielded significant TBi histologic 

improvement (F(2,12) = 4.48; p = 0.035, η2
partial = 0.428), in which only the STC_hMSC_CM 

group exhibited significant impact on the total histological score (15.6 ± 1.08) compared to 

untreated MRCT animals (11.0 ± 1.38; p < 0.05, Fig. 9). 
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Figure 9 – Ide modified tendon maturing score Animals treated with hMSC secretome pre-

conditioned tendon cells in an electrospun keratin scaffold had significantly higher tendon 

maturing score when compared with untreated MRCT group. Data represent mean ± standard 

error of the mean. (*P < 0.05). 

 

Biomechanical Studies 

During biomechanical testing, all specimens failed at the tendon-bone junction. Under an 

applied force, the healthy TBi showed a well-marked single maximum force value, indicating 

that the joint failed in a single event. For all other specimens irrespective of the maximum 

values attained, the jagged, multi-peaked curves showed non-simultaneous tendon breakage 

from the humeral head with various final rupture times. Therefore, the obtained curves were 

not directly comparable, the analyzed data were based on the mechanical characteristic 

average values.  

Statistical analysis of DLtot demonstrated a significant effect of the treatment (F(2,11) = 

4.43; p = 0.039, η2
partial = 0.446), wherein the hMSCs-CM pre-conditioned hTCs-filled scaffold 

group showed enhanced performance compared to the untreated MRCT group (p = 0.041; Fig. 

10 A,C). TBi S showed significant albeit inversely correlated effects (F(2,10) = 7.94; p = 0.009, 

η2
partial = 0.614), wherein both filled (p = 0.016) and unfilled (p = 0.028) scaffold application 
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yielded significantly less stiffness than untreated group MRCT (Fig. 10 A,B). No significant 

treatment effect occurred for DLFmax (F(2,8) = 1.05; p = 0.394, η2
partial = 0.208) or Fmax (F(2,10) = 

0.093; p = 0.912, η2
partial = 0.018).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 – Stiffness (S) and total elongation to rupture (DLtot) analysis. After the (A) 

muscle-tendinous junction and humeral head being held with mandibular grips, stiffness was 
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calculated by determining the slope of the linear portion of the load-displacement curve, in 

which we have observed that (B) the non-treated injured MRCT animals exhibited 

significantly stiffer TBi when compared to the treated animals. Regarding the (C) total 

elongation to rupture, animals treated with the electrospun keratin scaffold containing tendon 

cells preconditioned with the hMSCs secretome had significantly increased in the total 

elongation to rupture than did MRCT animals. Data represent mean ± standard error of the 

mean. (*P < 0.05). 

 

Discussion 

In the present study, hTCs isolated from the LHB tendon increased density and cell 

viability upon in vitro cultivation with the hMSCs secretome (Fig. 6) in accordance with 

previously described cross-talk effects between TCs and hMSCs13, 40. For example, hMSCs 

secretome paracrine activity favorably affected human hamstring tenocyte cellular 

morphology in vitro through ECM remodeling13. Similarly, bone marrow-derived MSCs 

promoted significant Achilles tendon tenocyte cell number increases, suggesting a feeding 

mechanism reliant upon soluble factor secretion48 consistent with prior reports that specific 

cytokine or growth factor addition to culture medium (alone and in combination) could 

effectively increase the number and optimize proliferation of TCs10, 21. Notably, we have 

previously identified some of these trophic factors in the MSCs secretome51. Furthermore, 

synergistic effects may also occur through growth factor combination, resulting in greater 

proliferation as compared with maximal individual growth factor dosages10. This accords with 

the secretome effects observed in this work, which demonstrates that the hMSCs secretome 

may serve as a promising alternative TCs “feeder” compared to cytokine or growth factor 

application. 

It is recognized that the self-healing potential of each tissue is carried out by endogenous 

resident stem cells52. In tendon tissue, several works have described the presence of 

multipotent stem cells, termed tendon stem/progenitor cells, proposing it as one of the 

potential approaches of tenogenic regeneration6, 45 49, 52, 53. These cells may have indeed an 

important role in embryonic and young tendon injuries, as this is clinically evident in infants’ 

tendo-achilles, whose tendon regenerates few weeks after the tenotomy used in the Ponseti's 

technique of clubfoot correction4, 43. However, in adult tendon tears (e.g. rotator cuff), such 
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fact seems not to occur due to the decline of these cells throughout life, which may explain 

why the spontaneous regeneration process is very limited and fail27. In this work, the in vivo 

results revealed that a TE strategy based on an electrospun keratin scaffold filled with hMSCs 

secretome-preconditioned hTCs improved the healing process of rotator cuff TBi without any 

surgical reattachment of the torn tendons (Figs. 8 and 9). The intention was to evaluate if it 

was possible to stimulate and improve the healing process that is clearly compromised in 

chronic MRCT patients. To the best of our knowledge, this represents the first description of 

the hMSCs secretome as a pre-treatment for this purpose.  

The animals receiving the biodegradable keratin scaffold filled with secretome activated 

hTCs exhibited continuity between the tendon and bone, leading to a more organized 

fibrocartilage formation (Fig. 8) with a double tidemark, indicative of rapid mineralization 

advance and newly growing fibrocartilage representing regenerative behavior at the interface 

area of these two different tissues. In comparison, direct ultrasound-guided umbilical cord 

blood-derived hMSCs insertion at lesion sites led to full-thickness rotator cuff tendon tear 

partial healing in a rabbit subscapularis tear model37. In our TE strategy, cell-seeded, 

electrospun keratin scaffolds were directly added into the tear space without surgical tendon 

reattachment. The advantage of this strategy is that scaffold contains the activated hTCs 

around the damaged area where cells can adhere, interact with specific growth factors and 

cytokines, proliferate, differentiate, and produce ECM, facilitating successful cell therapy 

procedures25.  

The basic molecular mechanisms underlying the hMSCs-CM contribution in priming 

TCs toward a more differentiated phenotype remain poorly understood. Notably, our previous 

characterization of the hMSCs secretome may indicate particular molecules likely involved in 

this process39. For example, identified secretome profile molecules including IL-6, decorin, 

and biglycan have been previously associated with mechanisms related to tendon healing. IL-6 

can markedly increase collagen production in tendons1, 2, 34 and may exhibit anti-inflammatory 

effects33. Decorin and biglycan constitute the principal small leucine rich proteoglycans in 

tendon and contain one or two chondroitin sulfate GAG chains, respectively23. Biglycan is an 

ECM component of the tendon, which can also control the fate of skeletal stem cells by 

modulating the extracellular tendon niche5, 11, 60.  

Biomechanical evaluation showed that STC_hMSC_CM group tendons trended toward 
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higher rupture forces compared with the other groups and could be significantly further 

elongated prior to rupture compared to the untreated MRCT group. We further identified that 

the treated STC_hMSC_CM group should show less stiffness, with longer elastic deformation 

prior to reaching maximum load. It is recognized that scarred tendon elasticity is vastly 

inferior to that of healthy tendon, which increases reinjury risk12. The regenerated TBi of the 

STC_hMSC_CM group appeared to be the most elastic, allowing better TBi elongation when 

submitted to the higher force of disruption, thus protecting the structure from rupture.  

In our model, it is likely that the gap between the tendon and bone, which was filled with 

the scaffold (with or without the pre-conditioned hTCs) but without surgical fixation, did not 

have the optimal biomechanical characteristics to control the local loads. This led to a gap 

formation without mechanical control, impairing improved TBi regeneration. Other authors 

have described that such a gap during rotator cuff repair leads to a “failure in continuity”, 

being subsequently filled in with fibrovascular scar tissue exhibiting inferior mechanical 

characteristics when compared to healthy tissue16, 41. 

We suggest that, just as a strong mechanical reattachment strategy needs a good biologic 

environment to achieve successful TBi healing, a strategy for biological environment 

improvement requires an effective mechanical bond to achieve TBi regeneration. Thus, both 

improved biology and mechanical reattachment between bone and tendon are essential to 

obtain complete rotator cuff TBi regeneration.  

The present study has some limitations. First, the results were obtained in an induced 

disease affecting previously healthy tendon in a young rat rather than from a natural 

degenerative process resulting in a MRCT as commonly occurs in humans. However, the well-

established MRCT rat model was previously shown to mimic the characteristic degenerative 

disease features. We evaluated therapeutic intervention effects in the chronic state, not 

immediately post lesion, and of chronic rotator cuff tear healing, to mimic the typical clinical 

situation with torn tendon retraction and atrophy. Second, we used a single time point for all in 

vivo analyses. The histology and biomechanics kinetics over the course of a chronic lesion 

should be subsequently examined. Finally, this TE strategy without surgical reattachment 

showed histologic characteristic improvements; however, construct biomechanical strength 

did not consistently improve. Therefore, we believe that surgical rotator cuff tendon 

reattachment is still required to obtain a strong attachment between the tendon and bone in 
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additionally to a cell-based TE strategy to enhance TBi regeneration.  

 

Conclusion 

Use of the hMSCs secretome in vitro could increase hTCs phenotype, density, and 

viability. In vivo, we demonstrated for the first time that preconditioning hTCs with the 

hMSCs secretome in a TE strategy yielded improved histologic rotator cuff TBi healing 

although obtained tissue regeneration remained incomplete.  
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7.1 General Discussion 

MRCTs are very large tears that are difficult to repair, being often associated to an 

uncertain prognosis. These lesions are usually degenerative and associated with 

incapacitating and chronic pain, severe functional impairment, and weakness1, 2. The 

degenerative age-related process is implicated as an important etiologic factor for rotator 

cuff pathology, being at the same time correlated with a low successful healing of the 

tendons, even after a surgical reattachment. 

60% of adults over 60 years have RCTs, with 20% of them being MRCTs known to 

present a worst prognosis than small tears due to the associated degeneration and 

difficulties of the musculo-tendinous unit healing back to the bone. This makes this 

particular field of major clinical and public health relevance. Clinical examination is the 

keystone to understand the real problem affecting a specific patient, in which 

complementary diagnostic exams should be performed to complete the evaluation work-

up. Therefore, the rationale of treatment should be guided by evidence-based information. 

Noteworthy, rehabilitation is usually the first step trying to recover the rotator cuff 

balance and improve scapula-thoracic rhythm. Thus, it is possible to relieve pain and 

improve function without surgery, although this is not always effective, as MRCTs are 

often resistant to non-operative treatment. Moreover, we must be aware that during this 

conservative period, the musculo-tendinous degeneration and the reparability prognosis 

factors will worsen.  

When surgery is advised, ideally an anatomic and tension-free repair of the rotator cuff 

tendons to the footprint should be obtained, restoring a strong connection between bone, 

tendon, and muscle3-5. Our systematic review indicates that the arthroscopic repair gives 

at least similar results as open surgery when treating MRCT. Moreover, it has the 

inherent advantages of the mini-invasive procedures with less iatrogenic aggression and 

fast recovery. However, reattachment is not always effective, mainly because RCT affect 

the whole musculo-tendinous unit, with both muscle and tendon deteriorating over the 

time6-8. So, it is important to evaluate the reparability likelihood of the musculo-tendinous 

unit, to decide reasonably which surgical treatment should be chosen. When a MRCT is 
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irreparable, a plethora of non-anatomical solutions have been proposed, although without 

very precise indications and unpredictable results. In that way, we have revised that RSA 

may be a reliable and effective alternative in these cases. However, it has some 

limitations, namely the high number of complications and concerns of deteriorating 

results with follow-up time. 

Thus, it is not surprising that new protocols and therapeutic approaches are being tried to 

prevent/reverse the pathophysiology of chronic rotator cuff tears9-11 or to improve rotator 

cuff TBi healing12-15. Interestingly, the use of stem cells, namely MSCs has been 

presented as a great promise to serve both as a suitable cell source for tenogenic 

regeneration and as a source for the secretion of a plethora of trophic factors to mediate 

healing response16-19. 

So, the objective of the current thesis work was to investigate the potential utility of the 

hMSCs secretome as a therapeutic tool for MRCT treatment. Moreover, we have also 

developed an integrative strategy using hMSCs secretome as a tool to improve the natural 

development of the disease, decreasing the development of musculo-tendinous 

degeneration and, trying to improve the effectiveness of TBi healing and regeneration. 

 

7.2 Animal model to rotator cuff pathology research 

The most important findings of the present study were that injuring the upper limb of a 

rat through the tenotomy of SS and IS leads to: 1) atrophy and fatty degeneration of the 

muscle, 2) an impairment of fine motor skills dependent on the shoulder function, similar 

to what is seen clinically. Both of these observations were more noticeable when both 

paws are injured.  

There are some important points that should be consider when developing an animal 

model, namely: 1) the anatomical structure used in the model should be representative of 

the injured structure; 2) the pathological condition must be simulated as accurately as 

possible (e.g. partial vs complete rupture, small vs large vs massive tears, neuropraxia vs 
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neurotmesis), because different conditions require different models20. In another 

dimension, it is critical to have tools that accurately evaluate the effectiveness of the 

model, either from histological and functional point of view. 

Two previous studies using the rat model21, 22, showed that the suprascapular nerve 

section, in association with a two rotator cuff tendon detachment, significantly increases 

the degree of fatty infiltration and muscular atrophy. However, in humans, the 

suprascapular nerve injury, which can be associated with MRCT, is a traction injury 

(neuropraxia) and has the potential for recovery after tendon repair 23-27. As the 

neurologic injury in those animal models is a definitive section (neurotmesis), it 

represents a different type of lesion and does not represent faithfully as it happens in 

MRCT. Furthermore, the use of new therapeutic modalities must be tested, prior to use in 

humans and, the development of animal models and computer simulation have played a 

key role in the achievement of this aim28. The importance given to in vivo tests requires 

that the chosen model should be appropriate, cost-effective and adequately mimics the 

pathology 20.  

Different animal models have been described to study rotator’s cuff pathology such as 

rabbit 10, 29, dog 30, sheep 7, 31, rat 21, 22, 32-34 and mouse 35. The rat has important 

advantages, among which we highlight the similarity of the rotator cuff anatomy relative 

to the human, being 32, 36 easy to handle with a low maintenance cost 21, which makes it a 

good candidate for the study of basic patho-anatomical mechanisms and therapeutic 

intervention results, in this pathology. However, we should underline that the load on the 

forelimb, like in other quadruped animals, is different from the human shoulder due to the 

human orthostatic position. Initial attempts to develop a rat model of MRCT, faced 

difficulties in mimicking the degenerative alterations associated to this condition, mostly 

due to detachment of only one tendon (SS) and the high rate of tendinous adherences 

associated 32, 33. This problem was overcome, at least partially, with a model in which 

there are at least two tendons detached 21, 22, 37, thereby representing an MRCT more 

faithfully. However, to increase the degree of fatty infiltration, some authors added a 

suprascapular nerve section to the two rotator cuff tendon detachment 21, 22.  
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In this work we have analyzed the effects of sectioning the SS and IS tendons to induce a 

MRCT in a rat model. Interestingly, using a bilateral lesion model, the results indicate 

that degenerative changes may be aggravated, representing in a more accurate way the 

changes observed in humans. This may be due to a greater immobility of the animal after 

bilateral lesion, leading to a higher degree of fatty infiltration and muscular atrophy. 

Moreover, this model offers the additional advantage of allowing the use of the two sides 

of the same animal, to assess different therapeutic interventions, reducing the number of 

animals required to conduct experiments, thus being ethically very defensible. 

The use of biologic agents to improve TBi regeneration is especially relevant in patients 

with diminished biologic healing potential like it is observed in chronic MRCT, which 

was the reason for developing this animal model. Thus, the rat model developed in this 

study showed histological features similar to those seen clinically, especially in the 

bilateral injury model. Consequently, the animal model presented in this thesis can 

represent a reliable source for the assessment of therapeutic strategies, aiming at 

preventing/reverting these same changes and enhance the potential healing of these 

tissues. 

 

7.3 Mesenchymal stem cells secretome: a potential tool for the prevention of the 

muscle degenerative changes associated to chronic rotator cuff tears 

According to current knowledge, there are several factors about muscular degeneration, 

appearing after a rotator cuff tendon tear, that must be considered: First, the classic 

degenerative changes of the muscle after a tendon tear such as atrophy and fatty 

degeneration, are often considered irreversible6, 38, 39; Second, these changes reflect a loss 

of the contractile elements, thereby decreasing the physiological properties such as the 

strength and elasticity of the remaining musculo-tendinous units1, 30, 40; Finally, the 

muscle quality is a key predisposing factor of tendon healing and it is directly related 

with poor functional outcome when repair is attempted38, 41, 42. 

Currently, the only way to improve the clinical outcomes when treating a MRCT is 
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performing an early intervention in small tears before the appearance of irreversible 

muscular damage38, 43. The reason for that is the impossibility to effectively control the 

progression of these changes during the non-operative treatment. Therefore, it is crucial 

to develop strategies not only to prevent muscle degeneration associated to chronic 

MRCT, but also to facilitate further therapeutic solutions and avoid the irreparability of 

the lesion. Thus, to prevent or reverse muscle degenerative changes associated with 

MRCT (e.g., fatty degeneration), some approaches have been investigated, such as 

continuous musculo-tendinous mechanical traction9, pharmacological administration of 

anabolic steroids10, 44, as well as inhibition of inflammatory pathways with licofelone45. 

Nevertheless, it has also been recognized that the self-healing potential of each tissue can 

occur, being carried out by endogenous stem cells residing in the tissue46. Indeed, 

shoulder tissue–derived stem cells have also been described and proposed as having the 

potential of myogenic regeneration46-49. Noteworthy, stem cell–based therapies and, more 

specifically, MSCs11 have been identified as complementary therapeutic approaches of 

healing in chronic rotator cuff tears.  

The use of MSC cell–based therapies has emerged over the years as a promising 

therapeutic tool for the repair and regeneration of tendon and muscle11, 13, 50-52. In addition 

to their multi-differentiation capacity, it has been widely defended that most of the 

therapeutic effects promoted by MSCs are grounded on their trophic action through the 

secretion of growth factors, cytokines, and vesicles (e.g., exosomes), collectively known 

as secretome53-57. In fact, studies have demonstrated that the secretome of MSCs (in the 

form of conditioned media (CM)) inhibited peripheral blood mononuclear cells and T-

cell proliferation through the secretion of prostaglandins, thereby indicating an 

immunomodulatory and anti-proliferative effect58, 59. Following this idea, Oh et al11 have 

recently demonstrated that MSCs could also be a modulator of fatty degeneration and 

rotator cuff healing in a chronic rotator cuff tear rabbit model. On Duchenne muscular 

dystrophy, the use of MSCs was also correlated with anti-inflammatory activities, in 

which the production of trophic factors was associated with increased activity of 

endogenous repair cells60. 

The major finding of this study was that the injection of hMSCs secretome immediately 
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after the lesion being inflicted, led to the decrease of muscle degeneration development in 

a rodent model of MRCT. Moreover, these protective effects in muscle fatty degeneration 

and atrophy were more consistent and reproducible in a single local and multiple 

systemic secretome injection groups. In fact, 8 weeks after SS and IS tendon detachment, 

the animals treated with a single intra-muscular hMSCs secretome injection right after the 

injury had significantly less fatty degeneration compared with the untreated MRCT 

animals. The same results were also observed to the multiple systemic injections. At 16 

weeks after injury, single local, multiple systemic, and multiple local secretome injection 

groups exhibited a significant protector effect against fatty degeneration of the rotator 

cuff muscles. These results indicate that the administration of hMSCs secretome 

prevents, at least partially, the irreversible fatty degeneration progression occurring after 

a MRCT.  

Concerning muscle atrophy results, it was observed a decreased muscle wet mass, which 

can be used to objectively evaluate atrophy22, 61. Being so, 8 weeks after injury, the single 

local treated group had significantly heavier muscles than did the untreated MRCT group. 

Moreover, at 16 weeks, the control group had significant differences versus the untreated 

MRCT, single systemic, and multiple local injection groups. Overall, these results 

revealed that hMSCs secretome administered intramuscularly in a single locally 

administration immediately after the injury or systemically in a weekly application can 

decrease the muscle atrophy associated with chronic rotator cuff tears.  

In addition to these results, we have also evaluated the influence of the site and/or 

periodicity of hMSCs secretome injection on potentially positive effects. In the animals 

receiving weekly local hMSCs secretome injection (multiple local injections group), we 

have found that there was an erratic effect on atrophy and fatty degeneration prevention. 

This might be explained by the blind and inaccurate technique of injection, whereby 

compromising the precision of intramuscular delivery of the hMSCs secretome (despite 

the landmark-guided procedure) and by the fact that this repeated injection might cause a 

frequent traumatic event with further local inflammation and possible neurologic injury. 

We attempted to reproduce the clinical practice in which the majority of clinicians do not 

use image-guided procedures to localize precisely the place of deposit of the infiltration. 
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However, suggestions from clinical studies62 and animal models63 indicate that image-

guided procedures can offer a higher precision in locating the infiltration and a greater 

clinical improvement. Even though, despite these technical limitations, we have found 

hMSCs secretome as a potential modulator of fatty degeneration and muscle atrophy. 

Actually, by proteomic-based analysis of hMSCs secretome, we have found 2 molecules 

involved in muscle homeostasis, namely follistatin (Q12841) and pigment epithelium-

derived factor (PEDF - P36955). These 2 molecules are probably involved in the positive 

results observed in the present study regarding muscle degeneration prevention after 

secretome application. Regarding follistatin is an antagonist of several members of the 

TGF-β super-family like myostatin, a negative regulator of muscle regeneration. Besides 

the ability to block myostatin action, follistatin stimulates the proliferation of muscle 

progenitor cells and satellite cells, and it induces myoblasts to express transcription 

factors, promoting myogenic differentiation, namely MyoD, Myf5, and myogenin64, 65. 

Moreover, it has also been observed that the in vivo injection of follistatin increases 

muscles weight, and more interestingly, it also promotes an increase in the weight of non-

injected muscles located remotely66. The follistatin action represents a signaling pathway 

to preserve muscle mass and prevent muscle atrophy, which can be used therapeutically 

in acquired forms of muscle degeneration67. Concerning PEDF, it has been proven to 

induce satellite cell proliferation and promote muscle regeneration68. Future in vivo 

studies with rats treated with recombinant follistatin or PEDF, or rats treated with CM 

depleted from these 2 proteins, may provide further insight to the contribution of these 

molecules in preventing muscle degeneration after MRCT.  

In addition, Davies et al. showed recently that the inhibition of TGF-β1 signaling with 

the small molecule inhibitor SB431542 in a mouse model of MRCT results in decreased 

fibrosis, fatty infiltration, and muscle weight loss. The authors also demonstrated that 

treatment with SB431542 reduces the number of fibro/adipogenic progenitor (FAP) cells, 

an important cellular origin of rotator cuff muscle fibrosis and fatty infiltration, in injured 

muscle, by promoting apoptosis of FAPs69.  

Therefore, although promising, it is important to underline that the observations done in 

this experimental study cannot be directly translated into clinical practice. Despite these 
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limitations, the results may pave the way for use of a cell-free treatment approach to 

decrease muscle degeneration associated with rotator cuff tears, namely fatty 

degeneration and atrophy, which can guide further clinical research. This strategy has 

several advantages because hMSCs secretome can be produced easily in large quantities, 

can be stored efficiently, and does not require as many cells as when making a MSC cell 

transplant. Moreover, it avoids the risks associated with the use of cells, like 

immunological reactions, non-survival of the cells during transplant, lung capillary 

entrapment and infections58. 

In summary, we describe a new approach for decreasing the characteristic muscle 

degeneration associated with chronic rotator cuff tears. This strategy is particularly 

important for patients whose tendon healing after later surgical repair could be 

compromised by the progressing degenerative changes. In addition, both precise 

intramuscular local injection and multiple systemic secretome injections have been 

shown to be promising delivery forms for preventing muscle degeneration. 

 

7.4 Conditioned media of human mesenchymal stem cells has stimulating effects in 

viability and densities of tendon cells in vitro and improves tendon bone healing in 

an in vivo chronic massive rotator cuff tear rat model 

This work showed hMSCs secretome as a modulator of hTCs (isolated from the LHB 

tendon) density and cell viability in vitro, thereby resembling previously described cross-

talk effects between TCs and hMSCs16, 70. Likewise, these results demonstrate that 

hMSCs secretome may serve as a promising alternative TC “feeder” compared to 

cytokine or growth factor application. 

Previous studies investigated the effect of cross-talk between tenocytes and hMSCs16, 19. 

Ekwueme et al. reported that the hMSCs secretome paracrine action may have favorable 

effects on human Hamstring Tenocytes cellular morphology, as well as in potentiating 

ECM remodeling in vitro16. Similarly, Shimode et al. observed significant increases in 

the cell number tenocytes (derived from Achilles tendon) after co-culture with BMSC19. 
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More recently Randelli et al. showed that the human tendon stem cells (hTSCs) from the 

rotator cuff co-cultured in a transwell system with a lipoaspirate product (processed by 

using the Lipogems device), which contains and produces growth-factors, significantly 

increases the proliferation rate of hTSCs without altering their stemness and 

differentiation capability70. 

Costa et al. tried to optimize tenocyte proliferation in tendon cell populations maintained 

in culture, using growth factor supplementation71. Cell cultures were supplemented with 

IGF-1, PDGF-BB, and bFGF alone and in combination. For all tendon cell populations, 

proliferation at 72 h was greater in the presence of individual growth factors as compared 

with controls. In addition, a synergistic effect was observed with the combination of 

growth factors resulting in greater proliferation as compared with maximal doses of 

individual growth factors. Similarly, it was also observed with the hMSCs-CM, that 

represents the set of growth factors that are produced by MSCs (secretome), an effective 

increase of proliferation of tendon cells. 

Approaches that attempt to restore the composition and structure of the normal TBi are 

keystones in the search of constructing a stronger, effective and durable TBi. Therefore, 

histological analysis plays a critical role to evaluate the quality of the tendon-bone 

healing and the success of tendon repair72. For this reason, validated histological grading 

scales are crucial to objectively evaluate the healing process and the structure of new 

formed TBi in the context of therapeutic approaches73 74. In this work, the Watkins 

tendon maturing score75 modified by Ide76 was used to evaluate the regeneration of TBI 

of a MRCT in a rat model because it is validated to evaluate enthesis regeneration73.  

The in vivo results revealed that a TE strategy based on an electrospun keratin scaffold 

filled with hMSCs secretome-preconditioned hTCs improved the healing process of 

rotator cuff TBi without any surgical reattachment of the torn tendons. 

To the best of our knowledge, this represents the first description of the hMSCs 

secretome as a pre-treatment for this purpose. Compared to the untreated MRCT group, 

animals receiving the biodegradable filled keratin scaffold exhibited continuity between 

the tendon and bone, leading to a more organized fibrocartilage formation with a double 

tidemark, which is indicative of a rapid mineralization advance and newly growing 
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fibrocartilage, whereby representing a regenerative behavior at the interface area of these 

two different tissues. In comparison, Park et al.63 demonstrated that through ultrasound-

guided approaches, human umbilical cord blood derived MSCs can be locally injected 

without surgical repair or bio-scaffold, resulting in a partial healing of full-thickness 

rotator cuff tendon tears, in a rabbit model with subscapularis tear. At 4 weeks after the 

ultrasound-guided UCB-derived MSC injection, 7 of the 10 full-thickness subscapularis 

tendon tears were only partial-thickness tears, and 3 remained full-thickness tendon tears. 

However, it is important to highlight that injecting cells into the tendon even image-

guided does not ensure the maintenance of the them to the area of tendon damage. In our 

TE strategy, cell-seeded in the electrospun keratin scaffolds were directly added into the 

tear space without surgical tendon reattachment. The scaffold contained the activated TCs 

around the damaged area, where they can adhere, interact with specific growth factors 

and cytokines, proliferate, differentiate, and produce ECM, facilitating successful cell 

therapy procedures77.  

The basic molecular mechanisms underlying the hMSCs-CM contribution in priming TCs 

toward a more differentiated phenotype remain poorly understood. Even though, it is 

important to consider which molecules could be involved in the observed effects in TCs. 

Notably, our lab have previously characterized the hMSCs secretome though targeted and 

non-target proteomic techniques (e.g. mass spectrometry and Bioplex-Luminex 

techniques), and some particular molecules were found to be involved in mechanisms 

related to tendon healing, namely IL-6, DCN, and biglycan78. For instance, IL-6 can 

markedly increase collagen production in tendons79-81 and may exhibit anti-inflammatory 

effects82. Regarding DCN and biglycan, they constitute the principal small leucine rich 

proteoglycans in tendon and contain one or two chondroitin sulfate GAG chains, 

respectively83. Biglycan is an ECM component of the tendon, which can also control the 

fate of skeletal stem cells by modulating the extracellular tendon niche84-86. This function 

was demonstrated in ECM-rich tendon tissue, which harbors a cell population with stem 

cell features including clonogenicity, multipotency and regenerative capabilities85. On the 

other hand, in the absence of biglycan, the initial healing process may be impaired, while 

in the absence of DCN later healing is clearly diminished. Therefore, such evidences 

suggest that biglycan and DCN may have sequential roles in tendon response to injury86. 
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In addition to the above-referred factors, plasminogen19, TGF-β16, prostaglandin E287, 

heme oxygenase-188, and human leukocyte antigen-G 589 have also been described as 

important trophic mediator of tendon healing. 

Regarding the biomechanical evaluation of TBi, our results have shown that the 

electrospun keratin scaffold filled with secretome preconditioned hTCs treated group, 

tendons trended toward higher rupture forces compared with the other groups (e.g. 

scaffold and untreated MRCT), and could be significantly further elongated prior to 

rupture compared to the untreated MRCT group. We further observed that this treated 

group showed less stiffness, with longer elastic deformation prior to reaching maximum 

load. In fact, it is recognized that scarred tendon elasticity is vastly inferior to that of 

healthy tendon, which increases reinjury risk90. The regenerated TBi of this treated group 

appeared to be the most elastic, allowing better TBi elongation when submitted to the 

higher force of disruption, thus protecting the structure from rupture. However, in our 

model, it is likely that the gap between the tendon and bone, which was filled with the 

scaffold (with or without the pre-conditioned hTCs) and without surgical fixation, did not 

have the optimal biomechanical characteristics to control the local loads. Such evidence, 

led to a gap formation without mechanical control, impairing improved TBi regeneration. 

In fact, reports have described that such a gap during rotator cuff repair leads to a “failure 

in continuity”, being subsequently filled with fibrovascular scar tissue, thereby exhibiting 

inferior mechanical characteristics when compared to healthy tissue91, 92. Therefore, we 

suggest that a strong mechanical reattachment strategy needs a good biologic 

environment to achieve successful TBi healing, as a good strategy for biological 

environment improvement requires an effective mechanical bond to achieve TBi 

regeneration. Thus, both improved biology and mechanical reattachment between bone 

and tendon are essential to obtain complete rotator cuff TBi regeneration. In addition to 

this, it is also important to highlight that we found no evidence of cell rejection or other 

perioperative collateral reaction in the specimens from the TE strategy. So, despite the 

small sample size, the treatment strategy proved to be safe and well tolerated.  

In conclusion, this work showed that the use of the hMSCs secretome in vitro was able to 

increase hTC densities and viability. In vivo, we demonstrated for the first time that 
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preconditioning hTCs with the hMSCs secretome in a TE strategy yielded improved 

histologic rotator cuff TBi healing, although obtained tissue regeneration remained 

incomplete.  

 

7.5 Future perspectives  

This work represents one more step trying to improve the clinical outcomes of 

MRCT patients. Although we have observed that our approaches allow the prevention of 

muscle degeneration and improve rotator cuff tendon healing, several questions arise:  

1. the prevention of muscle degeneration using the hMSCs secretome will 

facilitate the surgical reattachment of the torn tendons and increase healing 

rate? 

2.  Is it possible to revert the structural and functional degenerative changes 

of the rotator cuff muscles after its installation?  

3. The TE strategy combined with formal surgical reattachment will improve 

the regeneration of rotator cuff enthesis?  

4. Are there any side effects of secretome administration? 

5. What is the most suitable scaffold to use?  

In fact, the inclusion in the global treatment of strategies intending to reverse muscle 

degeneration will be critical to optimize the regeneration of the structure and function of 

the rotator cuff TBi. Moreover, we observed a reduction of degeneration with the 

secretome injection, and this may theoretically facilitate the surgical repair and positively 

influence the success rate of tendon-bone healing. However, this has not been evaluated 

in this work, and further research will be needed to confirm this theoretical advantage 

from the use of secretome. 

As previously noted, approaches that attempt to restore the composition and structure of 

the normal TBi are keystones in the search of constructing stronger, effective and durable 

TBi. In addition, it will also be needed to determine if these therapeutical effects remain 

safe and effective in larger models. Therefore, further studies are needed to clarify which 
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particular soluble factors are responsible for the observed effects on tendon cells and 

muscle, using more precise culture systems and analytical tools. Specifically, in vivo 

studies will be needed using recombinant proteins, or CM depleted from these proteins, 

which may provide further insight to the contribution of these molecules in improving 

TBi regeneration, preventing and/or reversing muscle degeneration. Additionally, it will 

be also important to determine the optimal provenance of stem cells to produce the ideal 

combination of factors (secretome) for the biologic augmentation of rotator cuff repairs. 

Likewise, it is also important to underline the theoretical ideal scaffold, which should 

combine high suture retention strength, ability to bear the mechanical forces at the TBi 

without tearing and own good conditions to cell adhesion and proliferation.   

Thus, the ideal solution would be to have technical options that help to treat a MRCT, 

when it becomes symptomatic. This can be achieved with means that allow transforming 

an inelastic tendon in a reparable tear, reversing/preventing degenerative muscle changes 

(e.g. fatty infiltration) and favoring the biologic milieu to achieve tendon-to-bone healing. 

Developments in understanding of the biology and pathology of rotator cuff tendons, 

cell-based therapies, growth factors, scaffolds, gene therapy and surgical materials will 

allow to combine the best characteristics of each approach in TE strategies, aiming to 

regenerate the diseased rotator cuff organ.  

 

7.6 Conclusions 

In summary, we were able to describe a rat model showing histological features that are 

similar to those seen clinically. This allowed us to develop studies leading to a better 

understanding of the physiopathology of MRCT, testing new therapeutic strategies 

aiming to prevent the chronic degenerative muscle changes and improve rotator cuff TBi 

healing. In addition, we showed that the therapeutic intervention with hMSCs secretome 

injection, starting immediately after the occurrence of a two-tendon MRCT, could 

decrease the muscle degeneration associated to this lesion. Furthermore, we demonstrated 

that the positive effects could be safely obtained either by systemic or local application of 

hMSCs secretome.  
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Finally, we observed that using hMSCs secretome in vitro induced an increase in hTC 

densities and viability. In vivo, we demonstrated for the first time that preconditioning 

hTCs with the hMSCs secretome in a TE strategy yielded improved histologic rotator 

cuff TBi healing, although the obtained tissue regeneration remained incomplete. Overall, 

these findings are of clinical and social relevance, as they bring a new perspective for the 

prevention and treatment of MRCT aiming to improve the quality of life of these patients. 
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Annex I  

 

Postgraduate Education 

 

Massive Rotator Cuff Tear: from basic science to clinics 

https://www.med.uminho.pt/en/Post-Graduation/courses/shoulder  

The course was designed for residents and Orthopedic Surgeons. 

OBJECTIVES 

- Acquire basic information about muscle and tendon biology, pathology and healing; 

- Acquire information about basic science in MRCT; 

- Acquire information about the clinical solutions available and the clinical evidence in 

MRCT; 

- Practical Learning in the specimen about the clinical solutions available to MRCT 

(arthroscopic repair, LBH tenotomy/tenodesis, tendon transfers and reversed arthroplasty) 

 

SCOPE 

MRCT have not a consensual definition but usually are chronic lesions, associated with 

bad prognostic factors that adversely affect the clinical symptoms and the treatment. 

When surgery is advised, it is a difficult problem to solve because the poor biologic and 

mechanical properties associated harms the capacity to heal of the musculotendinous unit. 



	

Treatment should be individualized and currently there is a wide range of clinical 

therapeutic options. 

We propose a theoretical Symposium and a hands-on cadaveric course about this 

problematic. The practical course will allow developing technical skills in the solutions 

most used to treat this broad-spectrum pathology like arthroscopy (e.g. long biceps head 

tenotomy, partial/complete repair), arthroplasty (e.g. reversed prosthesis) and tendon 

transfers. The surgical training will be complemented by the Symposium that will allow 

to acquire basic science information about muscle and tendon biopathology, healing and 

evidence based lectures about the clinical solutions currently available in MRCT. 

3 editions  

1. MASSIVE ROTATOR CUFF TEAR: FROM BASIC SCIENCE TO 

CLINICS  

November 20-21, 2013: 1st Edition 

2. MASSIVE ROTATOR CUFF TEAR: FROM BASIC SCIENCE TO 

CLINICS  

November 21-22, 2014: 2nd Edition 

3. MASSIVE ROTATOR CUFF TEAR: FROM BASIC SCIENCE TO 

CLINICS  

January 22-23, 2016: 3rd Edition 

 

 Friday 

    

 8:00-08:20  Registration at ICVS/ECS hall 

 8:20-08:30  Welcome 

    

  BASIC SCIENCE  

 8:30-08:50  Musculo-tendinous: Anatomy, Biology and Mechanisms of injury/healing  



	

 8:50-09:20  Stem Cells and their Secretome: A New Paradigm in Tissue Regeneration [ 

 9:20-09:30  Round Table 

 9:30-10:00  Coffee-break 

    

  CLINICAL SOLUTIONS  

 10:00-10:15  Epidemiology and Clinical Assessment  

 10:15-10:25  Imagiological Evaluation  

 10:25-10:40  Conservative Treatment - Rehabilitation  

 10:40-10:50  Biceps tenotomy/tenodesis and Subacromial debridement [ 

 10:50-11:00  Open Repair [ 

 11:00-11:15  Arthroscopic Repair  

 11:15-11:30  Augmentation techniques: scaffolds and PRP  

 11:30-11:45  Tendon Transfers  

 11:45-12:00  Shoulder Arthroplasty  

 12:00-12:10  Subacromial “Biodegradable Spacer”  

 12:10-12:25  Future Trend 

 12:25-13:00  Round Table 

 13:00-14:30  Lunch 

  
 

  SURGICAL TECHNIQUES - Hands-on 

 14:30-14:45  Biceps tenotomy/tenodesis and Subacromial debridement  

 14:45-15:00  Arthroscopic Repair  

 15:00-19:00  Hands-on laboratory 

    

 20:00  Faculty & Participants Dinner 

 

 



	

 Saturday 

    

  SURGICAL TECHNIQUES - Hands-on 

 08:30-08:45  Open Repair  

 08:45-09:00  Tendon Transfers - arthroscopy [ 

 09:00-09:15  Tendon Transfers - open surgery  

 09:15-09:45  Coffee-break 

 09:45-13:00  Hands-on laboratory 

 13:00-14:30  Lunch 

 14:30-14:40  Shoulder Arthroplasty [ 

 14:40-14:50  Implant Removal [TBA] 

 14:50-18:30  Hands-on laboratory 

 18:30 End of the course 
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