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ABSTRACT

Surgical repair of symptomatic rotator cuff tears is the gold-standard treatment, but
retear and non-healing are still frequent complications which have been associated

to some surgical technical options.

We proposed to evaluate the mechanical repercussion at the tendon-bone interface

of different surgical variations of a transosseous equivalent repair.

Using two different types of force sensors, force, area and pressure contact, as well
as maximum force and force applied in the medial region of the mock repair were
measured in a simulated model of transosseous repair model with varying suture
material, medial row mechanisms and number of suture passage holes in the tendon,

while using controlled lateral row suture tension values.

Non-sliding medial row mechanisms applied most of their force at the tendon-bone
interface when the first lateral row anchor was introduced and sutures tensioned,

while sliding mechanisms depended mostly on the last anchor applied.

Non-sliding medial mechanisms generated higher values of all the studied

parameters when compared to sliding mechanisms.

Isolated suture passage at the medial cuff generated higher contact area regardless
of the other technical variations, while wire use, comparing to tapes, increased

contact force, pressure, and maximum force at the tendon-bone interface.

Increasing lateral row tension increased the values of all parameters studied and it

was the medial region of the repair that received the highest amount of force.

In summary, surgical technique variations influence the mechanical forces suffered

by the tendon-bone interface but the ideal technique is yet to be established

VI



The medial region of the repair is a critical area that receives high amounts of force
and pressure, which can explain some retears that occur medial to it and considering
the preponderant effect demonstrated by lateral row tension increase, a prototype

was designed to allow intra operative lateral row tension measurement and control.

KEYWORDS: Rotator Cuff, Biomechanics, Materials, Surgical technique, Tendon-bone

interface



Resumo

A reparagdo cirurgica € o tratamento de elei¢do das ruturas da coifa dos rotadores
sintomaticas, mas a reruptura e a ndo cicatrizacdo ainda sao complica¢Bes

frequentes, e tém sido associadas a algumas op¢des cirdrgicas.

O objectivo deste trabalho foi avaliar a repercussdo mecanica na interface tenddo-
0sso da utilizacao de diferentes variantes técnicas de uma reparac¢do transossea

equivalente.

Utilizando dois tipos diferentes de sensores de forca e tensdo controlada nas suturas
da fileira lateral, foram medidas num modelo mecanico a for¢a, area e pressdo de
contacto, bem como a for¢a maxima e forca aplicada na regido medial da reparacdo,
variando o tipo de sutura, 0 mecanismo da ancoragem medial e nimero de orificios

de passagem da sutura no tenddo.

As montagens com mecanismos da fileira medial ndo deslizantes aplicaram a maior
parte da sua forca quando a primeira ancora lateral foi introduzida e as suturas
tensionadas, enquanto a forca aplicada no contexto deslizante dependeu

principalmente da Ultima ancora aplicada.

Os mecanismos mediais ndo deslizantes geraram valores mais elevados de todos 0s

parametros estudados quando comparados com mecanismos deslizantes.

A passagem de sutura isolada na fileira medial gerou uma area de contacto mais
elevada, independentemente das outras varia¢gdes técnicas, enquanto a utiliza¢ao de
fios, comparados com fitas, aumentou a for¢a de contacto e a pressdo, bem como a

forca maxima na interface tenddo-0sso.

O aumento da tensdo na fileira lateral elevou os valores de todos os parametros

estudados e foi na regido medial da reparagdo que foi exercida mais forca.



Em suma, as varia¢des da técnica cirdrgica influenciam as for¢as mecanicas sofridas

pela interface tenddo-0sso, mas a técnica ideal ainda esta por estabelecer.

A regido medial da reparacao é uma regido critica sujeita @ uma forca e pressao
elevadas, o que pode explicar algumas rerupturas mediais a reparacdo.
Considerando o efeito preponderante demonstrado pelo aumento da tensdo da
fileira lateral, foi projetado um protétipo para permitir a medi¢cdo e controlo

intraoperatorio da tensdo na fileira lateral.

PALAVRAS CHAVE: Ruptura da coifa, Forca, Pressdo, Area, Interface tend&o-0sso
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Motivation

Rotator cuff tears (RCT) are common injuries ', mostly secondary to rotator cuff

disease?, that create a severe burden for patients and healthcare systems 24,

Despite its relevance, the most adequate treatment has been a constant source of
debate in the orthopedic community, considering its heterogeneous clinical pattern
and severeness variability. Moreover, in the setting of tendon tear, achieving

adequate long term clinical and imagiological outcomes is still a challenge>.

For asymptomatic patients, it's generally well accepted that no other treatment is
required besides regular surveillance of disease progression, and rotator cuff and
scapula stabilizers muscular strengthening to maintain adequate scapular dynamics
and a balanced shoulder ©7, as even in the case of a tear, the majority will not

progress in the short to medium term@,

On the other hand, in symptomatic patients, treatment may vary according to the
severeness of the disease. In the case of tendinopathy and Ellman® type 1 or even
type 2 partial rotator cuff tears, conservative treatment'®'" is usually the initial
approach, comprising activity modification, Non Steroid Anti Inflammatory drugs
(NSAIDs), pain medications and physiotherapy'?, which can be followed by more
invasive but still nonsurgical options that can include steroid'?, hyaluronic acid',

platelet rich plasma injections'" or a conjugation of all of these'.



In the setting of a high grade Ellman type 3° or complete rotator cuff tear, one should

aim for surgical repair if feasible, especially in traumatic or acute'® setting.

Despite surgeons” best efforts to provide an adequate repair, which can promote
tendon to bone healing and a future fully functional shoulder after proper
rehabilitation, the complication rates of the injury and its treatment are not
neglectable '8 including retears and nonhealing. There are multiple causes and risk
factors for this undesired outcome and while most are patient related, some surgical
choices can interfere with the result and that is why surgeons should bear in mind

the pros and cons of several options at their disposal. These choices include:

type of approach (open Versus (Vs) arthroscopic)

e type of implants (anchors or sutures)

e type of assembly (pure transosseous, single row, double row, transosseous
equivalent, other types)

e type of medial row configuration (knotless Vs tied; double-hole passage Vs
single-hole passages, number of sutures passed within the tendon)

e Type of sutures (tape Vs suture wires)

e Type of anchors (open Vs closed core; bioabsorbable Vs non absorbable;

Rigid Vs suture; anchor dimension).

Some of the above options have been discussed in the literature'®=?4, others have
only scarcely been addressed??/, and some are yet to be evaluated, more

3



specifically the progressive and final force pattern of different types of rotator cuff
repairs and the effect at the tendon-bone interface (TBI) mechanics at time 0 of the
use of different suture materials, different medial row anchor mechanisms and

number of suture holes for suture passage in the medial cuff.

Considering the impact that rotator cuff tears have on patients and in the community,
as well as the lack of robust evidence on the mechanical implications at the TBI of
shoulder surgeons choices when repairing a cuff, corroborated by our recently
reported 6,82% retear rate at an average of 7 months follow up?®, we were motivated
to improve the knowledge on how surgical technical options can interfere with local

biomechanical balance in the site of a rotator cuff tendon repair.

Aim of study and research questions

Transosseous equivalent (TOE)*® arthroscopic repairs have gained popularity given
their superior biomechanical properties and lower retear rates® when compared to
other techniques. Despite that, when retears occurred they appeared to be more
severe and difficult to treat3'#2. Trantalis® was the first to describe a specific pattern
of retear that occurred medial to the initial repair site, classified by Cho3! as type 2
retears, which were much more frequent in TOE techniques, in opposition to type 1

retears, in which previously repaired cuff tissue at the insertion site of the rotator cuff



was not at all observed to be remaining on the greater tuberosity. Type 2 retears
were found to be much more challenging to revise given the fragility of the medially

retracted tendon / myotendinous stump.

The exact causes and risk factors for type 2 retears is yet to be understood but some
authors hypothesized that some surgical gestures could induce excessive
mechanical stress at some areas of the tendon bone repair site®'=3>. This hypothesis
is consistent with the our clinical impression that excessive stability of the tendon
bone interface may create excessive stress on the medial row by preventing the
normal tendon lengthening following repair 6. The ideal TBI contact force, pressure
and area, as well as the ideal medial bearing row (MBR) force is yet to be determined,
but understanding how does surgical technique affect this mechanical variables
places us one step closer to achieving that ideal balance between mechanics and

biology 3738,

This study essentially aimed to evaluate the biomechanical repercussion at different
areas of the tendon bone-interface of the use of different materials, different medial

row configurations and different lateral row anchor suture tension.
To achieve these objectives, we proposed several questions:

1. Does the type of medial row mechanism interfere with the progressive contact

force load pattern at the TBI secondary during repair assembling? (Chapter IlI)



2. Does that medial row mechanism interfere with the individual stress induced
in each lateral row anchor? (Chapter Ill)

3. Do tapes and suture wires generate the same contact force, area, and
pressure in different locations of the TBI if the entire assembly is subjected to
the same lateral row tension? (Chapter IV)

4. Are the number of suture passages points in the tendon relevant to increase
contact force, area, or pressure in different locations of the TBI? (Chapter IV
and V)

5. Does the type of medial row anchor mechanism interfere with those
biomechanical parameters at the TBI? (Chapter V)

6. How does the contact force, area and pressure vary according to the lateral
row tension induced? (Chapter V)

7. Do different medial row configurations respond differently to lateral row

tension increase? (Chapter V)

Research strategy

This study was designed to occur in a highly controlled environment, in order to
clearly demonstrate to surgeons what would be the results of their choices if most of
the remaining variables were eliminated, meaning, what would be the sole effect of
changing a specific surgical gesture at the tendon bone interface if all remaining

procedures were the same.



To fulfill the objectives of this thesis and address the research questions, the

following models and approaches were applied:

A SAWBONES® SKU 1521-12-2 rotator cuff training model (SAWBONES®,
Vashon, WA) was used to simulate the tendon bone interface in all tests. It
consists of a rigid foam that mimics the biomechanical properties of the
humeral head and includes a neoprene band that accounts for the tendon,
that, nonetheless, does to replicate its biomechanical features.

The implantable material used to mimic the several repair configurations were
5.5 mm Helicoil ® anchors (Smith & Nephew, London, UK) loaded with one
Ultratape® and one Ultrabraid® sutures, in which one of them was removed
when they were not needed, for the medial row, and 5.5mm Footprint Ultra
PK® anchors (Smith & Nephew, London, UK) that received the suture limbs
(ultratape or ultrabraid) both for the lateral row and medial row according to
the technigue to be studied.

The distance between all anchors and suture passage points in the mock
tendon was replicated in all tests with the use of a plastic template that allowed
the marking of both suture passage sites and anchor placement location.
Suture tapes and wires were passed on the mock tendon using the same

single sized needle in all tests



To assess the variation of contact force during TOE assembling, in chapter Il a
Force Sensing Resistor FSR® 402 (Interlink Electronics, Inc., Westlake Village,
CA) (FSR) was used and connected to an Arduino Nano v3.0 board (Arduino
LLC, Boston, MA). Following the manufacturer indications, a voltage divider
circuit followed by a buffer amplification stage was introduced to measure the
variation of the resistance in the FSR sensor. The circuit was designed, in such
a way that the linear region of the sensor would fit the range between O N and
60 N (0.354 MPa), and the maximum force was around 150 N (0.886 MPa).
The data provided by the FRS was posteriorly analyzed using MATLAB software
(MathWorks, Inc., Natick, MA).

TBI"s Contact force, area and pressure were evaluated using a Tekscan® 5051
pressure mapping sensor (Tekscan Inc.®, Boston, MA) at the Centre for
Mechanical Technology and Automation of the Mechanical Engineering
Department of Universidade de Aveiro for chapter IV and V analysis. The sensor
was constituted by a flexible array of 46x46 force sensors, presenting a spatial
resolution of 62 sensors per cm?. This sensor had to be folded to fit the mock
tendon bone interface in the experimental protocols in which it was used.
The analysis of the contact force, pressure distribution and contact area
collected by the Tekscan sensor was performed on I-Scan Lite® software and

MATLAB. The single cell saturation was set for 0.69MPa, the maximum



pressure applied during the calibration procedure. Repair regions (repair box)
were created to avoid collecting data from unloaded cells of the sensor
outside the TBI which would inaccurately lower the mean values of contact
force, area and pressure obtained as the sensor was quite larger than the
simulated TBI. The repair box was defined on the acquisition software for each
preparation for total contact force, pressure and area comparison and was
similar for in each experimental protocol but differed between chapter IV and
V studies.

FSR Sensor calibration was performed in a universal testing/calibration
machine - Instron 5544 (Instron, Norwood, MA) at Instituto Superior Técnico,
while calibration of both the sensor and the suture tensioners for Chapter IV
and V experiments was performed using a Shimadzu® calibrator (Shimadzu
Corporation®©, Kyoto, Japan) at Universidade de Aveiro.

All statistical testing was performed in IBM SPSS Statistics v26 software (IBM,
Armonk, NY). A level of significance of 5% was used for all the statistical
analyses.

Trials and tests described in chapter Il were performed at IDMEC - Instituto
Superior Técnico, Universidade de Lisboa while those in chapter IV and V were

performed at TEMA - Mechanical Engineering Department, Universidade de Aveiro.



e The same shoulder surgeon with over 10 years of experience performed all
essays.
e Suture material (tapes Vs wires) were tested regarding:
a. contact force, area and pressure;
b. local peak force;
c. MBR applied force;
d. suture path applied force;
e. contact force pattern in the construct at time 0.
e Several different rotator cuff repair configurations were also tested and had
their biomechanical influence at the TBI compared:
a. Medial row mechanisms (sliding Vs. non-sliding) were compared in
terms of:
I. progressive force loading pattern during repair assembling;
ii. lateral anchor stress;
iii. contact force, area and pressure;
iv. local peak force;
v. MBR applied force.
b. Number of tendon holes for suture limbs passage (single-hole Vs.
double-hole) in medial row sliding and non-sliding mechanisms were

compared regarding:
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I. contact force, area, and pressure in different locations of the TBI;
ii. local peak force;
ii. MBRapplied force;
iv. Suture path applied force;
v. Contact force pattern in the construct at time O.
e The effect of lateral row tension increase regarding the same mechanical
variables of the TBI was evaluated and compared in sliding and non-sliding

constructs and in single and double-hole medial passages.

Thesis outline

This thesis was designed to allow an independent reading of the different chapters.
The reader must keep in mind that some redundancy can be found in the
“Introduction” and “materials and methods” sections of chapters Ill, IV and V and that
for a matter of organization, we chose to condense all the references in a single

chapter at the end of the document.

In Chapter |, the main motivation, aim of the study, research questions and research

strategies to answer those questions are presented.

Chapter Il offers a literature review on rotator cuff basic science, as well as the

background and state of art on rotator cuff tear treatment options, describing the
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most common repair techniques and their pros and cons based on biomechanical
and clinical data. The risk of retear was also discussed, especially regarding the more

severe type 2 retear.

Chapter Il describes the study of the progressive load that the TBI receives when a
rotator cuff repair is being executed well as the stress in the lateral row anchors. Two
different types of medial row mechanisms were compared, in the case,
knotless/sliding Vs tied/non-sliding, demonstrating that medial row mechanism
interferes in the sequential load pattern at the TBI and in the load received by each
of the two lateral row anchors. This is relevant clinically because in the setting of poor
focal or diffuse bone stock in the proximal humerus, surgeons have now the tools
that allow them to make a better judgment of the best medial row mechanism to

avoid lateral row anchor loosening and global construct failure.

Chapter IV evaluates the biomechanical consequences at the TBI of different
materials and types of medial row suture passage in a sliding medial row mechanism,
by comparing suture wires and tapes and single-hole versus double-hole for the
passage of medial row sutures, in terms of contact force, area and pressure, as well
as peak force, MBR force and suture path force, showing that, contrary to previously
published data, if similar lateral tension is applied, tapes generate less contact force
and pressure when compared to suture wires, and increasing the number of suture

passage points in the medial cuff increases tendon to bone contact area. It was also
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demonstrated that the most stressed region of the repair is the one closer to the
medial row. This data offers some technical tips to slightly reduce the pressure in the
tendon bone interface, either by increasing the contact area or by reducing contact

force, which can be helpful in the clinical setting.

In chapter V we evaluate the biomechanical consequences at the tendon bone
interface of using sliding and locked medial row mechanisms as well as single and
double-hole suture passage in the tendon (this time in a medially locked mechanism),
in terms of contact force, area and pressure, as well as peak force and MBR force.
The effect of lateral row tension increase was also evaluated in all groups and
compared. Results shown that the type of medial row mechanism, suture
configuration and lateral row tension interfere with the mechanical forces sustained
by TBI, and while medial sliding anchors and double-hole passage reduce contact
force and pressure, especially in high lateral row tension settings when compared to
their counterpart, increasing lateral row tension generates higher values of all

studied parameters regardless of the repair technique.

Chapter VI demonstrates the development process of a prototype that allows
intraoperative tendon and lateral row tension control in a reproducible and

sustainable manner.

Chapter VII focused on the thesis discussion and future directions for which this
document may be useful.
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Chapter Il

Background and state of the art
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Rotator cuff

Anatomy and biomechanics

The shoulder is the most mobile joint in the human body?® due to the intricate
interaction of its 5 articulated spaces, which include the glenohumeral joint, the
acromioclavicular joint, the sternoclavicular joint, the scapulothoracic and

subacromiodeltoid spaces.

The connection of the upper limb to the axial skeleton is assured by the clavicle*®
through the sternoclavicular and acromioclavicular joints, which are stabilized by very
robust ligaments, and by the scapulothoracic joint, a mobile space between the

postero lateral thoracic wall and the scapula.

Under normal circumstances, scapular movement in the thoracic wall is a composite
of three motions: upward/downward rotation around a horizontal axis perpendicular
to the plane of the scapula, internal/external rotation around a vertical axis through
the plane of the scapula and anterior/posterior tilt around a horizontal axis in the

plane of the scapula®'.

Normal scapulohumeral rhythm, which is the coordinated movement of the scapula
and humerus to achieve shoulder motion, is fundamental for an efficient shoulder
function and while the majority of the mobility of the shoulder girdle occurs in the

glenohumeral joint at a mean ratio of glenohumeral to scapulothoracic motion of
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1.7:141, for adequate and functional movement of the shoulder to occur, the scapula
must serve as a stable base for glenohumeral function while also moving through a
substantial arc of motion. This stability and movement are provided by the dynamic
muscle activation/relaxation of the rhomboids, anterior serratus, trapezius, and to a
lesser extent by the activation/relaxation of the scapula elevator, subclavius and the
pectoralis minor muscles 4942, These muscles are coordinated in task specific force
patterns?® to allow the stabilization of scapular position and control of dynamic

coupled mation.

Glenohumeral joint adequate stability is also of paramount importance for adequate
shoulder function and while the capsule and the superior, middle and inferior
glenohumeral ligaments are responsible for the static stabilization of this joint,
rotator cuff muscles are responsible for its dynamic stabilization** by providing a
stable fulcrum during middle arc range of motion through the concavity-compression
mechanism, which allows the deltoid to provide a powerful momentum to the

arm#344 (Figure 2.1).
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Figure 2.1 - The rotator cuff muscles force couple during motion providing a fulcrum for the deltoid to act (A - anterior view; B
- superior view; D - Deltoid; | - Infraspinatus; SSc - Subscapularis; Tm - Teres Minor) (Reproduced from Pandey et al. (2014).

Copyright from Asia-Pacific Journal of Sports Medicine, Arthroscopy, Rehabilitation and Technology).

The rotator cuff is an anatomical entity composed of four muscles: the subscapularis,
supraspinatus, infraspinatus and teres minor, that not only serve as dynamic
stabilizers of the glenohumeral joint but are also responsible for some of the strength
required for range of motion: the subscapularis participates as an internal rotator
and anterior stabilizer, the supraspinatus is partially responsible for forward flexion
and abduction and acts as a vertical stabilizer, while the infraspinatus and teres minor
are mainly responsible for external rotation and increase glenohumeral posterior

stability 42,

These 4 muscles have an origin in the scapula and insert in the proximal humerus.
The subscapularis is originated from the subscapularis fossa in the anterior aspect

of the scapula and inserts through the subscapularis tendon in the lesser tubercule
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extending into the proximal humerus metaphysis, anteriorly to the intertubercular

groove (Figure 2.2).

Supraspinatus

Infraspinatus

Subscapularis
| subscapularis

}

Posterior View - Lateral View

l ‘ Anterior View

Figure 2.2 - The rotator cuff muscles in an anterior, posterior, and lateral view (Reproduced from movebetter.com. Copyright

from Move Better Health and performance Inc.)

The supraspinatus has its origin in the supraspinous fossa, that is posteriorly
bordered by the scapular spine which separates it from the infraspinatus, that has its
origin in the posterosuperior area of the infraspinatus fossa of the scapular body,
while its inferior area its occupied by the origin of the teres minor. Both the infra and
the supraspinatus insert in the greater tubercule, the first in the most superior and
anterior region, in a triangular or trapezoidal shape, while the latter has a more

posterior insertion area in a rectangular or trapezoidal shape too*>#. Teres minor

18



insertion is in the most posterior and inferior part of the lesser tubercule reaching

down to the humeral neck?*.

Despite the separate origin of these muscles, their tendon insertions have
interdigitations between them. The subscapularis and the supraspinatus connect
over the intertubercular groove®’ surrounding the long head of the biceps*®, and the
humeral insertion of the supraspinatus and infraspinatus seems to be unique in
which the infraspinatus tendon overlaps anteriorly the supraspinatus*® , the same
happening between the infraspinatus and teres minor. There is also anatomical
evidence of a clear relation between the capsule and the tendons #>#°, making the
rotator cuff a capsular and tendinous continuum that serves as a glenohumeral

stabilizer and force generator.

Histology

Tendons are the anatomical component that allows muscles to transmit tensile force
to bone and are mostly composed of type | collagen molecules (65-80%) and elastin

(1-2%), embedded in a proteoglycan (PGs)-water matrix>9°",

They connect to muscle at the myotendinous junction and to the bone at the tendon
bone interface or junction®®>2. In healthy conditions they have a fibroelastic structure
that provides them great resistance to mechanical loads and according to their

anatomical location and function, they may vary considerably in shape and in bone
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attachment type, ranging from wide and flat tendons to cylindrical, fan-shaped, and

ribbon-shaped tendons.

Collagen type | molecules have a natural tendency to aggregate >3 and they do so by
organizing themselves into a polypeptide chain called tropocollagen, which is the
structural basis of microfibrils that group themselves to create fibrils that derive into
collagen fibers, which is the tendon basic unit. Collagen fibers organize themselves
to form sub fascicles (primary fiber bundle), then form a fascicle (secondary fiber
bundle) and finally a tendon fiber (tertiary fiber bundle). A tendon is then a

composition of tertiary bundles (figure 2.3) °°,

Primary Secondary Tertiary
fiber bundle fiber bundle fiber bundie

(subfascicle) (fascicle)
]

Collagen fiber

Collagen fibril

Endotenon Epitenon

Figure 2.3 - The organization of tendon structure from collagen fibrils to the entire tendon (Reproduced from Kannus et al.

(2000). Copyright from Scandinavian Journal of Medicine in Science and Sports)
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These components are produced and remodeled by tenoblasts and tenocytes which
are no more than elongated fibroblasts and fibrocytes between collagen fibers in the
tendon extracellular matrix (ECM). This remodeling activity seems of particular
importance for tissue homeostatis, especially in the supraspinatus where it

represents a protective mechanism against tissue damage>*

While collagen and its crosslinking provide tensile strength, the other components of
the ECM allow for the structural support and regulate fibril assembly. It”s important
to notice that changes in type of collagen and in its organization may alter its ability
to withstand mechanical forces and are probably a pathological process that

happens in tendinopathic tissues'>3>> and eventually contribute to tendon tear.

The ECM includes the ground substance, which is an hydrophilic gel that can vary in
consistency depending on the relative proportions of hyaluronic acid and chondroitin
sulphate, and consists of PGs, glycosaminoglycans (GAGS), structural glycoproteins,
and a wide variety of other small molecules surrounding collagen fibers, non-
collagenous proteins (elastin, tenascin, fibronectin), that may help in the elastic recoil
during movement>°3, and inorganic components that normally exist in a very small
proportion that usually reaches no more than 0,2%, calcium being the most

concentrated although others minerals are also present.

To prevent friction and allow motion, tendons are involved by different structures
that also vary according to their location. In the rotator cuff, the subacromial bursae
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does that role, the same way the olecranon bursae protects the triceps or the
infrapatellar bursae protects the patellar tendon. Some tendons are also surrounded
by loose areolar connective tissue (paratenon) that functions as an elastic sleeve that
also prevents friction, but probably not so effectively as tendon sheaths that are only
present in long tendons in which change of direction and increase in friction requires
very efficient lubrication®®. Under the paratenon, the epitenon surrounds tendon
fibers, connecting outwards with the paratenon and inwards with the endotenon,

that involves the tertiary bundles.

More specifically in the rotator cuff, a microscopic five layer structure of both the
supra and infraspinatus tendon insertion has been described in their confluence?®.
The first layer is the most superficial and contains fibers from the coracohumeral
ligament. The second layer has parallel and densely packed collagen fibers that
originate directly from the tendons, while the third layer corresponds to the overlap
of the tendons, where the fibers are more loosely packed than in second layer. The
fourth layer contains loose connective tissue and thick fibers from the deep
extension of the coracohumeral ligament and the fifth and more profound is the true

capsular layer with randomly oriented fibers (figure 2.4).
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Figure 2.4 - The 5 layers organization of the supraspinatus and Infraspinatus common insertion site (adapted from

https://www.shoulderdoc.co.uk/article/384)

The tendon bone junction on its hand comprises 4 layers, with a gradual and
continuous change in composition between them, which include tendon

midsubstance, fibrocartilage, calcified fibrocartilage, and bone>">8

T -

Figure 2.5 - The 4-layer organization of the tendon bone junction (Reproduced from Lu et al. (2013). Copyright Annual Reviews)
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Rotator cuff tear

Epidemiology

Given the frequent asymptomatic status of patients with rotator cuff disease, its real
incidence estimation is problematic. Moreover, due to the difficulty of establishing a
correct diagnosis in the primary healthcare sector, especially in a relapsing and
remitting disease such as this and considering the variability in healthcare informatic
systems and registries, the endeavor of finding the real social burden of rotator cuff

disease is quite challenging.

Despite the lack of robust literature, it”s estimated that rotator cuff disease reaches
87/100 000 persons and to be highest in the age range between 55 and 59 years old

where it appears in 189/100 000 persons°.

Reports on the incidence of rotator cuff tear repair are far more elucidating of the
importance of this condition as it has been shown to reach over 80/100.000 persons
in some countries 13961 and if we consider rotator cuff disease as a continuum of
disease?®? beginning as mild tendinopathy and ending as a tendon tear, and that the
prevalence of asymptomatic rotator cuff tears can be as high as 54% in people older
than 60 years old 3, with an overall prevalence ranging from 5 to 39% 4%, one can

truly appreciate the real importance of this illness.
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Physiopathology and risk factors

Tendon disease has been characterized as a continuum?©? in which an initial injury
generates a reactive tendinopathy, that then progresses to tendon disrepair. These
are both reversible stages, but if left untreated or in the presence of a unequal load
distribution or repeated strain #°>%7, they will generate a degenerative tendinopathy
that is identified in most tendon tears, which is the end stage of tendon disease®?,
although it is postulated that any stage can occur in the same tendon at the same

time.

This continuum has different histopathological features which help to prove this
theory, but it is broadly characterized by changes in the proportion of collagen types,
with a usual increase in type Ill collagen that contributes to tissue density reduction
and loss of fiber orientation. Another important changes that occur include altered
cellularity, cell rounding and apoptosis, decreased matrix and collagen organization,
neovascularization and neoinnervation #°3>°, that can explain why some patients
have shoulder pain even in the absence of major imagiological alterations or evident

rotator cuff tears.

Several factors have been shown to interfere with the risk of tendon disease and its
subsequent tear. Increasing age is one of the most consistently reported®646869 byt
male gender, trauma®’, heavy labor or physical exertion®’9 and arm dominance

have also been described as risk factors for rotator cuff tear (RCT)%4. Recent genomic
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investigations have also found some genetic factors that can increase the risk of
tendon tear’%/2. Other comorbidities such as the metabolic syndrome’, Diabetes
Mellitus*”>17>, hypertension’®’’, hyperlipidemia’8, thyroid disfunction’? and smoking

80have also been associated with a higher risk of tendon tear.

Local anatomic factors such as a critical shoulder angle®® > 35° and some
histopathologic characteristics, as the existence of tendinopathy in the adjacent

tendons’, also relate to rotator cuff tears.

This plethora is most likely to interact among itself to initiate tendon injury and
disrepair, which then leads to a cascade of events which include changes in cellularity
pattern, loss of fiber organization, calcium and lipidic deposition and chondroid,
osseous or mucoid metaplasia’®®’. These changes redound in the structural
disorganization and loss of mechanical properties that are found in tendinopathy,

which predisposes the tendon to tear’°.

Diagnosis

Patients with rotator cuff disease, including cuff tears, can be asymptomatic38283
When symptomatic, they usually complain of night pain and a painful range of motion

with variable strength deficit on the affected muscles.

There are specific subsets of clinical tests to evaluate each of the muscles of the

rotator cuff that need to be performed in order to increase accuracy of the diagnosis
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and most of the times, several of them for each specific muscle needs to be

performed to increase global specificity and sensitivity'84,

Final diagnosis is obtained with imaging techniques and while the X ray can only
provide insights regarding associated pathology and tear chronicity, ultrasound

permits the diagnosis of rotator cuff tears and other diseases.

Nonetheless, MRI and arthro-MRI provide the highest sensitivity and specificity for
diagnosing rotator cuff tendinopathy and tear'®, while also providing adequate
evaluation of other concomitant intra articular pathologies and allowing the
establishment of prognosis criteria namely muscle atrophy®-87, fatty infiltration888?

as well tendon quality?®, dimension®! and retraction?>%,

Retear risk factors and prevention

Several factors can interfere with tendon healing, and when deciding to perform a
repair, the surgeon must anticipate the probability of complications to decide if the

surgical benefit is worth the risk, following the principle of “primum non nocere”

Tendon retear is one of the most common'’ and is still an unsolved issue, with rates
varying between 0%°* and 94 % °°. This high variability in different series is probably

the indication that multiple factors interfere with the final anatomical result.

Increasing age #°5-98 hyperlipidemia®, high pre-operative levels of LDL'%, elevated
total cholesterol levels'®, Diabetes Mellitus’®, smoking'®!, high tendon fatty
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infiltration®®1%, progressive muscle atrophy'??, larger tear size®*%, higher tendon
retraction'®, tendon delamination®®'94, tendon length inferior to 15 mm??, tendon
quality in MRI?® and acromio-humeral index'%® can all increase the risk of a poor

anatomical result by facilitating retears.

Other factors such as osteoporosis, type of work and rehabilitation type are more

controversial’%,

Besides these patient specific features that can inhibit tendon to bone healing or
promote a retear, surgical technigue has also been shown to influence, not only its

rate but also the type of retear, which have been classified by Cho®" in two types:

- Type 1 when the previously repaired cuff tissue at the insertion site of the
rotator cuff is not observed to be remaining on the greater tuberosity;
- Type 2 retears, that occur medial to the previous repair site, while the repaired

tendon is identified resting on its footprint.

Figure 2.6 - Type 1 retear (left) and type 2 retear (right) (Reproduced from Cho et al. (2010). Copyright American Jounrla of

Sports Medicine)
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The latter was found to be much more challenging to revise, given the fragility and

short dimension of the medially retracted tendon / myotendinous stump?3*.

Using less biomechanically robust repairs has been associated with a higher risk of
retear®, but stiffer constructs have been consistently associated specifically with
type 2 retears®>341% which, as mentioned, are harder to revise, making the
evaluation of the mechanical and biological implications of different technical options
mandatory in order to understand which gestures should be adapted, as suggested
by some authors?*. Although RCT repair is required to be sufficient robust, it must
not hamper the tendons” biological healing ability by, for example, inducing broad

ischemic areas that weaken the tendon-bone interface24197,

The positive effect of local biology in the repair has been supported by some
evidence, namely by the demonstration that bone marrow stimulating techniques
can enhance tendon to bone healing %99 In fact, growing interest in this regard is
demonstrated by several publications on biological enhancement strategies with the
use of PRP, Hyaluronic acid (HA), stem cells'*">110 and more recently, bio inductive

collagen scaffolds' 112,
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Rotator cuff tear repair - state of the art

Introduction

As described, not all rotator cuff tendon tears require repair as some occur in
asymptomatic patients'?, while others due to their small dimension or degenerative
etiology should benefit initially from conservative measures. There are also cases in
which tendon and muscle quality as well as other patient specific conditions preclude
surgical repair. In that setting of irreparability, partial repair''3, superior capsular
reconstruction41"¢, tendon transfers'!”'18 isolated biceps tenotomy''*-'?" balloon
interposition arthroplasty'?? or reverse shoulder replacement’?® are all viable options

according to the age, clinical and remaining cuff status''3124-127,

If the repair is considered, there is substantial evidence of a correlation between
tendon healing, higher strength and better clinical outcomes>'?8-13" which has led
surgeons to progressively improve their surgical and technical skills to achieve that

objective.

Until the first reports of complete arthroscopic rotator cuff repair in 1993 by
Snyder?9, rotator cuff full thickness tears were treated in an open or mini open
fashion with the use of transosseus suture repairs'® (figure 2.6 a) which stood as the
gold standard until arthroscopy started to present other advantages such as

identifying the different patterns of tears and associated glenohumeral pathology,
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while also allowing adequate tendon repair and promoting a smaller risk of infection,

a less painful post-operative period and a shorter hospital stay'”'®,

Scapula

Scapula

Humerus
Humerus

Figure 2.7 - a) Transosseous configuration represented with green suture wires green. Note that there are no anchors

b) example of tied Single row repair, with anchors inside the bone in blue and tied suture in green

Those apparent benefits were accompanied by some technical challenges that
motivated a change in the type of materials used, as the creation of bone tunnels for
suture wire passage used for open transosseous repair posed significant difficulties
in the arthroscopic setting. This forced surgeons and manufacturers to develop

simpler methods of tendon repair, mainly with the use of anchors (Figure 2.6b),
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initially applied in a single row (SR) fashion at the cartilage-bone interface of the supra
and infraspinatus footprint. This initial setup motivated the development of new
materials and types of suture passages techniques in order to obtain the best

biomechanical performance’?133,

Specific technical options and its consequences

Moezzi'3* recently highlighted the importance of tendon footprint restoration, and
Apreleva et a/'3> had already demonstrated that single row repairs only allowed for a
footprint restoration of 67% of total area compared to 85% of the open gold standard
transosseous repair. Considering this data, Lo and Burkhart'3® developed the a more
robust and anatomic repair which they entitled “the double row (DR) repair” (Figure
2.7a), through the application of a medial row of suture loaded anchors at the
articular margin and a lateral row of anchors in the greater tuberosity grabbing the
most lateral part of the tendon stump. With these technical details they were able to
increase tendon-bone contact area and promote a better healing environment'’,
albeit stressing the importance of avoiding excessive tension in the repair. These
surgical options remained popular for some time but nonuniform footprint contact
and the complexity of the procedure arose some concerns®, and new solutions

started being developed.
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Figure 2.8 - a) Typical double row repair with four points of fixation in matress tied sutures to anchors; b) Tied suture-bridge
repair, with two points of fixation in the medial row (tied matress) in which sutures cross over the tendon stump over to two
knotless lateral row anchors.; c) knotless suture-bridge repair, with suture limbs from the same medial anchor passing in
different locations in the tendon stump (double-hole passage) and then crossing over the tendon stump over to two knotless

lateral row anchors.

While searching not only for higher contact area but also higher contact force, the
transosseous equivalent (TOE) repair was introduced by Park?®138 (posteriorly
described as suture-bridge (SB) by Kim'3?) in which sutures from the medial row were
spanned over the tendon to lateral anchors, bridging both rows and by that
increasing compressive forces at the tendon bone footprint (Figure 2.7b). Both DR
and TOE technigues demonstrated biomechanical superiority in terms of footprint
coverage, tendon-bone contact pressure, gap formation and ultimate load to
failure?3138140-142 - and also lower retear rates and higher cost effectiveness'#® when

compared with SR, even if, clinical benefit was only clear for tears larger than 3
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cm 94129144147 "TOE/SB repairs eventually superseded over regular DR, not only due
to its stiffer and more robust mechanical features'148-151 byt also because of its
apparent superior clinical results®%'>2153 that provided an apparent correlation

between higher initial fixation strength and better clinical outcomes.

The initially described TOE technique involved tying the medial row, which showed to
contribute to an increase in the stability of the TBI at time 0>, as using Mason-Allen
stitches™ and having multiple sutures passages in the tendon'®'%2 but
descriptions that associated type 2 retears to this more robust surgical technique
technique32231% appeared, which motivated investigation on its causes and some

technical shifts.

Tension overload in the medial row (quantified by Park'®3in 2019), overtensioning of
the repair, large holes for suture passage, increased abrasion by suture material and
overmedialization of suture passage were all associated with the increasing number
of these more severe retears®>'%164 Bedeir?* suggested the optimization of suture-
bridge surgical technique in order to decrease stress concentration in medial row
anchors and reduce the risk of tendon hypoperfusion, previously demonstrated to
be influenced by the chosen surgical technique both in animal'® and clinical
reports?#'%>, Some authors even questioned the need of footprint restoration'® in
the face of the use of more modern SR repairs that demonstrated to avoid type 2

retears when compared to tied SB'67/168,

34



The surge of knotless repairs, in some cases with the use of suture tapes, which had
demonstrated higher resistance to load, and higher tensile stiffness but less abrasive
properties when compared to suture wires 997175, was motivated by these concerns

and in the complexity of the tied procedure itself.

Several works compared the use of tied versus knotless suture-bridge repairs and
although the latter showed inferior biomechanical results in terms of ultimate load,
cyclic loading, stiffness, gap formation, and contact area 23149154160 they also
demonstrated a lower retear rate /%77, and most importantly, a smaller risk of more
severe and difficult to manage, type 2 retears3?34106164178 " Despite the above-
mentioned hypothesis, clear reasons for the risk reduction of type 2 tears in knotless
repairs was not established. In fact, and as a confounding factor, one must
understand that suture tapes appeared almost at the same time as knotless repairs
and evaluation of the mechanical effect of suture materials at the TBI and in the MBR
is still missing, as only 2 papers have been published comparing tapes and wires?>2®
at the tendon bone interface, and even so using suboptimal measurement tools and
non-controlled suture tension at the lateral row, which has been shown to be a major

influence in contact force, area and pressure at the TBI?/,

In summary, numerous techniques for SR, DR and TOE have been described and this
heterogeneity makes adequate biomechanical and clinical comparisons difficult if not

impossible', which can preclude adequate surgeon decision making.
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Although proposals to abandon the complete prioritization of strength and
mechanical durability of the repair construct toward an emphasis on optimizing both
repair biomechanics and biology of tendon healing have been made31%, the ideal
repair is yet to be defined as apparently several factors (patient and technical related)
can interfere with the risk of tendon repair failures and no evidence exists that the
results of rotator cuff repairs are getting consistently better in terms of retear rate'’?,
while the tendon bone interface and the tendon medial to the repair 323>38106.180

keep being the weakest link of the repair.

The scarce or inexistent studies evaluating the mechanical effect at the TBI of the use
of different clinically available materials, medial row anchor mechanisms, medial row
tendon passage patterns and lateral row tension are a pitfall in surgeons decision-

making process and motivated the investigation that redounded in this thesis.
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Chapter llI

Influence of medial row configuration in the force
applied at the tendon bone junction during
transosseous repair assembling
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summary

The biomechanical stability of transosseous equivalent repairs in rotator cuff tears is
critical to ensure proper tendon healing and decrease retear risk. Although several
studies showed the effect of different types of TOE configurations in the contact
pressure and area at the TBI, none explored the pattern of progressive compressive
force during the surgical procedure nor its implications in lateral row anchor stress

and location site.

Hence, this study aims to evaluate the compressive force pattern along a TOE repair
simulation. The force at the tendon-bone interface was evaluated using a force
sensor in a surgical model representative of the humeral head and rotator cuff. The
effect of using sliding suture limb sutures in the medial row was compared with non-
sliding approaches along the four most representative surgical gestures, namely

lateral anchors placement and suture limb tensioning.

Results demonstrated differences on the evolutive contact force pattern for the two
approaches. Non-sliding configurations led to a force increase of approximately 83%
of the final force after the tensioning of the first lateral anchor, while the sliding
technique showed a more distributed force pattern, with the second lateral anchor
contributing with more force to the final assembly (68%). These are clinically relevant

results as they can help surgeons to take decisions that reduce the risk of anchor
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dislodgement and repair failure by adjusting anchor location or lateral row tension

according to the patient's bone quality.

Keywords: Transosseous Equivalent Repairs, Rotator Cuff Tear, Shoulder,

Compressive Force, Biomechanics

Introduction

Initial biomechanical stability has been substantially described as an important
feature to promote tendon bone healing in rotator cuff tears?*°¢. TOE repairs, initially
described by Park et al.?°, are nowadays a gold standard in clinical practice and
several variations have been explored by surgeons'®™49160 |n particular, the
differences between using a tied and knotless technique in the placement of the
medial row anchors have been analyzed, both from a clinical and biomechanical point
of view, with some evidence that, at time zero, tying the medial row provides superior
biomechanical characteristics'4?'>4161 However, when the clinical outcomes were
evaluated, results differed. In general, more robust repairs tended to originate more
severe type 2 retears'06177178181 with some authors suggesting that technical
adaptations should be performed to overcome this phenomenon3#'82, namely

slightly decreasing the mechanical stability and the force applied on the tendon, since
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this could be hampering its biological ability to heal, a fact that has been described in

previous animal’®” and clinical reports'®>183,

TOE repairs have their assembly finished when the last lateral row anchor is locked,
after sutures from the medial row have been tensioned. Park et a/?’ demonstrated
the relation between lateral row suture tensioning and footprint contact force, area
and pressure. This force translation depends on the ability of the medial row to
counteract lateral row anchors tension and by that creating a compressive force
vector. Although the final contact force at the tendon-bone interface (TBI) has been
described in the literature?!27160.182184185 the pattern of progressive load force, while
building the assembly during the surgical procedure, has not. This issue could be of
particular relevance for surgeons, because it can provide insights about the causes
for anchor dislodgement, which has been a described intra and post-operative

complication'® (Figure 3.1).
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Figure 3.1 - Representatibn of a TOE repair with a postoperative anchor displacement: a

) Bone Cst in T2 axial in pre operative

MRI; b) Bone Cyst in DP FS Coronal preoperative MRI; ¢) TOE repair with anchor dislodgement in axial T2 Coronal MRI; d) TOE
repair with anchor dislodgement in coronal DP FS MR; (Yellow and green arrows show respectively the postop anchor location

and current position of the anchor, blue arrow the cyst location and red the displacement length).

In this Chapter, we aimed to evaluate the effect of sequential lateral row anchor

placement and tensioning, according to the type of medial mechanism used in TOE
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repairs, namely tied/non-sliding mechanism (TNS) Vs. Knotless/sliding mechanism

(KS).

Our hypothesis was that the different medial mechanisms cause different
progressive contact force patterns at the TBI, and that individual lateral row anchors

are submitted to a different stress during construct assembly.

Methods

Experimental setup

A) Measured parameters and used materials

The progressive force applied at the TBI in @ mechanical model was measured while
performing four key procedures of the TOE repair surgery, namely the placement of
the two lateral row anchors and the tensioning of the lateral row sutures in those

anchors.

Force evaluation was performed using a Force Sensing Resistor FSR® 402 (Interlink
Electronics, Inc., Westlake Village, CA), connected to an Arduino Nano v3.0 board
(Arduino LLC, Boston, MA). Following the manufacturer indications, a voltage divider
circuit followed by a buffer amplification stage was used to measure the variation of

the resistance in the FSR sensor. The circuit was designed in such a way that the

42



linear region of the sensor would fit the range between 0 N and 60 N (0.354 MPa),
and the maximum force was around 150 N (0.886 MPa). The sensor was calibrated
using a universal testing machine - Instron 5544 (Instron, Norwood, MA) and the data
posteriorly interpolated using MATLAB software (MathWorks, Inc., Natick, MA). A
linear interpolation was used to describe the linear region and an 8" degree

polynomial curve was used to describe the exponential part.

To simulate the TBI, we used SAWBONES® SKU 1521-12-2 training model
(SAWBONES®, Vashon, WA) that consists of a rigid foam mimicking the biomechanical
properties of the humeral head. It also includes a neoprene band that simulates

tendinous tissue, while not trying to replicate its mechanical characteristics.
B) Test groups

Two clinically common TOE repairs were performed: a KS and a TNS TOE repair that
used two Helicoil® 5.5 mm anchors (Smith & Nephew, London, UK) loaded with one
Ultratape® and one Ultrabraid® sutures for the medial row, and two 5.5mm

Footprint Ultra PK® anchors (Smith & Nephew, London, UK) for the lateral row.
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To study the biomechanical differences between the KS and TNS technique, a total
of six different assemblies were performed: i) Sliding wires; ii) Sliding tapes; iii) Tied
wires; Tied tapes, v) Tied wires with double thickness tendon; and vi) Tied tapes with
double thickness tendon. The assemblies v) and vi) were considered in the present

work to mimic a tendon with a different size (figure 3.2)

-

Medial

¥ Anterior Posterior

Lateral

Figure 3.2 - Representation of the location of the anchors and wires/tapes for the 4 types of surgical technigues: a) Sliding wires;

b) Sliding tapes; ¢) Tied Wires; d) Tied tapes (MBR: Medial Bearing Row - imaginary line connecting both medial anchors).
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C) Mock surgical technigue description

Each anchor was reproducibly placed in the same location in all trials, as well as all
sutures, that were passed in the mock tendon using the same single-sized needle.
The FSR was placed under the mock tendon and held at its base by the operator until
the first lateral row anchor (anterolateral (AL)), which received the anterior suture
limb of each medial anchor, was placed. Suture limbs were individually tensioned
manually until maximum tension was perceived by the operator, which was a
fellowship trained shoulder surgeon with over ten years of surgical experience, and
the anchor was then locked. Sequentially, the posterolateral (PL) anchor was loaded
with the posterior limbs of each medial row anchor, and then placed in the

biomechanical model, followed by final suture tensioning and PL anchor locking.

D) Data Acquisition and Analysis

The operator was instructed to sequentially perform the four procedures, while the
force evolution at TBI was being acquired. The timing at which each step was

performed was registered to compare with force variation.

The acquisition and analysis of the force and pressure data was performed using the
MATLAB software. The force differentials for each type of assembly were computed
and compared between the different groups. Due to the lower number of trials, only

descriptive statistics were used to evaluate the group differences.

45



Results

Despite the differences in the evolution of the force, the different techniques resulted
in approximate values of force and pressure at TBI, achieving values that ranged from

51.0N (0.304MPa) to 62.2N (0.362MPa) (table 3.1)

Table 3.1 - Maximum force and pressure achieved at the tendon bone interface by each construct

Trial Force (N) Pressure (MPa)
Tied wires 51,4 0.304
Tied tapes 55,1 0.326
Sliding wires 55 0.326
Sliding tapes 56,7 0.335
Double tendon tied tapes 58,73 0.341
Double tendon tied wires 61,2 0.362

The analysis of the force variation along the four surgical steps enabled to distinguish

two distinct patterns (Figures 3.3 a) and 3.3 b)).
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group.

47



The first one, which is observed in the KS surgical technique, presents a more
progressive behavior with the placement of the anchors and tensioning of the
wires/tapes. In that group the force at the TBI increased when tension was applied to
the suture limbs of the last placed lateral anchor in step 4, but that did not happen
in step 2, where the translation of tension force to compressive force was prevented

(Figures 3.3b) and 3.4).

................ Sliding Wires
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Tied Wires
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Tied Wires DT
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Figure 3.4 - Evolution of the Force at TBI along the TOE repair simulation

On its turn, the use of tied wires/tapes resulted in an increase of approximately 83%
of the final force at the TBI when the first lateral anchor (AL) was placed. The
placement of the second (PL) only lead to an increase of 11.1% of the final force. The

final tensioning contributed barely with approximately 5.7% of the final force.
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Discussion

According to our preliminary results, both techniques generate high values of
compressive force at the TBI, in line with previous studies'®. However, the force
pattern along the execution of the surgical procedure is different between them as

well as the amount of stress supported by each lateral anchor.

TNS repairs generate most of the force when the first lateral anchor is applied and
tensioned, while the force in the KS setups is dependent on the last lateral row
anchor placement and suture limbs tensioning. In the latter, by allowing medial
sliding when the lateral tension is applied in the first anchor, only part of the tension
was translated into a compressive force, which corresponds to the friction force limit
between the suture and the medial anchor mechanism, which is higher if tapes are
used. Moreover, after the anchors placement and tensioning of the limbs, the force
at the TBI tends to decrease while the system is not locked. These two aspects can
be seen in the force-time curves, in which after pulling the suture limbs, force only
rises until a certain value, dropping afterwards when the friction force of the medial
mechanism is overcome. This phenomenon of suture slacking is less evident in the

locked group.

The high values of force obtained in this study may be beneficial from a biomechanics
perspective, but some concerns exist regarding the increasing risk of more severe
tears and anchors dislodgement3#343>1%6 Most importantly, our data corroborated

49



Park et al?’ findings that lateral tension increase results in higher contact forces, but
in order to achieve this, a high stress is induced to the lateral anchors. According to
our results, in KS repairs the region where the last anchor is placed sustains the most
stress and induces the most compressive force at TBI. This aspect may have an
important clinical repercussion regarding anchor location because if the last placed
anchor displaces or is removed due to excessive pulling on the limbs, which has been
described'”'8, the entire assembly can be compromised at that time due to slacking
of all suture limbs. This will not occur in the TNS setups, as the medial suture limbs

are independent from each other due to the locking mechanism.

Hence, in sliding TOE repairs, the second lateral anchor should be placed in an area
of high bone density, preferably in the posterolateral region of the greater tuberosity
186187 50 that its immediate displacement is avoided and to counteract the higher
pulling tension that needs to be applied to this anchor to promote an adequate
tendon-bone contact. While this is also desirable in the case of locked medial
anchors, that is not as critical, since the first lateral row anchor placed already
contributed substantially to the compressive force. In this type of setups, careful
attention should be given to the location of this anchor and not the last as in KS, also

to avoid assembly failure during the procedure.

This report has some limitations, being the first the low number of trials. While not

pretending to evaluate the numerical results of compression force, the progressive
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load pattern should be corroborated by a higher number of trials, which were not
performed mainly due to the implants cost. Moreover, the lateral tension applied to
the suture limbs was not controlled with a tensiometer, being its value dependent of
the surgeon’s experience. Nevertheless, the compressive force in the final setups was

consistent between trials and with previous reported measures.

Our paper has also some strengths, namely it presents the first description of the
progressive load pattern at the TBI with two different rotator cuff repair assemblies.
In addition, by using a mechanical model with a reproducible setup, we were able to
isolate the biological variables and provide a more robust understating of the results
in similar settings. Finally. the same surgeon performed all the surgical procedures

to increase the homogeneity between trials.

In conclusion, the present work offers a preliminary understanding on the effect of
different TOE repair techniques in the evolution of the compressive forces on the TBI
during the surgical procedure. It indicates that medial row tying imposes more stress
on the bone region where the first anchor is placed. On its turn, medial sliding
techniques lead to a more progressive compressive force pattern, being the variation
more dependent on tension applied in the suture limbs in the last anchor, which can
compromise the entire assembly in case of failure. These issues should be taken into
consideration by the surgical team and considering these preliminary results they

should anticipate fragile regions in the bone and avoid placing the most critical
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anchors that location or controlling the compressive force at the TBI and the stress

produced suture tension in those anchors.
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Chapter IV

Why are tapes better than wires in knotless rotator cuff
repairs? An evaluation of force, pressure, and contact
area in a tendon bone unit mechanical model
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summary

Purpose: Knotless repairs have demonstrated encouraging performance regarding
retear rate reduction, but literature aiming at identifying the specific variables

responsible for these results is scarce and conflictive.

The purpose of this paper was to evaluate the effect of the material (tape or wire
suture) and medial tendon passage (single-hole or double-hole passage) on the
contact force, pressure, and area at the tendon bone interface in order to identify

the key factors responsible for this repair's success.

Methods: A specific knotless transosseous equivalent cuff repair was simulated using
2 tape or suture wire loaded medial anchors and 2 lateral anchors, with controlled
lateral suture limb tension. The repair was performed in a previously validated
sawbones® mechanical model. Testing analyzed force, pressure, and area in a
predetermined and constant size “repair box” using a Tekscan® sensor, as well as
peak force and pressure, force applied by specific sutures and force variation along

the repair box.

Results: Tapes generate lower contact force and pressure and double medial
passage at the medial tendon is associated with higher contact area. Suture wires
generate higher peak force and pressure on the repair and higher mean force in their

tendon path and at the medial bearing row. Force values decrease from medial to
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lateral and from posterior to anterior independently of the material or medial

passage.

Conclusion: Contrary to most biomechanical literature, suture tape use lowers the
pressure and force applied at the tendon bone junction, while higher number of
suture passage points medially increases the area of contact. These findings may
explain the superior clinical results obtained with the use of suture tapes because its
smaller compressive effect over the tendon may create a better perfusion

environment healing while maintaining adequate biomechanical stability.

Keywords: Rotator, Cuff, Tape, Wire, Suture, Force, Pressure, Area.

Introduction
Rotator cuff tears are common and its surgical treatment is becoming increasingly
frequent’. Repair integrity has been shown to correlate with clinical and strength

improvement?>31,96.128131.188 bt non-healing and retear rates still remain high®414°,

Minimization of motion at the tendon footprint, its anatomical restoration, adequate
initial fixation strength and low tension on the repaired tendon have demonstrated
to be important factors for tendon healing'#%1%8 Aiming to reach such benefits, new
repair techniques such as trans-osseous equivalent (TOE) and suture-bridge (SB)

repairs were developed3'32189 and tended to overcome double and single-row
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repairs in terms of footprint coverage, tendon-bone contact pressure, gap formation

and ultimate load to failure23138140-142,

Tying the medial row, using Mason-Allen stitches and having multiple sutures
passages in the tendon were other technical approaches that showed to contribute

to an increase in the stability of the TBI at time Q'37.158-160.162,190,191,

Stiffer and more stable constructs, such as the ones previously mentioned, helped to
reduce retear rate?*129191-193 "especially in large sized tears. However, a concerning
shift towards type 2 retears'* (medial to the repair site) occurred®'2234164 as these

are substantially more complex and difficult to treat.

In this context, the use of suture tapes instead of wires for knotless TOE repairs was
proposed as they theoretically allowed a better distribution of compressive forces
on the cuff, enhanced self-reinforcement’’®9> and showed a smaller abrasive effect
than wires'69-171.174196.197 [yt some authors found conflictive results?>?%. Most
probably, more stable constructs reduce retear rates, but those that occur are more
serious and difficult to treat, therefore no clear gold standard technique has been

established.

Evaluating TOE and SB repairs in detail and identifying particular factors that can
contribute to maintain their mechanical benefits without inducing type 2 retears

seems important. Such factors may include the type of material used for the repair,
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the number of sutures holes and sutures passed in the medial cuff and allowing

suture sliding in that specific region.

Literature comparing tapes and suture wires used in the shoulder repair setting is
scarce. Most of it is either focused on the mechanical properties of suture materials
or explores its failure mechanism'69170.174 Very few studies evaluated the differences
in terms of force, pressure, and contact area 2>?¢'8 and to our knowledge none

compared truly homogenous groups.

The current study aims to compare tapes and suture wires in that setting, and to the
best of our knowledge, for the first time, to evaluate the mechanical consequences
(namely contact force, pressure, and area) at the TBI of passing one or two sutures

from the medial anchors in a single hole at the medial cuff.

We hypothesized that under the same mechanical conditions, suture tapes increase
force, pressure and contact area in the tendon bone junction and that suture limbs
passed individually (double-hole passage group) in the medial cuff also increases

contact area.
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Methods

Experimental setup

a. Measured parameters and materials used

Total contact force, pressure, and area, as well as footprint loading pattern of 4-four
different knotless TOE repairs were evaluated using a Tekscan® 5051 pressure
mapping sensor (Tekscan Inc.®, Boston, MA). The sensor is constituted by a flexible
array of 46x46 force sensors, presenting a spatial resolution of 62 sensors per cm?.
To avoid damaging its surface with punctures by sutures and needles, the sensor was
folded to fit the area under the tendon model. The sensor was posteriorly calibrated
using a Shimadzu® calibrator (Shimadzu Corporation©, Kyoto, Japan). In order to
increase the resolution of the analysis, the maximum pressure was defined to 0.69
MPA, a value 39 times higher than the normal systolic blood pressure (<130/80

mmHg)'?8. Calibration settings were saved and reproduced in all the tests.

To ensure homogeneity between testing samples we chose to use SAWBONES® SKU
1521-12-2 training model (SAWBONES®, Vashon, WA) instead of cadaveric tissue to
simulate tendon-bone interface. This type of model consists of a rigid foam that
mimics the mechanical properties of the humeral head. This model also includes a
neoprene foam that replaces the tendon, albeit not trying to replicate its mechanical

characteristics. SAWBONES models have been previously used by the medical and
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biomechanics community to perform their training and research activities, being
considered a valid tool for comparative analysis when the biological aspects are not
relevant or when they induce experimental variability (e.g. analysis of orientation of
the acetabular cup in osteotomy techniques, anchor fixation testing and rotator cuff

repair evaluation) 189199200
b. Test groups

Four different types of knotless TOE repairs were performed (4 test groups). The
groups differed in the type of suture used (tape or suture wire) and in the type of

medial passage (single-hole passage, in which both wire or tape limbs from the

medial anchor were passed in a single hole (SP), or double-hole passage, in which

each suture/tape limb from the medial anchors passed individually in the simulated

tendon) (figure 4.1):

Group 1 - TSP (Tape/Single passage);

Group 2 - TDP (Tape/Double passage);

Group 3 - WSP (Wire/Single passage);

Group 4 - WDP (Wire/Double passage).
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Figure 4.1 - Different types of repairs according to the type of suture and medial passage. TSP - Tape Single Passage; TDP -Tape

Double Passage; WSP - Wire Single Passage; WDP - Wire Double Passage.

C. Mock surgical technique description

The mock repairs were performed using two Helicoil® 5.5 mm anchors (Smith &
Nephew, London, UK) for the medial row, both either loaded with one Ultrabraid®
suture (wire) or with one Ultratape® suture (tape). These anchors allow suture sliding
in its eyelet. For the lateral row, two 5.5mm Footprint Ultra PK® anchors (Smith &

Nephew, London, UK) were used. Five trials were repeated for each test group.

A flexible plastic template was used to ensure that all anchors and sutures were
reproducibly placed (figure. 4.2a), b), €)). Tapes and wires were passed in the mock
tendon, either in a single or double passage fashion, using for that purpose the same

single-sized needle in all trials. The sensor was placed under the tendon model and
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held with finger pressure. One suture limb (tape or wire) of each medial anchor was
pulled and placed in the anterolateral (AL) anchor. The AL was always placed before
the posterolateral (PL) anchor, with the sutures slacked to avoid undetermined
tensioning. Sutures limbs were then individually pulled and tensioned using 2 suture
tensioners (EUO00715 Suture Tensioner, Smith and Nephew, London, UK®)
previously calibrated, which allow measurement of four different tension values: 25,
50, 75 and 100 N. The sutures were tensioned until sliding occurred. The anchor was
then locked, and the tensioners released. To prevent backward sliding when pulling

on the remaining sutures, a clamp was placed in the AL locked suture limbs.

Figure 4.2 - a) Templating and medial and lateral anchor location marking with needles in the simulated bone; b) Suture passage

location markings after templating; ) lateral anchor location marking after templating.

The PL anchor was then placed following the same sequential steps. In this case a

tension of 75 N was applied in both suture limbs (figure 4.3).
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Figure 4.3 - Wire Double passage (WDP) trial with clamp protecting sutures sliding from the antero lateral anchor (see green

arrow) and both suture tensioners pulling suture limbs placed in the postero lateral anchor (blue arrow) with the sensor beneath

the tendon.

A specific 75 N of lateral row tension was used based in the previous reports of Park?’
showing that beyond 90N of lateral tension, tendon to bone contact area did not

increase, so according to the type of tensioners used, 75N appeared the best option.

Sensor finger stabilization was released when sufficient contact to the mechanical
model allowed sensor stable positioning. At that time a mapping of force, pressure,
and area at the TBI was acquired using the I-Scan Lite software (Tekscan Inc.®,

Boston, MA).

The assemblies were made by the same shoulder fellowship trained surgeon to

increase trial homogeneity.

62



Data Analysis

The analysis of the contact force, pressure distribution and contact area were made
on |-Scan Lite® software. The single cell saturation was set for 0.69MPa, the
maximum pressure applied during the calibration procedure. A repair region of 729
mm? (27x27mm), i.e the “Repair Box” was defined on the acquisition software for each
preparation for total force, pressure, and contact area comparison. An analysis of the
maximum peak force and pressure for an area of sixteen (4x4) force cells (25.81Tmm?)

and its location was also performed.

Force distribution along the medio - lateral (ML) and posterior - anterior direction (PA)
was measured to analyze its distribution pattern in the different repair types. The
average force applied by the sutures in each sensor (force per sensor) was also
evaluated in all trials (see figure 4.4). The four different sutures were defined

according to their direction in the construct:

AM-AL - anteromedial (AM) to anterolateral suture;
AM-PL - anteromedial to posterolateral suture;
PM-AL - posteromedial (PM) to anterolateral suture;

PM-PL - posteromedial to posterolateral suture.
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Figure 4.4 - Repair box (green square) example evaluated by I-scan lite software® (A - anterior; P- Posterior; M- medial; L -

lateral). Red line represents the antero medial - antero lateral suture; Pink line represents the postero medial- antero lateral

suture; Blue line represents the antero medial - postero lateral suture; Yellow line represents the postero medial - postero-

lateral suture; White line (most medial line of the box) represents the antero medial- postero medial line.

An additional AM-PM (anteromedial to posteromedial) line was established to
evaluate the contact force in the medial bearing row®?, which is the most medial area
of apposition of the tendon to the bone. In this case, the value presented was not the
average force / sensor, but the total force along that specific line as its size was

constant for every essay.

The computation of the force values per sensor in the suture path and force variation
in the “repair Box" region was performed using MATLAB software (The MathWorks,

Inc., Natick, MA).
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Statistical analysis

Descriptive statistics was applied for all variables and for variance group analysis. A
Kruskal-Wallis test with a null hypothesis that group results were similar were used
for comparison of the different types of repairs. A post-hoc analysis with Bonferroni
correction for multiple tests was also applied to infer the existence of differences
between the four individual groups. For analysis of differences between tapes and
suture wires and between single and double medial passage, a Mann-Whitney test
was applied. The statistical analysis was performed on IBM SPSS Statistics v26
software (IBM, Armonk, NY). A level of significance of 5% was used for all the statistical

analyses.

Results

Total contact force, area, and pressure in the repair box

Table 4.1 summarizes results regarding total contact force, pressure, and contact
area in the “Repair Box". While WSP presents the highest total contact force and
pressure, TSP and TDP showed the lowest total contact force and pressure
respectively. WDP showed the highest total contact area of all groups, at values
significantly different from the lowest value, obtained by the TSP group. Figures 4.5,

4.6 and 4.7 show the pairwise comparisons between all groups.
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Table 4.1 - Descriptive Statistics (Total contact force, area, and pressure)

TSP TDP WSP WDP
54.38 56.04 76.49 72.44
Mean
Force (N)
5.71 5.28 8.36 3.69
St Dev
466.80 511.40 495.40 527.40
Mean
Area (mm?)
14.31 21.65 31.01 23.77
St Dev
Mean .1165 .1094 .1542 1375
Pressure (MPa)
St Dev .01152 .00711 .01105 .00762
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Figure 4.5 - Pairwise comparison of all groups regarding total contact force (* p<0.01, ** p<0.005, *** p<0.001)
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Figure 4.6 - Pairwise comparison of all groups regarding total contact area (* p<0.01, ** p<0.005, *** p<0.001)
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Figure 4.7 - Pairwise comparison of all groups regarding total contact pressure (* p<0.01, ** p<0.005, *** p<0.001)
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When comparing single-hole and double-hole passage groups, independent of the
material used, significant differences were only found in total contact area, with

higher values for DP (p=0.011).

When comparing tape and wire repairs disregarding the type of medial passage, wire
repairs showed significant higher total contact force and pressure (p<0.001 in both),

but no significant differences between contact area values.
Peak force and pressure location and values.

Peak force was located at the posteromedial quadrant in 70% of cases regardless of

the groups. The highest value was again found in the WSP and the lowest in the TDP

group (figure 4.8).
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Figure 4.8 - Pairwise comparison of all groups regarding the maximum peak force in 4x4 cells area (25.81Tmm?) (* p<0.01, **

p<0.005, *** p<0.001)
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Comparing tapes and wires independently of the type of medial passage, significant
higher values of peak force (p=0.007) and pressure (p=0.009) occurred in the wire
group. Higher values of peak force (p=0.003) and peak pressure (p=0.004) were also

found in the single passage independent of the type of suture used.

Force developed by sutures

Higher force was applied by the sutures locked in the PL anchor, independently of

the type of material or medial passage (table 4.2).

Table 4.2 - Descriptive statistics - Mean Force per sensor applied by each suture in each different group

TSP TDP WSP WDP

PM-PL Suture 3731 3529 5710 .5558

PM-AL Suture 2826 1931 3815 .3496

Mean Force (N) AM-PL Suture . 2965 4283 4637 4959
AM AL Suture 211 1930 2605 2378

AM-PM line 5.530 5.191 6.871 7.773

When comparing single and double passage repairs no differences were found, but
when comparing tapes and wires, the latter generated significant higher force per
sensor in all, but in the AM-AL suture (p<0.001 in PM-PL and AM-PM; p=0.002 in PM-

AL and p=0.019 AM-PL).
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When comparing individual groups, significant statistical differences were only found
for the PM-AL suture (table 4.3) and for the medial bearing row (table 4.4). Again, the
highest force was applied by the WSP group, except in the medial region in which

WDP surpassed. TDP generated the lowest forces (see table 4.2).

Table 4.3 - Pairwise comparisons of all groups for mean contact force per sensor applied in the PM-AL suture

Test Statistic Std. Error Std. Test Statistic Sig. Adj. Sig.?
TDP-TSP -6.200 3.742 -1.657 .098 .585
TDP-WDP -10.000 3.742 -2.673 .008 .045
TDP-WSP -12.200 3.742 -3.261 .001 .007
TSP-WDP -3.800 3.742 -1.016 310 1.000
TSP-WSP -6.000 3.742 -1.604 109 653
WDP-WSP -2.200 3.742 -.588 557 1.000

Table 4.4 - Pairwise comparisons of all groups for mean contact force per sensor applied by AM-PM line (medial bearing row)

o Std. Test , e
Test Statistic Std. Error o Sig. Adj. Sig.?
Statistic

1.000
TDP-TSP -2.400 3.742 -.641 521
TDP-WSP -8.200 3.742 -2.192 .028 170
TDP-WDP -13.000 3.742 -3.474 .001 .003
TSP-WSP -5.800 3.742 -1.550 121 J27
TSP-WDP -10.600 3.742 -2.833 .005 028
WSP-WDP 4.800 3.742 1.283 200 1.000
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Variation of force in the repair box

Figure 4.9 demonstrates that the force applied in the tendon is maximum in the most
medial area of the repair, with higher values for the wire groups, and that it

progressively decreases in intensity along the suture path, from medial to lateral.

R 1-TSP
2-TDP
3-WSP

=g 4-WDP

270\

=

= 5

O

(28]

=

-

2

o3

©

g

o 2

L.

\/\
it \
0 1 1 1 J

0 20 40 60 120
Line Length (%)

Figure 4.9 - Force variation in the repair box (medial to lateral)

Results also clearly indicate that the posterior half of the repair had the highest

contact forces in every test, and again, results were higher for the wire groups (Figure

4.10).
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Figure 4.10 - Force variation in the repair box (Posterior to anterior)

Discussion

A compromise between adequate mechanical stabilization and good biological local
environment of the tissues is essential for tendon healing3 but literature is scarce
and unclear regarding the influence of stiffer suture configurations and materials at
the TBI. This paper aimed to evaluate the influence of some surgical options that

interfere not only with the mechanical stability of the repair but also with the healing
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ability of the tissues, so that surgeons can better understand the consequences of

their individual choices.

The initial hypothesis was partially refused because, indeed, total contact force and

total contact pressure applied are higher when suture wires rather than suture tapes

are used, meaning that the compressive effect at the TBI is smaller with tapes. This

differs from the results obtained by Huntington?® and Liu%> and there may be several

reasons for this:

a)

We used electronic sensor mapping technology instead of pressure sensitive
film?® or pressure sensitive probes?®. Other sensors have been previously
used in similar settings?#138183195201 byt the one we used has higher
resolution and allows a more precise mapping, especially if compared to the
methods used by Liu%> and Huntington?®.

Huntington?® performed SB repairs with medial anchors that did not allow
suture slide. According to our data, non-sliding sutures (AM-PL and PM-PL
sutures limbs, after AL anchor locking) generate higher contact forces than
sutures tensioned at the AL anchor that slid along the AM and PM anchors,
possibly explaining the higher values for pressure they obtained, which can be
very concerning from a perfusion / tendon vascularization point of view?43>,
Liu*> and Huntington?® used animal models but despite the large sample

dimension, specimen variability induces mechanical biases that can obscure
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final results. This is an important factor to have into account if only mechanical
data is being evaluated.

d) Finally, some key experimental variables were not addressed in these reports.
As demonstrated by other authors?”'5118 the amount of force applied for
lateral suture tensioning has implications in the force and footprint contact
pressure, which means that in order to ensure trial homogeneity and study
reproducibility, suture tension control in the lateral row is mandatory and to
our best knowledge this was not performed.

Despite the differences shown above regarding total contact force and pressure,

suture tapes and wires did not generate significant different total contact area,

which is in accordance with Huntington s paper?®. In summary, rhis means that
under the same bone and tendon conditions, when controlled lateral suture
tension is used, tapes compared with suture wires, generate similar tendon-bone
contact area and lower contact force and pressure. This theoretical mechanical
disadvantage can reveal itself beneficial and explain the superior clinical results
obtained by slightly less stable and stiff repairs'>4160202177 ‘when compared to
those that the literature demonstrated to be the most biomechanically stable
ones, namely those with smaller gap formation'1>4, higher contact pressure
(especially in the medial bearing row)'9>2%2, contact area '9>292292, stiffness'>* and

resistance to failure’49.160,
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This work also confirmed that, not only does the total area of contact increase with
the use of individually passed sutures limbs (double-hole passage) in the medial cuff,
but also this technical variation tendentially decreases the total force and total
pressure applied at the TBI. When compared to single-hole, double-hole passage led
to a total contact force decrease of 3,1% if tapes were used and 5,6% if wires were
chosen. Also, total contact pressure decreased from 6,5% in tapes group and 12,2%
in case of the wires group. This data seems especially relevant because the distance
between the most anterior and posterior passage sites was similar in single and
double passage repairs, so even if the tendon repair box is similar, higher number of
suture passages points medially, increases the total contact area between tendon
and bone. This technical variation imposes a minor decrease in total contact force
and pressure, eventually favoring tendon perfusion and tendon healing, while
allowing better tension stress distribution over the tendon once healing has

occurred.

It was also demonstrated that the use of double-hole passage lowered peak force
and pressure at the most compressed areas, which can also lower the risk of

biological failure in those specific locations'?”.

To our best knowledge this is the first report demonstrating the influence of multiple
passage points in total contact force, total contact pressure, total contact area and

peak force and pressure at the TBI.
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The type of knotless repair tested also provides insight on the mechanical
consequences of medial anchors with locked sutures versus medial anchors with

sliding sutures, especially regarding contact force pattern.

In this experimental setup, both medial anchors allowed suture sliding, so when the
first lateral anchor was placed (AL) and one suture limb of each medial anchors pulled
(AM-AL and PM-AL sutures), sliding occurred naturally in the medial anchor and at
lower tension values for wires when compared to tapes (wires slid at an interval
between 25 and 50N and tapes slid between 50-75N, but no exact value was
obtained because this type of tensioner does not allow sequential numeric tension

measurement), and this data was in line with Leishman s report.

After AL anchor locking, suture limb pulling on the PL anchor (AM-PL and PM-PL
sutures) did not show suture sliding, so consistent and reproducible 75N lateral
suture tensioning was possible, with a clearly higher compressive effect at the
posterior portion of the repair box. This region of the repair box was stabilized by the
non-sliding AM-PL and PM-PL sutures, while the anterior area of the mock tendon

got stabilized by the AM-AL and PM-AL sutures (Figure 4.10).

This corroborates the findings of Park?’ that stated the importance of controlling
lateral tension, not only in biomechanical studies but also in the clinical setting as
higher lateral tension translates into greater force application at the tendon,
moreover if tied TOE repairs or full medial locked knotless TOE repairs are chosen.
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This increased continuous lateral tension in non-sliding sutures can promote growing
and potentially supraphysiological compression force at the TBI with detrimental
mechanical and tendon perfusion consequences®, especially if wires and single

medial suture passage are used.

In fact, most of this work”s findings help to support some of other author hypothesis
for potential causes of type 2 retears?"3?, which include tension overload of the
suture-tendon interface at the medial bearing row, overtensioning of the medial
repair, overmedialization of suture passage, creation of large holes in the rotator cuff
(by instruments or eventually by a larger number of sutures in the same hole)'*?,
increased abrasion induced by high resistance sutures'®® and suture induced tendon

necrosis3>107,

The evaluation of the mean force applied at the path of sutures and in the medial
row also confirmed the previous global overview, in which wires create higher contact
force especially in the posterior sutures and in the medial bearing row. Also, as
expected, contact force in the repair box tends to be higher in the most medial region

and lowers progressively as we approach the lateral side of the repair.

Both tape and wire results demonstrated higher medial bearing row contact force
and pressure meaning that the medial row is the area subjected to the highest

tensional stress.
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Considering McCarron®¢ demonstration that even if healed to the bone, all tendons
tend to retract after surgical repair, taking into account the obtained data,
Trantalis“s*2 hypothesis seems plausible because excessive force applied in the
medial bearing row not only creates a local area of stress concentration as described
by Park'®, but also stress shields the lateral tendon from self-reinforcement and
normal post repair lengthening. Local tendon hypoperfusion due to the force exerted
by sutures diminishes healing capacity'®’ can aggravate this scenario and favor type
2 retears, while according to this investigation, wire use and excessive tension in the

lateral sutures’®> may assist in this “perfect storm”.

This work has some strong features that should be considered such as the use of a
mechanical model that, despite precluding immediate clinical translation allows for a
more reproducible evaluation of mechanical data, without the biological variability

induced by biological specimens.

Also, the use of a template and a single sized needle for suture passage contributed

to a reproducible application of anchors and sutures, and trial homogeneity.

The higher resolution of this specific sensor when compared to others previously
reported 2138189195201 s 3lso a strong feature that may have allowed a more reliable
measurement of force and pressure mapping, without the need for sensor

penetration/damage to prevent dislocation, following manufacturer instructions.
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At last, and to our best knowledge, this is the first report that not only compares
suture tapes and wires in a simulated rotator cuff repair using controlled lateral
tension but also evaluates the influence of medial suture passage pattern in contact

force, pressure, and area

There are also some methodological limitations that should be highlighted. First, due
to its dimension, this specific sensor had to be folded to fit the mock repair, but the

sensors’ integrity was respected, and this was confirmed upon calibration.

Itis also impossible to assure that similar results could be achieved if the sensor had
been perfectly adjusted to the mechanical model, but the calibration performed
before the experimental trials and previous validation studies performed in similar

sensors?9! validates the data obtained.

Also, the low number of essays per group can limit the robustness of our results. This
was due to the costs involved, especially anchor wise. Despite this, several other
reports have used an approximated number of trials while using animal or cadaver
models, which have a higher variability in terms of bone and tendon mechanical

propertieSZSJ 51,180,189,1 96,203_

Another specific limitation is related to suture passage path location in the sensor,
which was inferred considering sensor and software obtained data and also the

distance between suture holes and the force pattern in the repair box. Although
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subjected to variability, the same person performed all the observations and

measurements.

At last, the specific tapes used in this paper do not have a core so these can behave
like a wire in some assemblies (see figure 4.11), something that also happens in the
clinical setting but in this case, it can create a confounding factor when evaluating

tape results.

Figure 4.11 - Suture tape in a TDP trial macroscopically behaving as a wire (éee PM-AL suture - green arrow)

In Summary, the use of tapes decreases total contact force, total contact pressure,
peakforce, and pressure at the tendon-bone interface, and double-hole passage also
decreases those parameters, while increasing contact area. It was also demonstrated
that the medial bearing row is the most stress area of the repair and that the last
placed anchor in this specific type of repair supports most of the load as its

responsible for most of the applied force at the TBI.
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These results offer a better understanding of the mechanical interactions at the
tendon-bone interface when using different suture materials and repair
configurations and open the door for some technical adaptations that can improve

surgical outcomes.
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Chapter V

Biomechanical consequences of different medial row
configurations, anchor mechanisms and lateral row
tension at the tendon bone junction of the rotator cuff
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summary

Little is known about the direct influence of different technical options at the rotator
cuff tendon-bone interface and at the medial row, regarding contact force, area, and
pressure, hence, we evaluated the biomechanical repercussions of different medial

row mechanisms and configurations in that setting.

Three different types of knotless suture-bridge repairs were tested in a mechanical
model, with 2 different values used for lateral row tension. We compared locked
versus nonlocked medial anchors and again single versus double-hole suture
passage in the medial cuff but in the context of locked/non-sliding medial anchor
mechanism. Contact force, area, pressure, peak force, and medial row applied force

were evaluated at the simulated TBI.

When compared to locked anchors, medial row sliding configurations generate lower
values for all the above-mentioned parameters, being also more susceptible to

variations in lateral row tension.

The use of double-hole suture passage in the medial cuff generates consistently
higher contact area and lower values of the remaining parameters if higher lateral
row tension is used, although force distribution at the TBI is less homogeneous, when

compared to single-hole suture passage.
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Increasing lateral row tension generated higher values of all the studied parameters

regardless of the repair technique tested.

Medial row mechanism, suture configuration and lateral row tension interfere with

the mechanical forces sustained by TBI.

These results can help surgeons choose the right technique considering its

biomechanical effect at the TBI.

Keywords: Rotator cuff; medial row; contact force; pressure; area

Introduction

Rotator cuff tears are common injuries’ and several factors have been shown to
interfere with tendon-bone healing in this scenario. While those related with the
injury or the patient’®% are difficult to manage by the surgeon, those related to the
surgical technique are its direct responsibility, so learning the mechanical
implications of their choices at the TBI is of key importance when aiming for better

clinical outcomes and reduction of the retear risk3'32,

Some clinical and biomechanical superiority has been shown for stiffer and more
robust  repairs such as  the  suture-bridge and  double  row
constructs?394129.138142191,193 ' On the other hand, stress overload in the medial row,

overtensioning of the repair, large holes for suture passage, increased abrasion by
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suture material and overmedialization of suture passage have been associated with
an increased proportion of type 2 retears, which are substantially more difficult to
revise313234164 35 they occur immediately medial to the previous repair site. In a
recent review34, the optimization of suture-bridge surgical technique was
recommended to decrease stress concentration in medial row anchors and to
reduce the risk of tendon hypoperfusion. Overmedialization?%, abrasion of the
suture material’®2170205206 - 3nd  repair overtensioning'®3?% have all been

investigated.

To our knowledge, only one author'® has evaluated the mechanical effect of
different medial suture passage configurations at the medial bearing row. Moreover,
no study to date has compared the biomechanical implications of the use of medially
locked anchors versus sliding anchors in knotless suture-bridge repairs at the TBI

and at the MBR.

Hence, this study aims the evaluation of different mechanical parameters, namely
contact force, pressure and area, peak force and MBR force in different suture

configurations using for that purpose a rotator cuff mechanical model.

We hypothesized that under identical mechanical conditions, locked medial anchors
increase the contact force, area, and pressure at the TBI and the force applied in the
MBR, when compared to sliding medial anchors and that passing suture limbs
individually in the medial cuff (double-hole suture passage) would increase TBI
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contact area without increasing contact force or pressure, while decreasing the MBR
contact force, when compared to conjoined passing in the same pilot hole (single-
hole suture passage). We also hypothesized that increasing tension in the sutures

applied in the lateral row would increase all the above-mentioned parameters.

Methods

Experimental setup

a. Measured parameters and used materials

This was an experimental biomechanical study in which total contact force, pressure
and area, peak pressure and total force at the MBR were measured using a Tekscan®
5051 pressure mapping sensor (Tekscan Inc.®, Boston, MA) for three different
knotless transosseous equivalent repairs (TOE)?°. The sensor has a flexible array of
46x46 force sensors, presenting a spatial resolution of 62 sensors per cm?. To avoid
damaging its surface with punctures by sutures and needles, while following the
manufacturers recommendation, the sensor was folded to fit the area under the
tendon model. The sensor maximum pressure was defined to 0.69 MPA, a value 39
times higher than the normal systolic blood pressure'®® and its calibration was

performed using a Shimadzu® calibrator (Shimadzu Corporation®©, Kyoto, Japan).
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To simulate the TBI, we used SAWBONES® SKU 1521-12-2 training model
(SAWBONES®, Vashon, WA) that consists of a rigid foam that mimics the mechanical
properties of the humeral head. It also includes a neoprene band than simulates

tendinous tissue, while not trying to replicate its mechanical characteristics.

b. Test groups

Three different types of knotless TOE repairs were explored in this work. The
techniques were divided according to the type of anchor mechanism adopted for the

medial row and the medial passage configuration.

In the first division, the effect of tape sliding in the medial anchors (sliding anchors)
was compared with the case in which the tape sliding is blocked (locked anchors). In
the second one, the differences between using a single-hole passage and a double-
hole passage configuration were analyzed, i.e., the effect of passing both tape limbs
in a single hole was compared with passing each tape limb individually in the tendon
model (figure 5.1). Hence, three groups were considered: Group 1 - Double passage
and locked anchor (DP); Group 2 - Double passage and sliding anchor (SLDP) and

Group 3 - Single passage and locked anchor (SP). All the above-described groups
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were submitted to 2 different values of suture tension in lateral row as described

below.

—

~Z-Medial

Anterior

Lateral

Figure 5.1 - Representation of the medial row configuration and MBR (green): a) Single hole suture passage (SP Group); b)

Double hole suture passage (DP and SLDP Groups).

We did not compare all groups among themselves because our aim was not to rank
the repairs, but to compare the effect at the tendon bone interface of specific surgical
options between each other. We also did not add a fourth group (SP with sliding
anchors) as that type of construct is rarely used in the clinical setting and by that
reason the increased cost associated with it seemed to provide no benefit for the

purpose of this work.
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C. Mock surgical technique description

For the medial row we used two locked 5.5 mm Footprint Ultra Pk anchors® (Smith
& Nephew, London, UK), single-loaded with Ultratape® in groups 1 and 3. In its turn,
in group 2 (SLDP), two Helicoil® 5.5 mm anchors (Smith & Nephew, London, UK) also
single-loaded with Ultratape® were chosen for that purpose. For the lateral row, two
5.5mm Footprint Ultra PK® anchors (Smith & Nephew, London, UK) were used in all

groups.

Five trials, considering new anchors and suture limbs, were performed for each test

group (n=5).

A flexible plastic template was used to ensure that each anchor was reproducibly
placed and that all sutures had the same distance among them in each trial. We used
the same single-sized needle for tape passage in each trial, regardless of the medial
row configuration. The sensor was placed under the mock tendon and held with
finger pressure. Both most anterior tape limbs of each medial anchor were pulled
and placed in the AL anchor with the sutures slacked to avoid undetermined
tensioning. Sutures limbs were then individually tensioned using two suture
tensioners (EUO00715 Suture Tensioner, Smith and Nephew, London, UK®)
previously calibrated using a Shimadzu® calibrator (Shimadzu Corporation©, Kyoto,
Japan), which allow for the measurement of four different tension values: 25, 50, 75
and 100 N.
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In each of the 3 groups, the sutures in the AL anchor were tensioned until the 25N
mark was reached. The anchor was then locked, and the tensioners released. The
posterolateral (PL) anchor was then placed following the same sequential steps but
using the most posterior suture limbs of each medial row anchor. Sensor finger
stabilization was released when sufficient contact to the mechanical model allowed
stable sensor position. After reaching the 25N tension mark in the PL anchor suture
limbs, the force map was acquired using the |-Scan Lite software (Tekscan Inc.®,

Boston, MA)

The lateral anchors were then unlocked, and all four suture limbs were slacked for
reuse using the exact same mentioned methods, but this time, performing the lateral

anchor locking at 50N of lateral tension (Figure 5.2).

Figure 5.2 — Representation of the experimental setup used for measuring the contact force, area and pressure in the model,

and the tension in the tapes for the SLDP configuration (please note the 50N mark in the calibrated tensioners).
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We chose to evaluate the results at 25 and 50N taking into consideration Park”s 90N
threshold?” and our previous work'®, in which the use of 75N of lateral tension
generated TBI pressure values that largely exceeded the arterial and capillary
pressure. In addition, we also experienced some anchor pullout at 75N during
preliminary trials, so 25 and 50N of lateral tension seemed adequate values for this

study.

To increase trial homogeneity, all assemblies and tests were performed by the same
shoulder fellowship trained surgeon with over 10 years of shoulder surgical

experience.

Data Analysis

The analysis of the contact force, area and pressure distribution were performed
using |-Scan Lite® software. The single cell saturation was set for 0.69MPa, the
maximum pressure applied during the calibration procedure. A repair box of 586
mm? (27x21,85mm), i.e., the region of analysis that simulate the TBI, was equally
defined for each trial. An analysis of the maximum peak force for an area of sixteen

(4x4) force cells (25.81mm?) and force in the MBR line was also performed.
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The repair box was also divided into 2 hemiboxes (anterior and posterior) and the
same parameters were evaluated to assess the distribution of the mechanical load

in the anterior and posterior part of the construct (Figure 5.3).
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Figure 5.3 - Force mapping for the total repair box and anterior (red) and posterior (green) hemiboxes: a) DP with a lateral
tension of 25 N; b) DP with a lateral tension of 50 N; ¢) SLDP with a lateral tension of 25 N; d) SLDP with a lateral tension of 50

N; e) SP with a lateral tension of 25 N; f) SP with a lateral tension of 50 N.

Statistical analysis

The type of medial mechanism, medial suture configuration and lateral tension were
considered independent variables in this work. Contact force, area, and pressure as

well as peak force and MBR force were the dependent ones.
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A post hoc power analysis using G*Power software v 3.1.9.7® was performed.

A Mann-Whitney test with a null hypothesis that group results were similar was used
for comparison of the biomechanical parameters among them (DP Vs. SLDP and DP

Vs. SP).

The variation of the mechanical parameters between the anterior and posterior
hemiboxes, as well as the influence of the lateral tension within each group was
analyzed using the Wilcoxon signed rank test. The statistical analysis was performed
on IBM SPSS Statistics v26 software (IBM, Armonk, NY). Statistical significance was set
at p<0.05, but tendencies were highlighted for three intervals: p<0.01 (%),

0.01<p<0.05 (**) and 0.05<p<0.1 (***).

Results

1. Locking (DP) Vs. non locking medial row anchors (SLDP)

Figure 5.4 summarizes results for all groups regarding the total contact force,
pressure, and contact area, as well as peak force and MBR force in the repair box

according to the lateral row tension imposed in the repair.

The use of locked anchors (DP) generated a higher mean contact force, area, and

pressure, irrespective of the applied lateral tension. However, significant differences
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were only obtained for the box force (p=0.032) and pressure (p=0.008) when a lateral

tension of 25N was used.

Local peak pressure and MBR force were also higher for the locked anchors for both

tested tensions, being the differences between groups more notorious at lower

lateral tension values (p<0.10).
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Figure 5.5 compares the anterior and posterior hemiboxes for all groups. DP showed
lower posterior hemibox area at 25 and 50N, lower anterior hemibox pressure at
50N, lower hemianterior and posterior peak force at 50N and lower hemianterior
MBR force at 25N, while higher values of the remaining parameters. Results were
significantly higher for mean anterior hemibox force (p=0.016) and area (p=0.032)

and mean posterior hemibox pressure at both 25 (p=0.008) and 50 N (p=0.032).
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2. Single-hole passage (SP) Vs. double-hole passage (DP)

Regardless of the lateral tension applied, DP originated non-significant higher values

of contact area.

At 25N, DP achieved non-significant higher values for all studied parameters.
However, when a lateral tension of 50 N was used, the SP group achieved higher
values of contact force, pressure and MBR force, reaching statistical significance

(p=0.032) in local peak force, but lower values of contact area (see figures 5.4).

Anterior hemibox evaluation at 25 N showed only minor differences across groups,

but in the posterior hemibox, DP constructs exerted higher mean contact force and
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Hemibox Parameters Variation (%)

local peak force, and significantly higher contact pressure (p=0,008) and MBR applied

force (p=0,016).

At 50N, the opposite pattern occurred, meaning that the SP group had significantly

higher contact pressure and peak pressure in the anterior hemibox (see figures 5.4).

3. Variation between anterior and posterior hemiboxes

At 25 N of lateral tension values, the DP group showed the greatest variation between
hemiboxes in most of the studied parameters, except for contact area, reaching
statistically significance in contact pressure, peak pressure and MBR force. In the

SLDP group, only contact area showed a significant variation (figure 5.6).
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Figure 5.6 - Variation of the biomechanical outcomes between the anterior and posterior hemiboxes (positive value reveals

higher values for posterior): a) lateral tension of 25 N; b) lateral tension of 50 N (p<0.01 (*), 0.01<p<0.05 (**), 0.05<p<0.1 (***)).
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In the SP group, both at 25 and at 50N, no relevant variation was identified between
the posterior and the anterior hemiboxes, while at higher lateral tension values, both
SLDP and DP showed again differences, the former in contact force (p=0.043), area
(p=0.043) and contact pressure (p=0.043), and the latter in contact force (p=0.043)
and pressure (p=0.043). At 50 N, all groups demonstrated higher contact force, area,

and pressure in the posterior hemibox.

4, Consequences of the increase in lateral row tension

An increase in 100% of the lateral row tension resulted in significant variations in the
contact force for all groups (figure 5.7), as well as contact area in the medial locked

anchor groups (SP and DP) and pressure in the double-hole passage groups (DP and
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Figure 5.7 - Variation of the biomechanical outcomes within each group for an increase of 100% (25 to 50 N) in lateral row

tension (p<0.01 (*), 0.01<p<0.05 (**), 0.05<p<0.1 (***)).
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Nevertheless, for the values in which the difference did not reach statistical

significance, a tendency to increase was demonstrated.

MBR force also increased in all groups, but only significantly in SP and SLDP (p=0.008).

Results also demonstrated that an increase in the in lateral row tension has a more
pronounced effect in contact force and MBR force than in all other parameters,

regardless of the group.

Figure 5.3 presents a representative pattern of the contact map selected for each
group, from which all parameters were obtained. The obtained values for the
biomechanical outcomes and statistical tests can be consulted in appendix

(Supplementary Table S-1 to S-11).

Discussion

The main findings of our work were that the type of medial anchor mechanism and
type of medial passage have a direct influence over the contact force, area, and
pressure as well as on peak force and MBR force at the TBI in knotless rotator cuff
repairs. Moreover, careful attention should be provided to the amount of lateral row
tension applied during surgery as this proved to have major impact in the mechanical

parameters evaluated, regardless of the type of construct. The above-mentioned
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variables are the product of surgeon'’s technical choices and technique and, in theory,

can affect the rate and type of retear that can occur®'323>,

Most biomechanical studies to date aimed to evaluate the mechanical characteristics
of the materials and rotator cuff assemblies, and their capacity to withstand
deformation and failure in time Q149.156:158,201,208-210 ‘However, only a small number of
reports have analyzed the consequences in contact force, area and pressure at the
tendon bone interface using pressure mapping sensors?# 141184195201 while even less
used controlled lateral tension for that purpose despite its enormous relevance for
the compressive effect of sutures in TOE repairs at the TBI?/'8, To the best of our
knowledge, none compared medial sliding anchors to medial locked anchors, which

justifies the relevance of this specific investigation.

When comparing the medial anchor mechanism (sliding Vs. locked), the outcomes
demonstrated that medial anchors with locked tapes generates tendentially higher
mean contact force, area, and pressure, as well as peak force and MBR force

irrespective of the lateral tension applied.

These results are explained by the interaction between different forces in knotless
rotator cuff tear repairs. According to Newton s second law, a resultant force is the
single force acting on the object when all the other individual forces have been
combined. Literature has detailed how friction force generates an efficiency loss in a
pulley, in such a way that in order to move an object on one side of the pulley, the
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tension force on the other side needs to be higher than the force acting on the object
itself?'". This explains why, in the SLDP group, the lateral row pull in the posterolateral
anchor does not generate the same tension in the anterior hemibox as in the
posterior, as the medial sliding row behaves like a (rigid) pulley and induces a loss of
efficiency in the translation of lateral row pull force into compressive force at the TBI,
at least in the anterior region of the box. It is important to notice that the force
transmitted in the SLDP pulley mechanism (T4) depends on the coefficient of friction
(u) and on the angle of contact in radians (B) between the tape and the medial
mechanism , and it can be calculated using the Capstan equation (also referred as

Fuler-Eytelwein equation)?'

T, = Tyetf
in which T, is the tension applied by pulling the tapes?'?'3, The purpose of this study
was not to measure this specific medial mechanism friction force, nor could we do it

with the available data, but our outcomes demonstrate its effect, and the previous

explanation suffices.

With medial locked anchors, no pulley system exists so the pulley friction force is
removed from the net force equation meaning all tension force and its vector of pull
are counteracted only by the locked medial anchor mechanism, which generates a
compressive force vector at the TBI, helping to explain the higher contact force

present both at lower and higher lateral tension values in the DP group when
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compared to SLDP and its more homogenous distribution of force, area and

pressure.

It”s also clear the importance of the last placed lateral anchor in the SLDP group as

it locks the construct, making the entire assembly stability dependent onin it.

This relates to another relevant aspect of the present work, which is the influence of
the type of medial row configuration in the homogeneity of the force and pressure
distribution. The obtained results show that the distribution of force, area and
pressure for the SP group was almost equally distributed in the two halves of the
construct, regardless of the applied lateral tension. On its turn, higher values of
contact force and pressure were observed in the posterior region of the repair for
the double-hole passage configurations (DP and SLDP). The reasons for this
phenomenon, in particular the differences observed between SP and DP groups, are
not so clear and contradict our initial supposition, as we were expecting a more
heterogeneous load distribution in the SLDP group, which were observed in the
results, but a more homogenous pattern in both locked configurations (SP and DP).
However, significant differences between the posterior and anterior region were

observed in the locked double passage group (DP).

This heterogeneity can be explained by the addiction of several non-accountable
friction locations generated by the multiple suture inflections and points of contact
secondary to the position of the medial anchor. This phenomenon can eventually
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result in a variable reduction of the tape s ability to deliver its compressive force to
the tendon explaining the differences observed between the two regions. On its turn,
in single passage configurations, in which the tape exit point was straight vertical and
right on top of the medial anchor, the number of friction points was smaller. This can
also explain the higher values of contact force, pressure and MBR force seen in this
group at higher lateral tensions. Nonetheless, this idea requires further studies for

proper validation.

Data regarding MBR force is also quite relevant. Bedeir et a** stated that stress
reduction in this area could help explain why double row and knotless suture bridge
repairs show lower rates of type 2 retears. SLDP group generated a non-significant
lower force in that region when compared to DP, which is probably explained by the
dissipation of some of the tension force during tape friction of the medial sliding
mechanism, that has previously discussed and can be clinically relevant as the MBR

is the most stressed area of the repair'®.

Regarding suture passage, if larger lateral row tension values are used, a tendency
for DP to confirm our initial hypothesis occurs, in which double-hole passage
configurations increase the contact area without increasing the maximum force
applied in the TBI. This issue is also of particular relevance because it contributes to
lower contact pressure, which can have advantageous implications on the biological

process of healing. These results are aligned with our previous report'®, which
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demonstrated that passing sutures individually (DP) significantly increased the
contact area when compared to combined passage of suture limbs in a single pilot

hole (SP).

Curiously, when compared to DP, the SP group generated higher MBR force at higher
lateral tension values, and lower at lower lateral tension values, in line with the values
of contact force and pressure, meaning that if higher lateral row tension is used, more
force is applied in smaller sections of the MBR. This implies that pressure in those
locations is clearly higher than if multiple passage points are used, which prevents
stress distribution and probably jeopardizes this important tendon area®*. To add up,
and as previously reported '8, results also demonstrated that at higher lateral
tension values, single-hole passage in the medial cuff significantly increases peak
force, which may provide higher focal stability but also hamper biological healing in
that specific location'®’, usually quite close or at the MBR'82. Of specific interest,
looking at McCarron et al*® description of failure in continuity, in which regardless of
tendon healing, some tissue retraction always occurs, excessive stress at the MBR
prevents this phenomenon and can, hypothetically, increase the risk of type 2

retears.

Like Park et al/, Kummer'® and Andre et al’%/, we also demonstrated that lateral
row tension is one of the most important variables to be considered when

performing any type of biomechanical evaluation at the TBI because it clearly impacts
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contact force, area and pressure, as well as MBR force, in all studied groups. Despite
having significant differences between 25 and 50N lateral tension, DP group was the
most compliant one meaning that the increase in lateral tension translated into an
increase in all studied variables but in a less pronounced manner than both SP and
SLDP. In fact, the latter demonstrated the highest susceptibility to lateral row tension

increase in all parameters except for area, in which SP superseded.

Data scarcity?”'8? regarding the biomechanical consequences of the increase of
suture tape tension in the lateral anchors of knotless rotator cuff repairs should be
a concern, as well as the near absence of lateral row tension control in most
biomechanical studies available, which should motivate further investigations on this

matter.

Our study has some strengths that should be highlighted. First, by avoiding the use
of biological specimens, results reflect a more reproducible evaluation of the
mechanical data, and reduced experimental variability, like reported by other
authors'82199200214 - Second, the use of a template and a single sized needle for
suture passage increased the homogeneity of anchor placement, suture passage
location, and mock tendon damage. Third, by using a high resolution sensor, contact
force, area and pressure evaluation was performed using a more accurate method if
compared to other published reports??138195201.214 " Fouyrth, to the best of our

knowledge, this is the first report that evaluates the mechanical consequences at the
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TBI of using locked or sliding mechanisms in the medial row anchors, which is
clinically relevant because it can interfere with the surgeons in locum choices, and
lastly, lateral row tensioning was performed individually, which is the only way to
accurately control lateral tension. By using only one tensiometer to control tension
in multiple sutures, if sutures have different initial tension, which they usually do, the

measured lateral tension corresponds only to the tauter suture limb, not both.

The current study also presents some limitations. First, despite the statistical power
analysis demonstrated that the sample was adequate for the evaluation of the effect
of lateral row tension and for part of the dependent variable evaluation in the medial
mechanism comparison (tables S-12 and S-13 in appendix), a small sample size is a
drawback of most biomechanical reports?>180.196203214 and this rule applies to our
study. The cost per trial, mainly driven by implant cost, was the major limiting factor
for the sample number in this study and makes statistical power unobtainable for

some comparisons that require over 400 trials.

Second, even though a single surgeon placed all the anchors and utilized a template
so that their location would be reproducibly replicated, the angle and depth of
placement of the medial anchors was not controlled. Considering that a constant
lateral tension was applied, by changing both the angle at which the anchor enters

the bone and its depth, the compressive force at the TBI, especially in the MBR, can
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change because the resultant compressive force depends on the angle between the

pull force and the vertical axis of the anchor.

As mentioned, friction force also interferes with the final compressive force and if the
anchor is placed deeper, the tape can have a higher contact area with the bone,
which increases friction and lowers the resultant force. Also, if the tape loses its flat
form and turns into a wire, which has been reported'®?, its contact area and friction

with other materials are reduced.

Nonetheless, our work can help surgeons decide which is the most adequate
technique, when facing different patients or types of tears, although it is,
unfortunately, insufficient to provide a critical analysis of the clinical consequences of
these choices and to define the ideal compressive force at the medial bearing row to

prevent retears and avoid nonhealing.

In summary, knotless rotator cuff repairs generate a TBI contact force, area and
pressure thatis highly dependent on the lateral tension applied in the lateral anchors,
especially in constructs that use medial sliding mechanism anchors. When compared
to locked configurations, these tend to generate lower values of contact force, area,
and pressure. The adoption of single or double-hole suture passages in the medial
row also has mechanical consequences at the TBI as double-hole passage
configurations generates a slightly larger area of contact if higher lateral row tension
is used and a more heterogenous distribution of force, pressure, and area, which is
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more evident if a medial sliding mechanism is used. Moreover, the forces applied in
the MBR also presented lower values in this type of configurations. On its turn,
configurations based on single pilot holes generated the most homogenous
distribution of force, area, and pressure at the TBI, but higher forces were seenin the

region of the medial row.
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Chapter VI

Development of a prototype for intraoperative
measurement of lateral row tensioning
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Background

As described, tension in the lateral row sutures in SB repairs has been demonstrated
to be a major influence for TBI“s contact force, area and pressure?’'8 and even MBR
force has shown to be influenced by it, although, as previously revealed, other surgical
technical features may also interfere. Park”s?” work demonstrated that beyond 90N
of lateral row tension contact force and pressure kept increasing but contact area
did not, and the authors assumed that increasing lateral row tension above that value

would have no benefits, and it would probably be detrimental for rotator cuff healing.

Associating that data with the fact that more robust repairs seem to have a higher
risk of type 2 retears®334, it seemed plausible to think that lateral row tension should
be limited up to the point where mechanical stability was sufficient enough to allow
tendon bone healing but not compromising it”s biological capacity to do so, and the

90N threshold seemed a good ending point.

Nonetheless, in 2020, the same group?', demonstrated that increasing lateral row
tensioning to the maximum possible value, generated lower retear rates. This was
the first clinical paper that tried to establish a relation between lateral row tension
and repair integrity, and although well designed, this study evaluated only lateral row
tension in a tied/non-sliding TOE with multiple suture passages, which in light of the

facts exposed in this thesis, can”t be completely extrapolated to all TOE assemblies.
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Moreover, the paper has some other major limitations that were not discussed. First,
apparently both suture limbs of each lateral row anchor were tensioned at the same
time, and most likely they had different initial tension as it"s usually seen intra-
operatively, so it may very well be that the registered tension was the one measured
in the most tensioned suture limb, while the other limb had inferior tension values,
meaning that the results presented may be misleading. Second, despite having
comparable types of tear, tension required to bring the tendon to the footprint, was
not measured, and this was also demonstrated as a very relevant factor for tendon-

bone healing to prevent retears'e3,

Having that in mind and considering Oh”s statement in the discussion in which
“...proper bridging suture tension during TOE repair may be important; however, there has

4

been no basic or clinical research regarding this issue...” we decided to further

investigate this subject.

Rationale and design

Besides having evaluated only a specific TOE technique that used medially locked
mechanism with tied suture wires, Oh’s work?'> also used a specific lateral row
anchor and instrument that allows non-accountable but controlled lateral tension,
which led him to develop custom-made tensiometer that is difficult to reproduce, as
recognized in the limitations section, which was justified by the fact that “... there is

no device to measure bridging suture tension in a real clinical situation... surgeons cannot
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determine the exact bridging suture tension intraoperatively...” and the authors
challenged the scientific and entrepreneur community to develop a “lateral suture

anchor with a tensiometer...”.

Given the above-mentioned limitations, lack of robust clinical literature on the
subject, supported by inadequate and irreproducible measurement methods, we
decided to develop a sterilizable, reusable and sustainable surgical instrument that
not only allows integration with commercially available tensiometers, but can also
adjust to multiple lateral row anchors and permits tendon excursion tension

measurement.

A Portuguese company specialized in the development of precision instruments was
approached to develop a small and light instrument with the above desired
requirements. The final product was a 250 g, stainless steel prototype, designed to
allow its insertion and locking in the lateral row anchor deploy instrument, while also
permitting the use of calibrated and commercially available suture tensioners for
lateral row suture tensioning and tendon excursion tension quantification (Figures

6.1 and 6.2.
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Figure 6.1- Prototype Autocad® planning.

Figure 6.2 —Prototyp (left); prototype, anchor and tensioners assembled (right).
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Chapter VI

Conclusion and future directions
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The present work offers several insights on the influence of chosen materials and

surgical technique at the tendon bone interface mechanical forces.

It demonstrated that suture tapes exert significant less force and pressure at the TBI
when compared to suture wires, which contrasted with the current biomechanical
data 2>?¢17>, Several reasons for this divergence were pointed out, but considering
the subsequent developments in this investigation, it seems clear that those papers
lacked a methodological step that showed to be fundamental, which was to use
controlled lateral row tension, that, as demonstrated in chapter V, proved to have a
significant influence on the compressive force at the tendon bone interface

irrespective of the material used.

To our best knowledge, this was also the first work to compare the biomechanical
effect of suture wires and tapes in a simulated tendon bone interface using
controlled lateral row tension, which should eventually merit adequate consideration

by surgeons when selecting their implants.

The effect of the type of medial row mechanisms were also evaluated. Data obtained
suggest that medially locked anchors generate higher values of contact force and
pressure, peak force and MBR force, irrespective of the applied lateral tension. These
results are especially relevant because they were obtained when two knotless
techniques were compared in chapter V, meaning that the higher risk of type 2
retears®!, thoroughly described in the clinical setting 32334 in tied suture bridge

repairs effect may not derive only from the biological compromise induced by knot-
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tying and the already described stress increase in the tendinous knot region?'® (and
consequently in the medial bearing row 3221%) but also from mentioned increased

stress induced by the non-sliding mechanism, which to date had not been described.

Medial row mechanism also interferes with the progressive compressive force
pattern seen during TOE assembling. In sliding repairs, compressive force grows
gradually as lateral anchors are placed and sutures tensioned, and the construct
stability is dependent on the lastly placed anchor, which should be in the best bone
density area as this anchor is the one receiving the higher load / stress. The fact that
peak force was observed in the postero lateral quadrant of sliding repairs (chapter

IV) corroborates this proposal.

In the locked mechanism, most of the total force is applied when the first anchor is
placed and then tensioned, so the first applied lateral anchor should be placed in a
good bone stock region, although if the anchor fails, it " s possible that the repair may
succeed because the last lateral anchor placed receives sutures that are

independent of those of the first anchor.

Still regarding force patterns, this work also demonstrated that contact force and
pressure his higher in the medial regions of the repair, which confirms the medial

row as the tension supporting area of the repair 32 and a weak spot for medial failure.

Literature has supported the used of more sutures to improve the mechanical

properties of the repair but having more sutures passing in the tendon or more holes
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for the sutures to pass is different. Previous authors had already demonstrated that
increasing the number of sutures passed in the tendon tended to generate more
robust constructs 196158167217 byt to our best knowledge, no study had been
published on the biomechanical consequences of having one or more than one
sutures passing in the same hole. In this investigation the number of sutures that
passed in the medial tendon remained constant, but the number of holes in which
they passe varied and results demonstrated that individual passage of sutures
(meaning more passage points in the tendon) increased TBI contact area, which can
contribute to tendon bone healing by allowing larger area of contact between the
tendon and the bone bed, while at the same time favoring pressure reduction,

favoring better blood perfusion in that area.

One of the most important findings in this work relates to the effect of the controlled
increase of lateral row tension, which generated higher values of all studied
mechanical parameters, in all groups, although it was also demonstrated that for
most of them, the TBI of knotless medial sliding repairs was the most susceptible to
lateral row tension increase. This data is relevant because one of the hypothesized
risk factors for type 2 retears was overtensioning of the repair, which seems to
depend not only on lower tendon elasticity and excursion'® but also on exaggerated

lateral row suture tension.

In summary, the optimum biomechanical strength of rotator cuff repairs is yet to be

described, but ideally, a construct would provide adequate strength for healing while
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limiting the risk of failure, especially type 2 retears®'. As described in the literature,
most likely higher failure loads beyond a certain level may not correlate with
incremental clinical advantages 322>19¢, suggesting that there is likely a clinically
optimal biomechanical strength, that is yet to be determined. Our investigation
demonstrated that in order to lower the contact force and pressure in the TBI, one
can use suture tapes, sliding medial row mechanisms and refrain lateral row suture
tensioning, while adding more suture passage points in the cuff increases contact

area.

This investigation can support a prospective controlled clinical trial with the use of
the developed prototype, to identify the ideal relation between tendon tension and
lateral row tension to avoid retears. It is also plausible that those clinical results can
be correlated with pre-operative MRI imaging and other clinical measurable factors
eventually with the support of mathematical algorithms, so that the repair or other
alternative solutions can be found and discussed preoperatively with the patient to
adequately manage their expectations and avoid the growing burden of patient-

doctor litigancy.

119






120






Colvin AC, Harrison AK, Flatow EL, et al. 2012. National trends in rotator cuff

repair. ). Bone Jt. Surg. - Ser. A 94(3):227-233.

Cook JL, Rio E, Purdam CR, Docking SI. 2016. Revisiting the continuum model of
tendon pathology: What is its merit in clinical practice and research? Br. J.

Sports Med. 50(19):1187-1191.

Paloneva J, Lepola V, Adrimaa V, et al. 2015. Increasing incidence of rotator cuff
repairs - A nationwide registry study in Finland. BMC Musculoskelet. Disord.

16(1):4-9 Available from: http://dx.doi.org/10.1186/s12891-015-0639-6.

Mall NA, Lee AS, Chahal J, et al. 2013. An evidenced-based examination of the
epidemiology and outcomes of traumatic rotator cuff tears. Arthrosc. - J.
Arthrosc. Relat. Surg. 29(2):366-376 Available from:

http://dx.doi.org/10.1016/j.arthro.2012.06.024.

Nové-Josserand L, Collin P, Godeneche A, et al. 2017. Ten-year clinical and
anatomic follow-up after repair of anterosuperior rotator cuff tears: influence
of the subscapularis. J. Shoulder Elb. Surg. 26(10):1826-1833 Available from:

http://dx.doi.org/10.1016/j.jse.2017.03.037.

Barcia AM, Makovicka JL, Spenciner DB, et al. 2021. Scapular motion in the
presence of rotator cuff tears: a systematic review. J. Shoulder Elb. Surg.
30(7):1679-1692 Available from: https://doi.org/10.1016/j.jse.2020.12.012.

Baumer TG, Dischler J, Mende V, et al. 2017. Effects of asymptomatic rotator

121



10.

11.

12.

13.

14.

cuff pathology on in vivo shoulder motion and clinical outcomes. J. Shoulder
Elb. surg. 26(6):1064-1072 Available from:

https://linkinghub.elsevier.com/retrieve/pii/S1058274616306218.

Kwong CA, Ono'Y, Carroll MJ, et al. 2019. Full-Thickness Rotator Cuff Tears: What
Is the Rate of Tear Progression? A Systematic Review. Arthrosc. - J. Arthrosc.
Relat. surg. 35(1):228-234 Available from:

https://doi.org/10.1016/}.arthro.2018.07.031.

Ellman H. 1990. Diagnosis and treatment of incomplete rotator cuff tears. Clin.

Orthop. Relat. Res. 254:64-74.

Xiang XN, DengJ, Liu Y, et al. 2021. Conservative treatment of partial-thickness
rotator cuff tears and tendinopathy with platelet-rich plasma: A systematic

review and meta-analysis. Clin. Rehabil. 35(12):1661-1673.

Katthagen JC, Bucci G, Moatshe G, et al. 2018. Improved outcomes with
arthroscopic repair of partial-thickness rotator cuff tears: a systematic review.

Knee Surgery, Sport. Traumatol. Arthrosc. 26(1):113-124.

Matthewson G, Beach CJ, Nelson AA, et al. 2015. Partial Thickness Rotator Cuff

Tears: Current Concepts. Adv. Orthop. 2015.

de Sanctis EG, Franceschetti E, De Dona F, et al. 2021. The efficacy of injections

for partial rotator cuff tears: A systematic review. J. Clin. Med. 10(1):1-15.

Cai 'Y, Sun Z, Liao B, et al. 2019. Sodium Hyaluronate and Platelet-Rich Plasma

122



15.

16.

17.

18.

19.

20.

for Partial-Thickness Rotator Cuff Tears. Med. Sci. Sports Exerc. 51(2):227-233.

Hurley ET, Colasanti CA, Anil U, et al. 2021. The Effect of Platelet-Rich Plasma
Leukocyte Concentration on Arthroscopic Rotator Cuff Repair: A Network Meta-

analysis of Randomized Controlled Trials. Am. J. Sports Med. 49(9):2528-2535.

Franceschi F, Gregori P, Franceschetti E. 2020. Traumatic Rotator Cuff Tears:
The Relevance of Timing. In: Sampaio Gomes N, Kovacic L, Martetschlager F,
Milano G, editors. Massive and Irreparable Rotator Cuff Tears, ESSKA. Berlin. p

129-134.

Audigeé L, Flury M, Muller AM, Durchholz H. 2016. Complications associated with
arthroscopic rotator cuff tear repair: definition of a core event set by Delphi
consensus process. J. Shoulder Elb. Surg. 25(12):1907-1917 Available from:

http://dx.doi.org/10.1016/j.jse.2016.04.036.

Audigé L, Blum R, Muller AM, et al. 2015. Complications Following Arthroscopic
Rotator Cuff Tear Repair: A Systematic Review of Terms and Definitions With

Focus on Shoulder Stiffness. Orthop. J. Sport. Med. 3(6):1-9.

Yamaguchi K, Ball CM, Galatz LM. 2001. Arthroscopic rotator cuff repair:
Transition from mini-open to all-arthroscopic. Clin. Orthop. Relat. Res.

390(390):83-94.

Snyder S, Bachner E. 1993. Arthroscopic Fixation of Rotator Cuff Tears: A

Preliminary Report. Arthrosc. - J. Arthrosc. Relat. Surg. 9(3):342.

123



21,

22.

23.

24.

25.

26.

Pauzenberger L, Heuberer PR, Dyrna F, et al. 2018. Double-Layer Rotator Cuff
Repair: Anatomic Reconstruction of the Superior Capsule and Rotator Cuff
Improves Biomechanical Properties in Repairs of Delaminated Rotator Cuff

Tears. Am. J. Sports Med. 46(13):3165-3173.

Simmer Filho J, Voss A, Pauzenberger L, et al. 2019. Footprint coverage
comparison between knotted and knotless techniques in a single-row rotator

cuff repair: Biomechanical analysis. BMC Musculoskelet. Disord. 20(1):1-8.

Smith  GCS, Bouwmeester TM, Lam PH. 2017. Knotless double-row
SutureBridge rotator cuff repairs have improved self-reinforcement compared
with double-row SutureBridge repairs with tied medial knots: a biomechanical
study using an ovine model. J. Shoulder Elb. Surg. 26(12):2206-2212 Available

from: https://doi.org/10.1016/j.jse.2017.06.045.

Christoforetti JJ, Krupp RJ, Singleton SB, et al. 2012. Arthroscopic suture bridge
transosseus equivalent fixation of rotator cuff tendon preserves intratendinous
blood flow at the time of initial fixation. J. Shoulder Elb. Surg. 21(4):523-530

Available from: http://dx.doi.org/10.1016/}.jse.2011.02.012.

Liu RW, Lam PH, Shepherd HM, Murrell GAC. 2017. Tape versus suture in
arthroscopic rotator cuff repair: Biomechanical analysis and assessment of

failure rates at 6 months. Orthop. J. Sport. Med. 5(4):1-7.

Huntington L, Coles-Black J, Richardson M, et al. 2018. The use of suture-tape

124



27.

28.

29.

30.

31.

32.

and suture-wire in arthroscopic rotator cuff repair: A comparative
biomechanics  study.  Injury  49(11):2047-2052  Available  from:

https://doi.org/10.1016/j.injury.2018.09.004.

Park JS, McGarry MH, Campbell ST, et al. 2015. The Optimum Tension for
Bridging Sutures in Transosseous-Equivalent Rotator Cuff Repair: A Cadaveric

Biomechanical Study. Am. J. Sports Med. 43(9):2118-2125.

Pinto GV, Dias R, Granate P, et al. 2021. Estudo comparativo entre duas técnicas
suture-bridge para a reparagdo artroscopica de roturas da coifa. In: 2°

Congresso Nacional da Sociedade Portuguesa de Ombro e Cotovelo. .

Park MC, ElAttrache NS, Ahmad CS, Tibone JE. 2006. “Transosseous-Equivalent”
Rotator Cuff Repair Technique. Arthrosc. - J. Arthrosc. Relat. Surg.

22(12):1360.e1-1360.€5.

Ren YM, Zhang H Bin, Duan YH, et al. 2019. Comparison of arthroscopic suture-
bridge technique and double-row technique for treating rotator cuff tears A

PRISMA meta-analysis. Med. (United States) 98(20).

Cho NS, Vi JW, Lee BG, Rhee YG. 2010. Retear Patterns after Arthroscopic

Rotator Cuff Repair. Am. J. Sports Med. 38(4):664-671.

Trantalis JN, Boorman RS, Pletsch K, Lo IKY. 2008. Medial Rotator Cuff Failure
After Arthroscopic Double-Row Rotator Cuff Repair. Arthrosc. - J. Arthrosc.

Relat. Surg. 24(6).727-731.

125



33.

34.

35.

36.

37.

38.

39.

Kim KC, Shin HD, Cha SM, Park JY. 2014. Comparisons of retear patterns for 3

arthroscopic rotator cuff repair methods. Am. J. Sports Med. 42(3):558-565.

Bedeir YH, Schumaier AP, Abu-Sheasha G, Grawe BM. 2019. Type 2 retear after
arthroscopic single-row, double-row and suture bridge rotator cuff repair: a
systematic review. Eur. J. Orthop. Surg. Traumatol. 29(2):373-382 Available

from: https://doi.org/10.1007/s00590-018-2306-8.

Neyton L, Godeneche A, Nové-Josserand L, et al. 2013. Arthroscopic suture-
bridge repair for small to medium size supraspinatus tear: Healing rate and
retear pattern. Arthrosc. - J. Arthrosc. Relat. Surg. 29(1):10-17 Available from:

http://dx.doi.org/10.1016/j.arthro.2012.06.020.

McCarron JA, Derwin KA, Bey MJ, et al. 2013. Failure with continuity in rotator

cuff repair “nealing.” Am. J. Sports Med. 41(1):134-141.

Killian ML, Cavinatto L, Galatz LM, Thomopoulos S. 2012. The role of
mechanobiology in tendon healing. J. Shoulder Elb. Surg. 21(2):228-237

Available from: http://dx.doi.org/10.1016/}.jse.2011.11.002.

Hasan SS. 2021. Editorial Commentary: Biology and Biomechanics Must Be
Carefully Balanced for a Durable Rotator Cuff Repair. Arthrosc. - J. Arthrosc.
Relat. surg. 37(1):38-41 Available from:

https://doi.org/10.1016/}.arthro.2020.09.049.

Huegel J, Williams AA, Soslowsky LJ. 2015. Rotator Cuff Biology and

126



40.

41,

42.

43.

44,

45,

46.

47.

Biomechanics: A Review of Normal and Pathological Conditions. Curr.

Rheumatol. Rep. 17(1):1-9.

Sciascia A, Kibler W Ben. 2010. Current concepts: Scapular dyskinesis. Br. J.

Sports Med. 44(5):300-305.

McClure PW, Michener LA, Sennett B, Karduna AR. 2001. Direct 3-dimensional
measurement of scapular kinematics during dynamic movements in vivo. .

Shoulder Elb. Surg. 10(3):269-277.

Lugo R, Kung P, Ma CB. 2008. Shoulder biomechanics. Eur. J. Radiol. 68(1):16-

24.

Saha AK. 1971. of the Glenohumeral Joint.:491-505.

Gomberawalla MM, Sekiya JK. 2014. Rotator cuff tear and glenohumeral

instability: A systematic review. Clin. Orthop. Relat. Res. 472(8):2448-2456.

Vosloo M, Keough N, De Beer MA. 2017. The clinical anatomy of the insertion

of the rotator cuff tendons. Eur. J. Orthop. Surg. Traumatol. 27(3):359-366.

Curtis AS, Burbank KM, Tierney JJ, et al. 2006. The Insertional Footprint of the
Rotator Cuff: An Anatomic Study. Arthrosc. - J. Arthrosc. Relat. Surg. 22(6):603-

609.e1.

Allan Bower JX. 2018. Review of Forces and Moments. Sch. Eng. brown Univ.
Eng. brown Univ. :20-21 Available from:

https://www.brown.edu/Departments/Engineering/Courses/En4/.

127



48.

49,

50.

57.

52.

53.

54.

Mochizuki T, Sugaya H, Uomizu M, et al. 2009. Humeral insertion of the
supraspinatus and infraspinatus. New anatomical findings regarding the
footprint of the rotator cuff: Surgical technique. J. Bone Jt. Surg. - Ser. A

91(SUPPL. 2):1-7.

Arai R, Matsuda S. 2020. Macroscopic and microscopic anatomy of the rotator
cable in the shoulder. J. Orthop. Sci. 25(2):229-234 Available from:

https://doi.org/10.1016/}.jos.2019.03.014.

Kannus P. 2000. Structure of the tendon connective tissue. Scand. J. Med. Sci.

Sport. 10(6):312-320.

Snedeker JG, Foolen J. 2017. Tendon injury and repair — A perspective on the
basic mechanisms of tendon disease and future clinical therapy Jess G .
Snedeker (a, b ) and Jasper Foolen ( ¢ ) a - Department of Orthopaedics ,
University Hospital Balgrist , Lengghalde 5, CH-8008 Zuric. Acta Biomater.

Available from: http://dx.doi.org/10.1016/}.actbio.2017.08.032.

Jozsa L, Kannus P. 1997. Histopathological findings in spontaneous tendon

ruptures. Scand. J. Med. Sci. Sport. 7(2):113-118.

Riley GP, Riley G. 2016. Biochemistry and Pathology Yr Ig Ht.(January 2011).

Perez-Castro A V., Vogel KG. 1999. In situ expression of collagen and
proteoglycan genes during development of fibrocartilage in bovine deep flexor

tendon. J. Orthop. Res. 17(1):139-148.

128



55.

56.

57.

58.

59.

60.

61.

Giai Via A, Cucchi D, Girolamo L de. 2020. Biology of Rotator Cuff Injury and
Repair. In: sampaio Gomes N, Kovacic L, Martetschlager F, Milano G, editors.
Massive and Irreparable Rotator Cuff Tears, ESSKA. Berlin: Springer Berlin

Heidelberg. p 11-26.

Clark JM, Harryman DT. 1992. Tendons, ligaments, and capsule of the rotator

cuff. Gross and microscopic anatomy. J. Bone Jt. Surg. - Ser. A 74(5).

Thomopoulos S, Parks WG, Rifkin DB, Derwin KA. 2015. Mechanisms of tendon

injury and repair HHS Public Access. ] Orthop Res 33(6):832-839.

Lu HH, Thomopoulos S. 2013. Functional attachment of soft tissues to bone:
Development, healing, and tissue engineering. Annu. Rev. Biomed. Eng.

15:201-226.

White JJE, Titchener AG, Fakis A, et al. 2014. An epidemiological study of rotator
cuff pathology using The Health Improvement Network database. Bone Joint J.

96-B(3):350-353.

Salvatore G, Longo UG, Candela V, et al. 2020. Epidemiology of rotator cuff
surgery in Italy: regional variation in access to health care. Results from a 14-
year nationwide registry. Musculoskelet. Surg. 104(3):329-335 Available from:

https://doi.org/10.1007/512306-019-00625-y.

Jo YH, Lee KH, Kim SJ, et al. 2017. National trends in surgery for rotator cuff

disease in Korea. J. Korean Med. Sci. 32(2):357-364.

129



62.

63.

64.

65.

606.

67/.

68.

Cook JL, Purdam CR. 2009. Is tendon pathology a continuum? A pathology
model to explain the clinical presentation of load-induced tendinopathy. Br. J.

Sports Med. 43(6):409-416.

Sher ], JW U, AP, et al. 1996. Abnormal findings on magnetic resonance images

of asymptomatic shoulders. J. Bone Joint Surg. Am. 78(4):633.

Yamamoto A, Takagishi K, Osawa T, et al. 2010. Prevalence and risk factors of a
rotator cuff tear in the general population. J. Shoulder Elb. Surg. 19(1):116-120

Available from: http://dx.doi.org/10.1016/].jse.2009.04.006.

Minagawa H, Yamamoto N, Abe H, et al. 2013. Prevalence of symptomatic and
asymptomatic rotator cuff tears in the general population: From mass-
screening in one village. J. Orthop. 10(1):8-12 Available from:

http://dx.doi.org/10.1016/j.jor.2013.01.008.

Keyes L. 1933. Observations on Rupture of the Supraspinatus Tendon. J. Bone

Jt. Surg. :849-856.

Uhthoff HK, Sano H. 1997. Pathology of failure of the rotator cuff tendon.

Orthop. Clin. North Am. 28(1):31-41.

Teunis T, Lubberts B, Reilly BT, Ring D. 2014. A systematic review and pooled
analysis of the prevalence of rotator cuff disease with increasing age. J.
Shoulder Elb. Surg. 23(12):1913-1921 Available from:

http://dx.doi.org/10.1016/j.jse.2014.08.001.

130



69.

/0.

/1.

/2.

/3.

74.

Moor BK, Rothlisberger M, Muller DA, et al. 2014. Age, trauma and the critical
shoulder angle accurately predict supraspinatus tendon tears. Orthop.
Traumatol. Surg. Res. 100(5):489-494 Available from:

http://dx.doi.org/10.1016/j.0tsr.2014.03.022.

Plachel F, Moroder P, Gehwolf R, et al. 2020. Risk Factors for Rotator Cuff
Disease: An Experimental Study on Intact Human Subscapularis Tendons. .
Orthop. Res. 38(1):182-191 Available from:

http://dx.doi.org/10.1002/jor.24385.

Figueiredo EA, Loyola LC, Belangero PS, et al. 2020. Rotator Cuff Tear
Susceptibility Is Associated With Variants in Genes Involved in Tendon

Extracellular Matrix Homeostasis. J. Orthop. Res. 38(1):192-201.

Tashjian RZ, Kim SK, Roche MD, et al. 2021. Genetic variants associated with
rotator cuff tearing utilizing multiple population-based genetic resources.
Journal of Shoulder and Elbow Surgery Board of Trustees. 520-531 p. Available

from: https://doi.org/10.1016/.jse.2020.06.036.

Teerlink CC, Cannon-Albright LA, Tashjian RZ. 2015. Significant association of
full-thickness rotator cuff tears and estrogen-related receptor-3 (ESRRB). J.
Shoulder Elb. Surg. 24(2).:e31-e35 Available from:

http://dx.doi.org/10.1016/j.jse.2014.06.052.

Rechardt M, Shiri R, Karppinen J, et al. 2010. Lifestyle and metabolic factors in

131



/5.

/6.

/7.

/8.

79.

80.

relation to shoulder pain and rotator cuff tendinitis: A population-based study.

BMC Musculoskelet. Disord. 11.

Snedeker ]G, Gautieri A. 2014. The role of collagen crosslinks in ageing and
diabetes - The good, the bad, and the ugly. Muscles. Ligaments Tendons J.

4(3):303-308.

Lee YS, Jeong JY, Park C. 2014. Evaluation of the Risk Factors for a Rotator Cuff

Retear After Repair Surgery..1-7.

Gumina S, Arceri V, Carbone S, et al. 2013. The association between arterial
hypertension and rotator cuff tear: The influence on rotator cuff tear sizes. J.
Shoulder Elb. Surg. 22(2):229-232 Available from:

http://dx.doi.org/10.1016/j.jse.2012.05.023.

Lin TTL, Lin CH, Chang CL, et al. 2015. The Effect of Diabetes, Hyperlipidemia,
and Statins on the Development of Rotator Cuff Disease: A Nationwide, 11-Year,
Longitudinal, opulation-Based Follow-up Study. Am. J. Sports Med. 43(9):2126-

2132.

Oliva F, Osti L, Padulo J, Maffulli N. 2014. Epidemiology of the rotator cuff tears:
A new incidence related to thyroid disease. Muscles. Ligaments Tendons J.

4(3):309-314.

Baumgarten KM, Gerlach D, Galatz LM, et al. 2010. Cigarette smoking increases

the risk for rotator cuff tears. Clin. Orthop. Relat. Res. 468(6):1534-1541.

132



81.

82.

83.

84.

85.

86.

87.

Longo UG, Franceschi F, Ruzzini L, et al. 2007. Light microscopic histology of
supraspinatus tendon ruptures. Knee Surgery, Sport. Traumatol. Arthrosc.

15(11):1390-1394.

Yamaguchi K, Tetro AM, Blam O, et al. 2001. Natural history of asymptomatic
rotator cuff tears: A longitudinal analysis of asymptomatic tears detected

sonographically. J. Shoulder Elb. Surg. 10(3):199-203.

Kasten P, Keil C, Grieser T, et al. 2011. Prospective randomised comparison of
arthroscopic versus mini-open rotator cuff repair of the supraspinatus tendon.

Int. Orthop. 35(11):1663-1670.

Jain' N, Luz J, Higgins L, et al. 2018. The Diagnostic Accuracy of Special Tests for
Rotator Cuff Tear: The ROW Cohort Study. Am J Phys Med Rehabil 96(November

2014):176-183.

Warner JJ, Higgins L, Parsons IM 4th, Dowdy P. 2001. Diagnosis and treatment

of anterosuperior rotator cuff tears. J. shoulder Elb. Surg. 10(1):37-46.

Thomazeau H, Boukobza E, Morcet N, et al. 1997. Prediction of rotator cuff
repair results by magnetic resonance imaging. Clin. Orthop. Relat. Res.

(344):275-283 Available from: http://europepmc.org/abstract/MED/9372778.

ZANETTI M, GERBER C, HODLER J. 1998. Quantitative Assessment of the
Muscles of the Rotator Cuff with Magnetic Resonance Imaging. Invest. Radiol.

33(3) Available from:

133



88.

89.

90.

91.

92.

93.

https://journals.lww.com/investigativeradiology/Fulltext/1998/03000/Quantitat

ive_Assessment_of_the_Muscles_of_the.6.aspx.

Fuchs B, Weishaupt D, Zanetti M, et al. 1999. Fatty degeneration of the muscles
of the rotator cuff: Assessment by computed tomography versus magnetic
resonance imaging. J. Shoulder Elb. Surg. 8(6):599-605 Available from:

https://www.sciencedirect.com/science/article/pii/S1058274699900976.

Goutallier D, Postel JM, Bernageau J, et al. 1994. Fatty muscle degeneration in
cuff ruptures. Pre- and postoperative evaluation by CT scan. Clin. Orthop. Relat.
Res. (304):78-83 Available from:

http://europepmc.org/abstract/MED/8020238.

Ishitani E, Harada N, Sonoda Y, et al. 2019. Tendon stump type on magnetic
resonance imaging is a predictive factor for retear after arthroscopic rotator
cuff repair. J. Shoulder Elb. Surg. 28(9):1647-1653 Available from:

https://doi.org/10.1016/j.jse.2019.05.012.

Meyer DC, Wieser K, Farshad M, Gerber C. 2012. Retraction of supraspinatus
muscle and tendon as predictors of success of rotator cuff repair. Am. J. Sports

Med. 40(10):2242-2247.

Patte D. 1990. Classification of rotator cuff lesions. Clin. Orthop. Relat. Res.

(254):81-86.

Guo S, Zhu'Y, Song G, Jiang C. 2020. Assessment of Tendon Retraction in Large

134



94.

95.

96.

97.

98.

to Massive Rotator Cuff Tears: A Modified Patte Classification Based on 2
Coronal Sections on Preoperative Magnetic Resonance Imaging With Higher
Specificity on Predicting Reparability. Arthrosc. J. Arthrosc. Relat. Surg. Off.

Publ. Arthrosc. Assoc. North Am. Int. Arthrosc. Assoc. 36(11):2822-2830.

Hein J, Reilly JM, Chae J, et al. 2015. Retear Rates after Arthroscopic Single-Row,
Double-Row, and Suture Bridge Rotator Cuff Repair at @ Minimum of 1 Year of
Imaging Follow-up: A Systematic Review. Arthrosc. - J. Arthrosc. Relat. Surg.
31(11):2274-2281 Available from:

http://dx.doi.org/10.1016/j.arthro.2015.06.004.

Galatz LM, Ball CM, Teefey SA, et al. 2004. The Outcome and Repair Integrity of
Completely Arthroscopically Repaired Large and Massive Rotator Cuff Tears. J.
Bone Jt. surg. 86(2):219-224 Available from:

http://journals.lww.com/00004623-200402000-00002.

McElvany MD, McGoldrick E, Gee AO, et al. 2015. Rotator cuff repair: Published
evidence on factors associated with repair integrity and clinical outcome. Am.

J. Sports Med. 43(2):491-500.

Valencia Mora M, Morcillo Barrenechea D, Martin Rios MD, et al. 2017. Clinical
outcome and prognostic factors of revision arthroscopic rotator cuff tear

repair. Knee Surgery, Sport. Traumatol. Arthrosc. 25(7):2157-2163.

Boileau P, Brassart N, Watkinson DJ, et al. 2005. Arthroscopic repair of full-

135



99.

100.

101.

102.

103.

104.

thickness tears of the supraspinatus: Does the tendon really heal? J. Bone Jt.

surg. - Ser. A 87(6):1229-1240.

Garcia GH, Liu JN, Wong A, et al. 2017. Hyperlipidemia increases the risk of
retear after arthroscopic rotator cuff repair. J. Shoulder Elb. Surg. 26(12):2086-

2090 Available from: http://dx.doi.org/10.1016/j.jse.2017.05.009.

Lee S, Park I, Lee HA, Shin SJ. 2020. Factors Related to Symptomatic Failed
Rotator Cuff Repair Leading to Revision Surgeries After Primary Arthroscopic
Surgery. Arthrosc. - J. Arthrosc. Relat. Surg. 36(8):2080-2088 Available from:

https://doi.org/10.1016/}.arthro.2020.04.016.

Bishop JY, Santiago-Torres JE, Rimmke N, Flanigan DC. 2015. Smoking
predisposes to rotator cuff pathology and shoulder dysfunction: A systematic
review. Arthrosc. - J. Arthrosc. Relat. Surg. 31(8):1598-1605 Available from:

http://dx.doi.org/10.1016/j.arthro.2015.01.026.

Mall NA, Tanaka MJ, Choi LS, Paletta GA. 2014. Factors affecting rotator cuff

healing. J. Bone Jt. Surg. - Am. Vol. 96(9):778-788.

Shin YK, Ryu KN, Park ]S, et al. 2018. Predictive Factors of Retear in Cuff Tear on

Shoulder MRI.(January):1-8.

Kwon J, Kim SH, Lee YH, et al. 2019. The Rotator Cuff Healing Index: A New
Scoring System to Predict Rotator Cuff Healing After Surgical Repair. Am. J.

Sports Med. 47(1):173-180.

136



105.

106.

107.

108.

109.

110.

Rossi LA, Chahla J, Verma NN, et al. 2020. Rotator Cuff Retears. JBJS Rev.
8(1):e0039-e0039 Available from:

https://journals.lww.com/10.2106/JBJS.RVW.19.00039.

Cho NS, Vi JW, Lee BG, Rhee YG. 2010. Retear Patterns after Arthroscopic

Rotator Cuff Repair. Am. J. Sports Med. 38(4):664-671.

Kim SH, Cho WS, Joung HY, et al. 2017. Perfusion of the Rotator Cuff Tendon
According to the Repair Configuration Using an Indocyanine Green

Fluorescence Arthroscope. Am. J. Sports Med. 45(3):659-665.

Ajrawat P, Dwyer T, Almasri M, et al. 2019. Bone marrow stimulation decreases
retear rates after primary arthroscopic rotator cuff repair: a systematic review
and meta-analysis. J. Shoulder Elb. Surg. 28(4):782-791 Available from:

https://doi.org/10.1016/j.jse.2018.11.049.

JO CH, SHINJISUN, LEE SY, SHIN SUE. 2017. Allogeneic Platelet-Rich Plasma for
Rotator Cuff Repair Tt - Plasma Rico Em Plaquetas Alogénico Para Reparo Do
Manguito Rotador. Acta ortop. bras 25(1):38-43 Available from:
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S1413-

78522017000100038.

Murthi AM, Lankachandra M. 2019. Technologies to Augment Rotator Cuff
Repair.  Orthop. Clin.  North  Am. 50(1):103-108 Available from:

https://doi.org/10.1016/}.0cl.2018.08.005.

137



111.

112.

113.

114.

115.

Schlegel TF, Abrams JS, Angelo RL, et al. 2021. Isolated bioinductive repair of
partial-thickness rotator cuff tears using a resorbable bovine collagen implant:
two-year radiologic and clinical outcomes from a prospective multicenter study.
J. Shoulder Elb. surg. 30(8):1938-1948 Available from:

https://doi.org/10.1016/j.jse.2020.10.022.

Thon SG, O'Malley L, O'Brien MJ, Savoie FH. 2019. Evaluation of Healing Rates
and Safety With a Bioinductive Collagen Patch for Large and Massive Rotator
Cuff Tears: 2-Year Safety and Clinical Outcomes. Am. J. Sports Med. 47(8):1901-

1908.

Kovacevic D, Suriani RJ, Grawe BM, et al. 2020. Management of irreparable
massive rotator cuff tears: a systematic review and meta-analysis of patient-
reported outcomes, reoperation rates, and treatment response. J. Shoulder
Elb. surg. 29(12):2459-2475 Available from:

https://linkinghub.elsevier.com/retrieve/pii/S1058274620306248.

de Campos Azevedo Cl, Angelo ACLPG, Vinga S. 2018. Arthroscopic Superior
Capsular Reconstruction With a Minimally Invasive Harvested Fascia Lata
Autograft Produces Good Clinical Results. Orthop. J. Sport. Med.

6(11):2325967118808242.

Mihata T, McGarry MH, Ishihara Y, et al. 2015. Biomechanical analysis of

articular-sided partial-thickness rotator cuff tear and repair. Am. J. Sports Med.

138



116.

117.

118.

119.

120.

121.

43(2).439-446.

Mihata T, Watanabe C, Fukunishi K, et al. 2011. Functional and structural
outcomes of single-row versus double-row versus combined double-row and
suture-bridge repair for rotator cuff tears. Am. J. Sports Med. 39(10):2091-

2098.

Gerber C, Vinh TS, Hertel R, Hess CW. 1988. Latissimus dorsi transfer for the
treatment of massive tears of the rotator cuff. A preliminary report. Clin.

Orthop. Relat. Res. (232):51-61.

Elhassan B, Ozbaydar M, Massimini D, et al. 2008. Transfer of pectoralis major
for the treatment of irreparable tears of subscapularis: Does it work? J. Bone Jt.

surg. - Ser. B 90(8):1059-1065.

Walch G, Edwards TB, Boulahia A, et al. 2005. Arthroscopic tenotomy of the long
head of the biceps in the treatment of rotator cuff tears: Clinical and
radiographic results of 307 cases. J. Shoulder Elb. Surg. 14(3):238-246 Available

from: https://www.sciencedirect.com/science/article/pii/S105827460400240X.

Boileau P, Baqué F, Valerio L, et al. 2007. Isolated arthroscopic biceps tenotomy
or tenodesis improves symptoms in patients with massive irreparable rotator

cuff tears. J. Bone Jt. Surg. - Ser. A 89(4).747-757.

Veen EJD, Boeddha AV, Diercks RL, et al. 2021. Arthroscopic isolated long head

of biceps tenotomy in patients with degenerative rotator cuff tears: mid-term

139



122.

123.

124.

125.

126.

127.

128.

clinical results and prognostic factors. Eur. J. Orthop. Surg. Traumatol.

31(3):441-448.

Savarese E, Romeo R. 2012. New solution for massive, irreparable rotator cuff

tears: the subacromial “biodegradable spacer”. Arthrosc. Tech. 1(1):e69-74.

Grammont PM, Baulot E. 1993. Delta shoulder prosthesis for rotator cuff

rupture. Orthopedics 16(1):65-68.

Hollman F, Wolterbeek N, Flikweert PE, Yang KGA. 2018. The optimal treatment
for stage 2-3 Goutallier rotator cuff tears: A systematic review of the literature.

J. Orthop. 15(2):283-292.

Fossati C, Stoppani C, Menon A, et al. 2021. Arthroscopic rotator cuff repair in
patients over 70 years of age: a systematic review. J. Orthop. Traumatol. 22(1)

Available from: https://doi.org/10.1186/s10195-021-00565-z.

Sevivas N, Ferreira N, Andrade R, et al. 2017. Reverse shoulder arthroplasty for
irreparable massive rotator cuff tears: a systematic review with meta-analysis
and meta-regression. J. Shoulder Elb. Surg. 26(9):e265-e277 Available from:

http://dx.doi.org/10.1016/j.jse.2017.03.039.

Stewart RK, Kaplin L, Parada SA, et al. 2019. Outcomes of Subacromial Balloon
Spacer Implantation for Massive and Irreparable Rotator Cuff Tears: A

Systematic Review. Orthop. J. Sport. Med. 7(10):1-10.

Bishop J, Klepps S, Lo IK, et al. 2006. Cuff integrity after arthroscopic versus

140



129.

130.

131.

132.

133.

open rotator cuff repair: A prospective study. J. Shoulder Elb. Surg. 15(3):290-

299.

Millett PJ, Warth RJ, Dornan GJ, et al. 2014. Clinical and structural outcomes after
arthroscopic single-row versus double-row rotator cuff repair: A systematic
review and meta-analysis of level | randomized clinical trials. J. Shoulder Elb.
surg. 23(4):586-597 Available from:

http://dx.doi.org/10.1016/j.jse.2013.10.006.

Rhee YG, Cho NS, Yoo JH. 2014. Clinical outcome and repair integrity after
rotator cuff repair in patients older than 70 years versus patients younger than
70 years. Arthrosc. - J. Arthrosc. Relat. Surg. 30(5):546-554 Available from:

http://dx.doi.org/10.1016/j.arthro.2014.02.006.

Yoo JH, Cho NS, Rhee YG. 2013. Effect of postoperative repair integrity on
health-related quality of life after rotator cuff repair: Healed versus retear

group. Am. J. Sports Med. 41(11):2637-2644.

Hapa O, Barber FA, Sunbuloglu E, et al. 2011. Tendon-grasping strength of
various suture configurations for rotator cuff repair. Knee Surgery, Sport.

Traumatol. Arthrosc. 19(10):1749-1754.

Ponce BA, Hosemann CD, Raghava P, et al. 2013. A biomechanical analysis of
controllable intraoperative variables affecting the strength of rotator cuff

repairs at the suture-tendon interface. Am. J. Sports Med. 41(10):2256-2261.

141



134. Moezzi D. 2018. Editorial Commentary: Restoration of Rotator Cuff Footprint

135.

136.

137.

138.

139.

Anatomy Is All That Matters, No Matter How We Get There. Arthrosc. - J.
Arthrosc. Relat. surg. 34(12):3157-3158 Available from:

https://doi.org/10.1016/}.arthro.2018.08.023.

Apreleva M, Ozbaydar M, Fitzgibbons PG, Warner JJP. 2002. Rotator cuff tears:
The effect of the reconstruction method on three-dimensional repair site area.

Arthroscopy 18(5):519-526.

Lo IKY, Burkhart SS. 2003. Double-Row Arthroscopic Rotator Cuff Repair: Re-
Establishing the Footprint of the Rotator Cuff. Arthrosc. -J. Arthrosc. Relat. Surg.

19(9):1035-1042.

Wall LB, Keener JD, Brophy RH. 2009. Double-row vs single-row rotator cuff
repair: A review of the biomechanical evidence. J. Shoulder Elb. Surg. 18(6):933-

941 Available from: http://dx.doi.org/10.1016/j.jse.2009.07.002.

Burkhart SS, Denard PJ, Obopilwe E, Mazzocca AD. 2012. Optimizing
pressurized contact area in rotator cuff repair: The diamondback repair.
Arthrosc. - J. Arthrosc. Relat. Surg. 28(2):188-195 Available from:

http://dx.doi.org/10.1016/j.arthro.2011.07.021.

Kim KC, Rhee K], Shin HD, Kim YM. 2007. A Modified Suture-Bridge Technique
for a Marginal Dog-Ear Deformity Caused During Rotator Cuff Repair. Arthrosc.

- J. Arthrosc. Relat. Surg. 23(5):562.e1-562.e4.

142



140.

141.

142.

143.

144,

145.

Grimberg J, Diop A, Kalra K, et al. 2010. In vitro biomechanical comparison of
three different types of single- and double-row arthroscopic rotator cuff
repairs: Analysis of continuous bone-tendon contact pressure and surface
during different simulated joint positions. J. Shoulder Elb. Surg. 19(2):236-243

Available from: http://dx.doi.org/10.1016/j.jse.2009.09.006.

Tuoheti V, Itoi E, Yamamoto N, et al. 2005. Contact area, contact pressure, and
pressure patterns of the tendon-bone interface after rotator cuff repair. Am. J.

Sports Med. 33(12):1869-1874.

Park MC, Cadet ER, Levine WN, et al. 2005. Tendon-to-bone pressure
distributions at a repaired rotator cuff footprint using transosseous suture and

suture anchor fixation techniques. Am. J. Sports Med. 33(8):1154-1159.

Huang AL, Thavorn K, Van Katwyk S, et al. 2017. Double-Row Arthroscopic
Rotator Cuff Repair Is More Cost-Effective Than Single-Row Repair. J. Bone Jt.

Surg. - Am. Vol. 99(20):1730-1736.

Spiegl UJ, Euler SA, Millett PJ, Hepp P. 2016. Summary of Meta-Analyses Dealing
with Single-Row versus Double-Row Repair Techniques for Rotator Cuff Tears.

Open Orthop. J. 10(1):330-338.

Xu C, Zhao J, Li D. 2014. Meta-analysis comparing single-row and double-row
repair techniques in the arthroscopic treatment of rotator cuff tears. |J.

Shoulder Elb. Surg. 23(2):182-188 Available from:

143



146.

147.

148.

149.

150.

151.

http://dx.doi.org/10.1016/j.jse.2013.08.005.

Sheibani-Rad S, Giveans MR, Arnoczky SP, Bedi A. 2013. Arthroscopic single-
row versus double-row rotator cuff repair: A meta-analysis of the randomized
clinical trials. Arthrosc. - J. Arthrosc. Relat. Surg. 29(2):343-348 Available from:

http://dx.doi.org/10.1016/j.arthro.2012.11.019.

Mascarenhas R, Chalmers PN, Sayegh ET, et al. 2014. Is double-row rotator cuff
repair clinically superior to single-row rotator cuff repair: A systematic review
of overlapping meta-analyses. Arthrosc. - J. Arthrosc. Relat. Surg. 30(9):1156-

1165 Available from: http://dx.doi.org/10.1016/j.arthro.2014.03.015.

Cole BJ, ElAttrache NS, Anbari A. 2007. Arthroscopic Rotator Cuff Repairs: An
Anatomic and Biomechanical Rationale for Different Suture-Anchor Repair

Configurations. Arthrosc. - J. Arthrosc. Relat. Surg. 23(6):662-669.

Anderl W, Heuberer PR, Laky B, et al. 2012. Superiority of bridging techniques
with medial fixation on initial strength. Knee Surgery, Sport. Traumatol.

Arthrosc. 20(12):2559-2566.

Fei W, Guo W. 2015. A biomechanical and histological comparison of the suture
bridge and conventional double-row techniques of the repair of full-thickness
rotator cuff tears in a rabbit model. BMC Musculoskelet. Disord. 16(1):1-7

Available from: http://dx.doi.org/10.1186/512891-015-0601-7.

Quigley RJ, Gupta A, Oh JH, et al. 2013. Biomechanical comparison of single-

144



152.

153.

154.

155.

156.

157.

row, double-row, and transosseous-equivalent repair techniques after healing

in an animal rotator cuff tear model. J. Orthop. Res. 31(8):1254-1260.

Hashiguchi H, lwashita S, Sonoki K, et al. 2018. Clinical outcomes and structural
integrity of arthroscopic double-row versus suture-bridge repair for rotator cuff
tears. J. Orthop. 15(2):396-400 Available from:

https://doi.org/10.1016/}.jor.2018.03.012.

Kim KC, Shin HD, Lee WY, Han SC. 2012. Repair integrity and functional
outcome after arthroscopic rotator cuff repair: Double-row versus suture-

bridge technique. Am. J. Sports Med. 40(2):294-299.

Mall NA, Lee AS, Chahal J, et al. 2013. Transosseous-equivalent rotator cuff
repair: A systematic review on the biomechanical importance of tying the
medial row. Arthrosc. - J. Arthrosc. Relat. Surg. 29(2):377-386 Available from:

http://dx.doi.org/10.1016/j.arthro.2012.11.008.

Gerber C, Schneeberger G, BECKM, Schlegel U. 1994. MECHANICAL STRENGTH

OF REPAIRS OF damage. Surgery 76(3).

GUlecyuz M, Bortolotti H, Pietschmann M, et al. 2016. Primary stability of rotator
cuff repair: can more suture materials yield more strength? Int. Orthop.

40(5):989-997.

Esquivel AO, Duncan DD, Dobrasevic N, et al. 2015. Load to failure and stiffness:

Anchor placement and suture pattern effects on load to failure in rotator cuff

145



158.

159.

160.

161.

162.

163.

repairs. Orthop. J. Sport. Med. 3(4):1-6.

Jost PW, Khair MM, Chen DX, et al. 2012. Suture number determines strength

of rotator cuff repair. J. Bone Jt. Surg. - Ser. A 94(14):e100(1).

Barber FA, Herbert MA, Schroeder FA, et al. 2010. Biomechanical Advantages
of Triple-Loaded Suture Anchors Compared With Double-Row Rotator Cuff
Repairs. Arthrosc. - J. Arthrosc. Relat. Surg. 26(3):316-323 Available from:

http://dx.doi.org/10.1016/j.arthro.2009.07.019.

Maguire M, Goldberg J, Bokor D, et al. 2011. Biomechanical evaluation of four
different transosseous-equivalent/suture bridge rotator cuff repairs. Knee

Surgery, Sport. Traumatol. Arthrosc. 19(9):1582-1587.

Pauly S, Kieser B, Schill A, et al. 2010. Biomechanical comparison of 4 double-
row suture-bridging rotator cuff repair techniques using different medial-row
configurations. Arthrosc. - J. Arthrosc. Relat. Surg. 26(10):1281-1288 Available

from: http://dx.doi.org/10.1016/j.arthro.2010.02.013.

Pauly S, Fiebig D, Kieser B, et al. 2011. Biomechanical comparison of four
double-row speed-bridging rotator cuff repair techniques with or without
medial or lateral row enhancement. Knee Surgery, Sport. Traumatol. Arthrosc.

19(12):2090-2097.

Park SG, Shim BJ, Seok HG. 2019. How Much Will High Tension Adversely Affect

Rotator Cuff Repair Integrity? Arthrosc. - J. Arthrosc. Relat. Surg. 35(11):2992-

146



164.

165.

166.

167.

168.

169.

3000 Available from: https://doi.org/10.1016/j.arthro.2019.05.049.

Kim KC, Shin HD, Cha SM, Park JY. 2014. Comparisons of retear patterns for 3

arthroscopic rotator cuff repair methods. Am. J. Sports Med. 42(3):558-565.

Urita A, Funakoshi T, Horie T, et al. 2017. Difference in vascular patterns
between transosseous-equivalent and transosseous rotator cuff repair. J.
Shoulder Elb. Surg. 26(1):149-156 Available from:

http://dx.doi.org/10.1016/j.jse.2016.06.010.

Chalmers PN. 2019. Editorial Commentary: Does a Medialized Repair Allow
Single-Row to Outperform Double-Row Rotator Cuff Repair? Arthrosc. - J.
Arthrosc. Relat. surg. 35(10):2814-2816 Available from:

https://doi.org/10.1016/}.arthro.2019.06.010.

Yamakado K. 2019. A Prospective Randomized Trial Comparing Suture Bridge
and Medially Based Single-Row Rotator Cuff Repair in Medium-Sized
Supraspinatus Tears. Arthrosc. - J. Arthrosc. Relat. Surg. 35(10):2803-2813

Available from: https://doi.org/10.1016/j.arthro.2019.05.026.

Deveci A. 2019. What is wrong in comparison of single- and double-row repairs
in rotator cuff tears? Eur. J. Orthop. Surg. Traumatol. 29(7):1589-1590 Available

from: https://doi.org/10.1007/s00590-019-02462-y.

Deranlot J, Maurel N, Diop A, et al. 2014. Abrasive properties of braided

polyblend sutures in cuff tendon repair: An in vitro biomechanical study

147



170.

171.

172.

173.

174.

exploring regular and tape sutures. Arthrosc. - J. Arthrosc. Relat. Surg.
30(12):1569-1573 Available from:

http://dx.doi.org/10.1016/j.arthro.2014.06.018.

Gnandt R, Smith JL, Nguyen-Ta K, et al. 2016. High-Tensile Strength Tape Versus
High-Tensile Strength Suture: A Biomechanical Study. Arthrosc. - J. Arthrosc.

Relat. Surg. 32(2):356-363.

Leishman DJ, Chudik SC. 2019. Suture Tape With Broad Full-Width Core Versus
Traditional Round Suture With Round Core: A Mechanical Comparison.
Arthrosc. - J. Arthrosc. Relat. Surg. 35(8):2461-2466 Available from:

https://doi.org/10.1016/j.arthro.2019.03.053.

OnoY, Joly DA, Thornton GM, Lo IKY. 2018. Mechanical and imaging evaluation
of the effect of sutures on tendons: tape sutures are protective to suture
pulling through tendon. J. Shoulder Elb. Surg. 27(9):1705-1710 Available from:

https://doi.org/10.1016/}.jse.2018.03.004.

Leger St-Jean B, Ménard J, Hinse S, et al. 2015. Braided tape suture provides
superior bone pull-through strength than wire suture in greater tuberosity of

the humerus. J. Orthop. 12:514-S17.

Taha ME, Schneider K, Clarke EC, et al. 2020. A Biomechanical Comparison of
Different Suture Materials Used for Arthroscopic Shoulder Procedures.

Arthrosc. - J. Arthrosc. Relat. Surg. 36(3):708-713 Available from:

148



175.

176.

177.

178.

179.

180.

https://doi.org/10.1016/}.arthro.2019.08.048.

Boksh K, Haque A, Sharma A, et al. 2022. Use of Suture Tapes Versus
Conventional Sutures for Arthroscopic Rotator Cuff Repairs: A Systematic

Review and Meta-analysis. Am. J. Sports Med. 50(1):264-272.

Millett PJ, Espinoza C, Horan MP, et al. 2017. Predictors of outcomes after
arthroscopic transosseous equivalent rotator cuff repair in 155 cases: a
propensity score weighted analysis of knotted and knotless self-reinforcing
repair techniques at a minimum of 2 years. Arch. Orthop. Trauma Surg.

137(10):1399-1408.

Rhee YG, Cho NS, Parke CS. 2012. Arthroscopic rotator cuff repair using
modified mason-allen medial row stitch: Knotless versus knot-tying suture

bridge technique. Am. J. Sports Med. 40(11):2440-2447.

Cho NS, Lee BG, Rhee YG. 2011. Arthroscopic Rotator Cuff Repair Using a
Suture Bridge Technique: Is the Repair Integrity Actually Maintained? Am. J.

Sports Med. 39(10):2108-2116.

Lorbach O. 2020. Biomechanics of Rotator Cuff Repair. In: Sampaio gomes N,
Kovacic L, Martetschlager F, Milano G, editors. Massive and Irreparable Rotator

Cuff Tears, ESSKA. Springer Berlin Heidelberg. p 27-35.

Hinse S, Ménard J, Rouleau DM, et al. 2016. Biomechanical study comparing 3

fixation methods for rotator cuff massive tear: Transosseous No. 2 suture,

149



181.

182.

183.

184.

185.

186.

transosseous braided tape, and double-row. J. Orthop. Sci. 21(6):732-738.

Beeler S, EK ETH, Gerber C. 2013. A comparative analysis of fatty infiltration and
muscle atrophy in patients with chronic rotator cuff tears andsuprascapular
neuropathy. J. Shoulder Elb. Surg. 22(11):1537-1546 Available from:

http://dx.doi.org/10.1016/j.jse.2013.01.028.

Maia Dias C, Gongalves SB, Completo A, et al. 2021. Why are tapes better than
wires in knotless rotator cuff repairs? An evaluation of force, pressure and
contact area in a tendon bone unit mechanical model. J. Exp. Orthop. 8(1)

Available from: https://doi.org/10.1186/s40634-020-00321-y.

Christoforetti JJ, Krupp RJ, Singleton SB, et al. 2012. Arthroscopic suture bridge
transosseus equivalent fixation of rotator cuff tendon preserves intratendinous
blood flow at the time of initial fixation. J. Shoulder Elb. Surg. 21(4):523-530

Available from: http://dx.doi.org/10.1016/}.jse.2011.02.012.

Urch E, Lin CC, Itami Y, et al. 2020. Improved Rotator Cuff Footprint Contact
Characteristics With an Augmented Repair Construct Using Lateral Edge

Fixation. Am. J. Sports Med. 48(2):444-449.

Kummer FJ. 2012. Effects of suture tension on the footprint of rotator cuff

repairs: Technical note. Bull. NYU Hosp. Jt. Dis. 70(4):259-261.

Tingart MJ, Bouxsein ML, Zurakowski D, et al. 2003. Three-Dimensional

Distribution of Bone Density in the Proximal Humerus. Calcif. Tissue Int.

150



187.

188.

189.

190.

191.

192.

73(6):531-536.

Oh JH, Song BW, Lee YS. 2014. Measurement of volumetric bone mineral
density in proximal humerus using quantitative computed tomography in
patients with unilateral rotator cuff tear. J. Shoulder Elb. Surg. 23(7):993-1002

Available from: http://dx.doi.org/10.1016/j.jse.2013.09.024.

Collin P, Kempf JF, Molé D, et al. 2017. Ten-Year Multicenter Clinical and MRI
Evaluation of Isolated Supraspinatus Repairs. J. Bone Jt. Surg. - Am. Vol.

99(16):1355-1364.

Robinson S, Krigbaum H, Kramer J, et al. 2018. Double row equivalent for
rotator cuff repair: A biomechanical analysis of a new technique. J. Orthop.

15(2):426-431 Available from: https://doi.org/10.1016/j.jor.2018.03.006.

Pauly S, Kieser B, Schill A, et al. 2010. Biomechanical comparison of 4 double-
row suture-bridging rotator cuff repair techniques using different medial-row
configurations. Arthrosc. - J. Arthrosc. Relat. Surg. 26(10):1281-1288 Available

from: http://dx.doi.org/10.1016/j.arthro.2010.02.013.

Shen C, Tang ZH, Hu JZ, et al. 2014. Incidence of retear with double-row versus

single-row rotator cuff repair. Orthopedics 37(11):e1006-e1013.

Sugaya H, Maeda K, Matsuki K, Moriishi J. 2005. Functional and structural
outcome after arthroscopic full-thickness rotator cuff repair: Single-row versus

dual-row fixation. Arthrosc. - J. Arthrosc. Relat. Surg. 21(11):1307-1316.

151



193.

194.

195.

196.

197.

Charousset C, Grimberg J, Duranthon LD, et al. 2007. Can a double-row
anchorage technique improve tendon healing in arthroscopic rotator cuff
repair? A prospective, nonrandomized, comparative study of double-row and
single-row anchorage techniques with computed tomographic arthrography

tendon healing assess. Am. J. Sports Med. 35(8):1247-1253.

Denard PJ, Adams CR, Fischer NC, et al. 2018. Knotless Fixation Is Stronger and
Less Variable Than Knotted Constructs in Securing a Suture Loop. Orthop. J.

Sport. Med. 6(5):1-6.

Park MC, Peterson AB, McGarry MH, et al. 2017. Knotless Transosseous-
Equivalent Rotator Cuff Repair Improves Biomechanical Self-reinforcement
Without Diminishing Footprint Contact Compared With Medial Knotted Repair.
Arthrosc. - J. Arthrosc. Relat. Surg. 33(8):1473-1481 Available from:

http://dx.doi.org/10.1016/j.arthro.2017.03.021.

Bisson LJ, Manohar LM. 2010. A biomechanical comparison of the pullout
strength of No. 2 fiber-wire suture and 2-mm fiberwire tape in bovine rotator
cuff tendons. Arthrosc. - J. Arthrosc. Relat. Surg. 26(11):1463-1468 Available

from: http://dx.doi.org/10.1016/j.arthro.2010.04.075.

Kindya MC, Konicek J, Rizzi A, et al. 2017. Knotless Suture Anchor With Suture
Tape Quadriceps Tendon Repair Is Biomechanically Superior to Transosseous

and Traditional Suture Anchor-Based Repairs in a Cadaveric Model. Arthrosc. -

152



198.

199.

200.

201.

202.

203.

J. Arthrosc. Relat. surg. 33(1):190-198 Available from:

http://dx.doi.org/10.1016/j.arthro.2016.06.027.

Bangalore S, Toklu B, Gianos E, et al. 2017. Optimal Systolic Blood Pressure
Target After SPRINT: Insights from a Network Meta-Analysis of Randomized
Trials. Am. J. Med. 130(6):707-719.e8 Available from:

http://dx.doi.org/10.1016/j.amjmed.2017.01.004.

Er MS, Altinel L, Eroglu M, et al. 2014. Suture anchor fixation strength with or
without augmentation in osteopenic and severely osteoporotic bones in
rotator cuff repair: A biomechanical study on polyurethane foam model. J.

Orthop. Surg. Res. 9(1):1-7.

Hausmann J-T. 2006. Sawbones in Biomechanical Settings - a Review.

Osteosynthesis Trauma Care 14(4):259-264.

Mazzocca AD, Bollier MJ, Obopilwe E, et al. 2010. Biomechanical Evaluation of
Arthroscopic Rotator Cuff Repairs Over Time. Arthrosc. -]. Arthrosc. Relat. Surg.

26(5):592-599 Available from: http://dx.doi.org/10.1016/j.arthro.2010.02.009.

Kim SJ, Kim SH, Moon HS, Chun YM. 2016. Footprint contact area and interface
pressure comparison between the knotless and knot-tying transosseous-
equivalent technique for rotator cuff repair. Arthrosc. - J. Arthrosc. Relat. Surg.

32(1):7-12 Available from: http://dx.doi.org/10.1016/j.arthro.2015.07.004.

Bisson LJ, Manohar LM, Wilkins RD, et al. 2008. Influence of suture material on

153



204,

205.

206.

207.

208.

the biomechanical behavior of suture-tendon specimens: A controlled study in

bovine rotator cuff. Am. J. Sports Med. 36(5):907-912.

Kullar RS, Reagan JM, Kolz CW, et al. 2015. Suture placement near the
musculotendinous junction in the supraspinatus: Implications for rotator cuff

repair. Am. J. Sports Med. 43(1):57-62.

Kowalsky MS, Dellenbaugh SG, Erlichman DB, et al. 2008. Evaluation of Suture
Abrasion Against Rotator Cuff Tendon and Proximal Humerus Bone. Arthrosc.

- J. Arthrosc. Relat. Surg. 24(3):329-334.

Williams JF, Patel SS, Baker DK, et al. 2016. Abrasiveness of high-strength
sutures used in rotator cuff surgery: are they all the same? J. Shoulder Elb. Surg.

25(1):142-148 Available from: http://dx.doi.org/10.1016/j.jse.2015.07.018.

Andres BM, Lam PH, Murrell GAC. 2010. Tension, abduction, and surgical
technique affect footprint compression after rotator cuff repair in an ovine
model. J.  Shoulder Elb. Surg. 19(7):1018-1027 Available from:

http://dx.doi.org/10.1016/j.jse.2010.04.005.

Barber FA, Drew OR. 2012. A biomechanical comparison of tendon-bone
interface motion and cyclic loading between single-row, triple-loaded cuff
repairs and double-row, suture-tape cuff repairs using biocomposite anchors.
Arthrosc. - J. Arthrosc. Relat. Surg. 28(9):1197-1205 Available from:

http://dx.doi.org/10.1016/j.arthro.2012.02.015.

154



209.

210.

211,

212.

213.

214,

215.

Burkhart SS, Denard PJ, Konicek ], Hanypsiak BT. 2014. Biomechanical validation
of load-sharing rip-stop fixation for the repair of tissue-deficient rotator cuff

tears. Am. J. Sports Med. 42(2):457-462.

Ménard J, Léger-St-Jean B, Balg F, et al. 2017. Suture bridge transosseous
equivalent repair is stronger than transosseous tied braided-tape. J. Orthop.

Sci. 22(6):1120-1125.

de Oliveira TR, Lemos NA. 2018. Force and torque of a string on a pulley. Am. J.

Phys. 86(4):275-279.

Stuart IM. 1961. Capstan equation for strings with rigidity. Br. J. Appl. Phys.

12(10):559-562.

Stephans G. 2005. Classical Mechanics: MIT 8.01 Course Notes.:712 Available
from:
https://ocw.mit.edu/ans7870/8/8.01/f16/readings/MIT8_01F16_TableOfConte

nts.pdf.

Robinson S, Krigbaum H, Kramer J, et al. 2018. Double row equivalent for

rotator cuff repair: A biomechanical analysis of a new technique. J. Orthop. .

Oh JH, Park JS, Rhee SM, Park JH. 2020. Maximum Bridging Suture Tension
Provides Better Clinical Outcomes in Transosseous-Equivalent Rotator Cuff
Repair: A Clinical, Prospective Randomized Comparative Study. Am. J. Sports

Med. 48(9):2129-2136.

155



216. Sano H, Tokunaga M, Noguchi M, et al. 2017. Tight medial knot tying may
increase retearing risk after transosseous equivalent repair of rotator cuff

tendon. Biomed. Mater. Eng. 28(3):267-277.

217. Shi BY, Diaz M, Binkley M, et al. 2019. Biomechanical Strength of Rotator Cuff
Repairs: A Systematic Review and Meta-regression Analysis of Cadaveric

Studies. Am. J. Sports Med. 47(8):1984-1993.

156









APPENDIX

157



List of publications

Oral Communications

e 9° Congresso Nacional de Biomecanica;Porto; 19" and 20" February 2021;
Carlos Maia Dias, Sérgio B. Gongalves, Antonio Completo, Martina Tognini,
Manuel Ribeiro da Silva, Jorge Mineiro, Frederico Ferreira, Jodo Folgado; “Serdo
as fitas melhores que os fios para reparar a coifa dos rotadores? Estudo em modelo
mecanico da for¢a de contacto, drea e press@o na interface tenddo-0sso”

e SCERG Seminar - 12" March 2021; Lisboa; Carlos Maia Dias, Sérgio B.
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Azevedo, Jorge Mineiro, Frederico Ferreira, Jodo Folgado; Submitted to

Clinical Biomechanics on January 29™. Manuscript number CLBI-D-22-00073
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Tables

Supplementary Table S1 - Variation between posterior and anterior hemiboxes at 25 N (positive value reveals higher values for

posterior and negative reveals higher values in the anterior hemibox) - * reached statistical significance

Lateral Tension 25N

DP

Wilcoxson

(p<0.05)

SLDP

Wilcoxson

(p<0.05)

SP

Wilcoxson

(p<0.05)

Hemibox force (N)

Hemibox area (mm?)

Hemibox pressure

(Mpa)

Hemibox peak force (N

Hemibox MBR force (N)

34% 0.078
-13% 0.221

56% 0.042*
112% 0.042*
163% 0.042*

60%

N
23

30%

40%

25%

0.08

0.043*

0.225

0.225

0.893

-7%

0%

-6%

4%

-21%

0.5

0.786

0.5

0.893

0.5
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Supplementary Table S2 - Variation between posterior and anterior hemiboxes at 50 N (positive value reveals higher values for

posterior and negative reveals higher values in the anterior hemibox) - * reached statistical significance

Lateral Tension 50N

DP

Wilcoxson

(p<0.05)

SLDP

Wilcoxson

(p<0.05)

SP

Wilcoxson

(p<0.05)

Hemibox force (N)

Hemibox area (mm?)

Hemibox pressure

(Mpa)

Hemibox peak force (N

Hemibox MBR force (N)

6%

80%

69%

168%

0.043*

0.225

0.043*

0.08

0.08

34%

0.043*

0.043*

0.043*

0.144

05

25%

17%

9%

-5%

-11%

0.345

0.08

0.5

0.5

0.686
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Supplementary Table S3 - Mean Comparison between locked medial anchor (DP) and sliding medial anchors (SLDP) regarding

contact force. area and pressure, peak force and MBR force in the repair box (25N lateral tension) - * reached statistical

significance

Lateral Tension 25N

DP

Range (+/-)

SLDP

Range (+/-)

Mann
Whithney

(p<0.05)

Box Force (N)

Box Area (mm?)

Box pressure (Mpa)

Box peak force (N)

Box MBR force (N)

365.00

2.7214

3.417

2.77

26.72

0.01

0.62

0.89

19.44

342.40

1.6801

2.22

6.57

55.15

0.01

0.70

0.77

0.548

0.056

0.095
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Supplementary Table S4 - Mean comparison between locked medial anchor (DP) and sliding medial anchors (SLDP) regarding

contact force, area and pressure, peak force and MBR force in the repair box (50N lateral tension) - * reached statistical

significance

Lateral Tension 50N DP

Range (+/-)

SLDP

Range (+/-)

Mann
Whithney

(p<0.05)

Box Force (N) 42.52
Box Area (mm?) 420.20
Box pressure (Mpa) 0.1012
Box peak Force (N) 2.7788
Box MBR force (N) 467

4.05

11.82

0.01

0.25

0.75

37.44

412.80

0.0929

2.7088

4.46

3.80

27.97

0.01

0.50

043

0.151

0.69

0.151

0.421
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Supplementary Table S5 - Mean comparison between locked medial anchor (DP) and sliding medial anchors (SLDP) in both

hemiboxes (25N lateral tension) - * reached statistical significance

Lateral Tension 25N

DP

Range (+/-)

SLDP

Range (+/-)

Mann

Whithney

(p<0.05)

ANT hemibox Force (N) 12.71 3.41 6.94 4.04 0.016*
ANT hemibox Area (mm?) 195.20 17.28 158.00 26.35 0.032*
ANT hemibox pressure (Mpa) 0.0645 0.01 0.0447 0.02 0.095
ANT Hemibox Peak Force (N) 1.2863 0.22 1.0675 0.40 0.31
ANT Hemibox MBR force (N) 0.94 0.66 0.99 0.66 1

POST hemibox Force (N) 16.97 2.29 11.14 5.17 0.056
POST hemibox area (mm?) 169.80 28.52 184.40 33.42 0.548
POST hemibox pressure (Mpa) 0.1008 0.01 0.0583 0.02 0.008*
POST Hemibox Peak Force (N) 27214 0.62 1.4944 0.90 0.056
POST Hemibox MBR force (N) 2.48 0.74 1.23 1.01 0.056
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Supplementary Table S6 - Mean comparison between locked medial anchor (DP) and sliding medial anchors (SLDP) in both

hemiboxes (50N lateral tension) - * reached statistical significance

Lateral Tension 50N

DP

Range (+/-)

SLDP

Range (+/-)

Mann

Whithney

(p<0.05)

ANT hemibox Force (N) 14.82 2.10 13.25 1.99 0.421
ANT hemibox Area (mm?) 203.80 7.69 174.60 25.21 0.056
ANT hemibox pressure (Mpa) 0.0725 0.01 0.0761 0.01 0.548
ANT Hemibox Peak Force (N) 1.61 0.65 1.62 0.61 0.841
ANT Hemibox MBR force (N) 1.27 0.67 1.91 1.30 0.69
POST hemibox Force (N) 28.10 3.60 2419 3.68 0.157
POST hemibox area (mm?) 216.40 13.18 238.00 12.39 0.056
POST hemibox pressure (Mpa) 0.1303 0.02 0.1017 0.01 0.032
POST Hemibox Peak Force (N) 2.73 0.52 2.83 0.45 0.73
POST Hemibox MBR force (N) 3.40 1.23 2.57 1.00 0.421
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Supplementary Table S7 - Mean comparison between tape double-hole passage (DP) and single-hole passage (SP) regarding

contact force, area and pressure, peak force and MBR force in the repair box (25N lateral tension) - * reached statistical

significance

Lateral Tension 25N

DP

Range (+/-)

SP

Range (+/-)

Mann
Whithney

(p<0.05)

Box Force (N)

Box Area (mm?)

Box pressure (Mpa)

Box peak Force (N)

Box MBR force (N)

29.68

365.00

0.0815

2.7214

3.42

2.77

26.72

0.01

0.62

0.89

24.60

354.5

0.0698

2.2957

2.66

7.49

31.34

0.02

0.40

0.66

0.222

0.421

0.31

0.31

0.222
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Supplementary Table S8 - Mean comparison between tape double-hole passage (DP) and single-hole passage (SP) regarding

contact force, area and pressure, peak force and MBR force in the repair box (50N lateral tension) - * reached statistical

significance

Lateral Tension 50N

DP

Range (+/-)

SP

Range (+/-)

Mann
Whithney

(p<0.05)

Box Force (N)

Box Area (mm?)

Box pressure (Mpa)

Box peak Force (N)

Box MBR force (N)

42.52

420.20

0.1012

4.67

4.05

11.82

0.01

0.25

0.75

45.90

416.00

0.1103

5.14

6.25

28.53

0.01

0.19

0.58

0.31

0.69

0.222

0.421
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Supplementary Table S9 - Mean comparison between tape double-hole passage (DP) and single-hole passage (SP) in both

hemiboxes (25N lateral tension) - * reached statistical significance

Lateral Tension 25N

DP

Range (+/-)

SP

Range (+/-)

Mann

Whithney

(p<0.05)

ANT hemibox Force (N) 12 71 341 1273 5.36 0.421
ANT hemibox Area (mm?) 19520 1728 176.75 23.48 0.151
ANT hemibox pressure (Mpa) 0.06447 0.0] 0.06928 0.02 0.421
ANT Hemibox Peak Force (N) 129 022 196 0.75 0.151
ANT Hemibox MBR force (N) 094 066 149 0.67 0.222
POST hemibox Force (N) 16.97 229 1187 3.59 0.056
POST hemibox area (mm?) 169 80 2852 17750 18.93 0.421
POST hemibox pressure (Mpa) 0.1008 0.07 0.0655 0.01 0.008
POST Hemibox Peak Force (N) 272 062 189 0.70 0.151
POST Hemibox MBR force (N) 248 074 117 0.48 0.016
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Supplementary Table S10 - Mean comparison between tape double-hole passage (DP) and single-hole passage (SP) in both

hemiboxes (50N lateral tension) - * reached statistical significance

Lateral Tension 50N

DP

Range (+/-)

SP

Range (+/-)

Mann

Whithney

(p<0.05)

ANT hemibox Force (N) 14.82 2.10 20.37 6.20 0.222
ANT hemibox Area (mm?) 203.80 7.69 192.00 26.48 0.548
ANT hemibox pressure (Mpa) 0.0725 0.01 0.1045 0.02 0.008
ANT Hemibox Peak Force (N) 1.6132 0.65 3.0217 0.27 0.016
ANT Hemibox MBR force (N) 1.27 0.67 2.7 0.92 0.056
POST hemibox Force (N) 28.10 3.60 25.44 427 1
POST hemibox area (mm?) 216.40 13.18 223.80 12.79 0.69
POST hemibox pressure (Mpa) 0.1303 0.02 0.1134 0.02 0.222
POST Hemibox Peak Force (N) 2.7274 0.52 2.8849 0.31 0.69
POST Hemibox MBR force (N) 3.40 1.23 242 0.55 0.151
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Supplementary Table S11 - Variation within each group if lateral row tension increases 100% - * reached statistical significance

Variation %

DP

Wilcoxson

(p<0.05)

SLDP

Wilcoxson

(p<0.05)

SP

Wilcoxson

(p<0.05)

Force

Area (mm?

Pressure (Mpa)

Peak force ()

MBR force )

43% 0.008*
15% 0.008*
24% 0.032*
2% 0.841
37% 0.056

O

3%

21%

61%

102%

0.056

0.056

0.095
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Supplementary Table S12 - Statistical power analysis performed using G power software for comparisons of the dependent variables between groups. Considered acceptable statistical power if

power > 0,75; Alpha error probability = 0,05

Force Area Pressure PFORCE MBR
Power Effectsize IdealN  Power Effectsize Ideal N Power  Effect size Ideal N Power Effectsize  Ideal N Power  Effectsize Ideal N
SLDP - DP 25N 0,78 2,02 NA 0,11 0,52 59 09 2,42 NA 0,56 1,56 13 0,49 1,43 15
DP-SP 0,22 0,89 35 0,08 0,36 211 03 1,07 25 0,75 1,98 43 0,25 0,96 31
SLDP - DP 50N 0,25 1,29 31 0,07 0,34 231 0,25 0,95 32 0,05 0,17 872 0,07 0,31 289
DP-SP 0,14 0,64 67 0,05 0,19 231 0,19 0,81 46 0,67 1,89 10 0,15 0,68 118
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Supplementary table S13 - Statistical power analysis performed using G power software for comparisons of tension variation within groups.

Considered acceptable statistical power if power > 0,75; Alpha error probability = 0,05

Force Area Pressure PFORCE MBR
Power Effect Ideal N Power Effect Ideal N Power Effect Ideal N Power Effect Ideal N Power Effect Ideal N
size size size size size
DP 0,23 0,91 34 0,95 2,6 6 0,83 2,19 7 0,05 0,12 1861 0,54 1,53 13
SLDP 0,99 3,35 NA 0,58 1,61 12 0,99 3,55 4 0,62 1,68 11 0,98 3,6 5
SP 0,98 3,38 NA 0,79 2,05 8 0,97 2,98 NA 0,96 2,81 NA 0,99 3,99 NA
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