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Background

The glenohumeral joint has the greatest
range of motion (ROM) of any joint in
the human body; however, this is ac-
companied by an increased risk of joint
instability [21]. As such, close and com-
plex interactions between dynamic and
static stabilizers of the shoulder girdle are
critical for producing a biomechanically
complex system ensuring the shoulder
has a sufficient ROM in multiple planes.

Massive rotator cuff tears (RCT) rep-
resent almost 40% of all RCT and are of-
ten associated with persistent defects and
worse clinical outcomes [3, 15]. These
defects include persistent pain, loss of
ROM, and insufficient function, which
all may significantly affect the patients’
quality of life [32].

A solid understanding of both native
and defect shoulder kinematics is key to
approaching rotator cuff surgery. Along
with the aforementioned stabilizers en-
suring muscular balance and rotational
function, the anatomy of the rotator cuff
applies a compressive load to the gleno-
humeral joint throughout ROM. Addi-
tionally, the muscular force couple pro-
vides glenohumeral joint stability and
contributes to humeral head centration
[31].
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Biomechanical consequences of
isolated, massive and irreparable
posterosuperior rotator cuff tears
on the glenohumeral joint

A dynamic biomechanical investigation of

rotator cuff tears

Patients with tears of the superior
portion of the rotator cuff who present
with stable fulcrum kinematics often
demonstrate preserved essential force
couples in the coronal and transverse
planes [5]. However, when facing mas-
sive tears of the superior and posterior
cuff, unstable fulcrum kinematics may
occur, thus leading to uncoupling of the
essential force couples [5]. Addition-
ally, superior humeral head migration
and altered intra-articular joint pres-
sure can lead to severe humeral head
and/or glenoid osteoarthritis, which
may result in severe pain and insuffi-
cient joint function. However, to date
there is limited detailed information on
the biomechanical consequences of iso-
lated and massive, non-retracted RCT
and massive, retracted posterosuperior
RCT in the glenohumeral joint.

The purpose of the study was to assess
the biomechanical consequences of iso-
lated, massive, non-retracted RCT (ac-
cording to Patte I) and irreparable, re-
tracted posterosuperior RCT (Patte III)
on the glenohumeral joint using a vali-
dated, dynamic shoulder testing system.
The authors hypothesized that: (1) in
a dynamic biomechanical set-up, RCT
lateral to the rotator cable can be suf-
ficiently compensated by the remaining
intact cuff, and (2) irreparable, retracted

posterosuperior RCT medial to the ro-
tator cable have significant effects on the
glenohumeral joint leading to decreased
overall shoulder function.

Materials and methods

This study was reviewed by the in-
stitutional review board (IRB) of the
University of Connecticut, via the Hu-
man Research Determination Form, and
it was concluded that no IRB approval
was required. Eight male, fresh-frozen,
independent cadaveric shoulder speci-
mens were obtained from Medcure Inc.
(Portland, OR, USA): three right, and
five left shoulders. The mean age was
53.4+14.2 years (range: 20-64 years).
All specimens underwent visual and ra-
diographic inspection to detect and ex-
clude those with moderate-to-severe os-
teoarthritis (Kellgren-Lawrence Grade 2
or more), bony defects, tears of the ro-
tator cuff tendons or capsule, or joint
contractures. As such, no specimen had
to be excluded.

Specimen preparation

Specimen preparation was performed ac-
cordingtoa previously described method
[1, 11, 12, 28]. Prior to dissection, spec-
imens were thawed overnight at room
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Fig. 1 A Figure demonstrating the dynamic shoulder simulator a 7. Amoving triad is mounted to the
humeral shaft with its longitudinal axis in line with the center of the humeral head 2. Stationary triad
placedontheacromion. 3.Asteelrodis cemented into thedistal humerusandloaded with 1.7 kg,30 cm
distal from the center of the humeral head to simulate native forearm weight.4. Anchor loops sutured
to the tendinous insertions of the anterior, middle, and posterior portions of the deltoid tendon at the
deltoid tuberosity using a locking running stitch to allow for attachment of an individual shoulder sim-
ulator actuator to each of the three deltoid heads.b 5. The specimen is mounted to the simulator on

a jig with6 degrees of freedom with the scapula in 10° of anteflexion, 10° superior tilt of the glenoid,
resultingina 110° angle between the scapular spine and vertical axis. 6. The cable attached to the
supraspinatus tendon is positioned at 10° from the horizontal. 7. The Tekscan sensor is placed under-
neath the acromion and the free end is connected to the measuring device. 8. The subscapularis and
infraspinatus/teres minor unit are loaded statically with a 1.36-kg hanging weight, allowing for a bal-

anced abduction motion

temperature. Thawed specimens were
then dissected free of skin as well as
subcutaneous and muscle tissue, while
preserving the rotator cuff muscles and
the coracoacromial ligament. The ante-
rior, middle, and posterior portions of
the deltoid tendon were detached from
the muscle belly at the deltoid tuberosity.
Anchor loops were sutured to the tendi-
nous insertions of the three portions of
the deltoid using a locking running stitch
(No. 2 FiberWire, Arthrex Inc., Naples,
FL, USA), allowing for the attachment of
each of the three deltoid heads to an in-
dividual shoulder simulator actuator [1,
12, 28]. Next, the rotator cuff muscles,
including the supraspinatus (SSP), sub-
scapularis (SSC), infraspinatus (ISP), and
teres minor (TM), were sharply released
from the scapula and separated from the
underlying capsule. As previously de-

scribed and validated, the ISP and TM
were simulated as one unit [1, 12, 17, 28].

Next, the individual rotator cuff ten-
dons were sutured to pulley-straps using
No. 2 FiberWire to avoid pull-through
during load application. The scapular
body was fixed with bone cement poured
in a custom rectangular box with the me-
dial border aligned perpendicular to the
ground and the glenoid tilted 10° supe-
riorly [1, 12, 16, 28, 34]. Next, a steel rod
was cemented into the distalhumerusand
loaded with 1.7 kg, 30 cm distal from the
center of the humeral head, to simulate
native forearm weight [17, 34]. As previ-
ously described, the glenohumeral joint
capsule was vented by opening the rota-
tor interval, in order to prevent changes
during testing [1, 12, 28].

Testing set-up

A previously validated dynamic shoul-
der simulator was utilized to test the
cadaveric shoulders for this study ([1,
10-12, 16, 17, 23, 28, 34]; BFigs. 1a
and 2) The shoulder simulator consisted
of up to six linear screw-driven actua-
tors (Bimba, Monee, IL, USA) connected
to 444-N load cells (Futek, Irvine, CA,
USA). A universal strain gauge signal
conditioner (Futek Model CSG110) was
linked to a panel mount display (Futek
Model IMP 650), and a test and measure-
ment software (Sensit V2.5.1.0, Futek,
Irvine, CA, USA) was used for load cell
data acquisition in real time [1, 12, 28].

The specimen was mounted to the sim-
ulator on a jig with 6 degrees of freedom
the scapula in 10° of anteflexion and 10°
superior tilt of the glenoid, resulting in
a 110° angle between the scapular spine
and vertical axis [34]. The anatomical
lines of action of the three portions of
the deltoid, the SSC, and the ISP/TM
unit were routed using custom 7-mm-
diameter frictionless pulleys. The cable
attached to the SSP tendon was aligned
with a tilt of 10° to the horizontal [34].
In order to mimic the native force vec-
tors of each of the deltoid portions, the
pulley for the anterior deltoid was placed
over the tip of the coracoid process, 5mm
anteriorly to the anterolateral corner of
the acromion. The middle deltoid pulley
routed over a point 5mm posteriorly to
the anterolateral corner of the acromion.
The posterior deltoid pulley was placed at
the posterolateral edge of the acromion
in line with the scapular spine [1, 12, 28,
34].

Motion analysis and dynamic
biomechanical testing

In order to cover a 180° field of view, four
infrared cameras (Vero v1.3, Vicon Mo-
tion Capture Systems, Centennial, CO,
USA) were mounted around the dynamic
shoulder simulator. Three optical mark-
ers, representing a stationary triad, were
placed on the acromion. Care was taken
to place its center meticulously in line
with the pulley of the middle deltoid.
Additionally, a second moving triad was
mounted to the humeral shaft with its
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Biomechanical consequences of isolated, massive and irreparable posterosuperior rotator cuff tears
on the glenohumeral joint. A dynamic biomechanical investigation of rotator cuff tears

Abstract

Background. Complex interactions between
dynamic and static stabilizers of the shoulder
girdle are critical for a biomechanically
complex system, allowing for sufficient range
of motion in multiple planes. This study
assessed the biomechanical consequences of
non-retracted rotator cuff tears (RCT), isolated
and massive RCT, and irreparable, retracted
posterosuperior RCT on the glenohumeral
joint using a validated, dynamic shoulder
testing system.

Methods. Eight fresh-frozen cadaveric
shoulders were tested using a dynamic
shoulder simulator. Each shoulder was tested
in the following conditions: (1) intact state;
(2) isolated non-retracted supraspinatus
tendon (SSP) defect; (3) isolated non-retracted

subscapularis tendon (SSC) defect; (4) isolated
non-retracted infraspinatus tendon (ISP)
defect; (5) massive non-retracted RCT
involving all three tendons; (6) irreparable,
retracted posterosuperior RCT.

Results. The SSP, SSC, and ISP simulated
defects showed a significant increase in total
deltoid force, respectively (p=0.012; p=0.007;
p=0.001). Compared with the intact state, the
massive RCT showed a significant decrease

in glenohumeral abduction angle (p <0.001)
and a significant increase in total deltoid
force (p <0.001). The irreparable, retracted
posterosuperior RCT showed a significant
decrease in glenohumeral abduction angle,
significant increase of total deltoid force,
subacromial peak contact pressure, and

glenohumeral superior translation (p >0.001,
respectively) compared with the intact state.
Conclusion. In a dynamic biomechanical
shoulder model, isolated non-retracted RCT,
located lateral to the rotator cable, can be
sufficiently compensated by the remaining
intact cuff. However, in irreparable, massively
retracted posterosuperior RCT located medial
to the rotator cable, devasting effects on the
glenohumeral joint can be expected and
surgery should be recommended for these
patients.

Keywords

Rotator cuff injuries - Biomechanics - Dynamic
shoulder simulator - Superior capsule - Rotator
cable

Biomechanische Auswirkungen von isolierten, massiven sowie irreparablen posterosuperioren
Rotatorenmanschettenrupturen auf das glenohumerale Gelenk. Eine dynamische biomechanische
Studie iiber Rotatorenmanschettenrupturen

Zusammenfassung

Hintergrund. Ein komplexes Zusammenspiel
zwischen dynamischen und statischen Stabi-
lisatoren des Schultergiirtels ist von groBer
Bedeutung fiir ein biomechanisch komplexes
System, um einen optimalen Bewegungs-
umfang des Schultergiirtels in mehreren
Ebenen zu ermdglichen. Ziel der Studie war
es, mithilfe eines validierten dynamischen
Schultermodells die biomechanischen Folgen
nichtretrahierter (Patte I), isolierter und
massiver Rotatorenmanschettenrisse (,rotator
cuff tear”; RCT) sowie retrahierter (Patte Ill),
irreparabler, posterosuperiorer RCT auf das
Glenohumeralgelenk zu untersuchen.
Material und Methoden. Dazu wurden

8 frisch gefrorene Spenderschultern in einem
dynamischen Schultermodell getestet. Jede
Spenderschulter durchlief die folgenden Test-
konditionen (1) intakter Zustand; (2) isolierter,
nichtretrahierter Supraspinatussehnen(SSP)-

Defekt; (3) isolierter, nichtretrahierter
Subskapularissehnen(SSC)-Defekt; (4) isolier-
ter, nichtretrahierter Infraspinatussehnen(ISP)-
Defekt; (5) nichtretrahierter, massiver RCT mit
Beteiligung aller 3 Sehnen; (6) irreparabler,
retrahierter, posterosuperiorer RCT.
Ergebnisse. Die simulierten SSP-, SSC- und
ISP-Defekte zeigten einen signifikanten
Anstieg der kumulativen Deltakraft (p=0,012;
p=0,007; p=0,001). Im Vergleich zum
intakten Zustand zeigte der massive RCT eine
signifikante Abnahme des glenohumeralen
Abduktionswinkels (p <0,001) sowie eine
signifikante Zunahme der kumulativen
Deltakraft (p <0,001). Im Vergleich zum
intakten Zustand zeigte der irreparable,
retrahierte posterosuperiore RCT eine
signifikante Abnahme des glenohumeralen
Abduktionswinkels sowie einen signifikanten
Anstieg der kumulativen Deltakraft, des

subakromialen Spitzenkontaktdrucks und
der glenohumeralen superioren Translation
(p>0,001).

Schlussfolgerung. Im dynamischen
biomechanischen Schultermodell kann ein
isolierter, nichtretrahierter RCT, welcher sich
lateral des Rotatorenkabels befindet, durch
die restliche intakte Manschette ausreichend
kompensiert werden. Bei irreparablen, massiv
retrahierten posterosuperioren RCT, welche
sich medial des Rotatorenkabels befinden,
sind jedoch verheerende Auswirkungen

auf das Glenohumeralgelenk zu erwarten.
Bei solchen Patienten sollte eine operative
Versorgung empfohlen werden.

Schliisselworter
Rotatorenmanschettenldsionen - Biomecha-
nik - Dynamisches Schultermodell - Superiore
Kapsel - Rotatorenkabel

longitudinal axis, being in line with the
center of the stationary triad placed on the
acromion. In a displacement-controlled
setting, a validated computer software
(SiNet Hub Programmer V1.29; Applied
Motion Products, Inc., CA, USA) was
utilized to generate custom motion pro-
files for the individual actuator of the
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anterior, middle, and posterior deltoid
as well of the SSP for each specimen,
separately [1, 12, 28]. Next, a three-
dimensional (3D) motion-tracking sys-
tem (Vicon Nexus 2.8, Vicon Motion
Capture Systems, Oxford, UK) and the
four infrared cameras (Vicon Vero v1.3;
frame rate of 250 Hz; position accuracy

0f 0.01 mm and 0.1°), recorded each mo-
tion profile of abduction of the arm from
0 to 60° in the scapular plane in neutral
rotation. The scapula remained fixed to
the shoulder simulator, corresponding to
approximately 90° of total shoulder ab-
duction [1, 12, 28]. For the calculation
of each individual custom motion pro-
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| (1) Intact State |
| (2) ssP iefed |
| 3) S:t)efect |
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!

(5) Massive Defect involvingall
tendons (SSP, SSC, ISP)

|

(6) Irreparable Posterosuperior Rotator
Cuff Tear

Outcome Parameters:

* Abduction Angle(° )

* Cumulative Deltoid
Forces (N)

Subacromial Contact
Pressure (MPa)

* Glenohumeral Superior
Trandation (%)

Fig. 2 A Flowchart displaying the six testing conditions and the four outcome measures./SPin-

fraspinatus, SSC subscapularis, SSPsupraspinatus

file, the SSC and ISP/TM unit was loaded
statically with a 1.36-kg hanging weight,
allowing for abalanced abduction motion
[26]. To generate reliable data of applied
forces, each motion cycle was repeated
three times [1, 12, 28], by applying 10N
to the SSP as well as the anterior, mid-
dle, and posterior deltoid, respectively,
to center the joint at the resting position
[1, 12, 28, 33].

Each testing cycle started with the
specimen in its resting position in 0°
of abduction and neutral rotation. As
such, individual tendon excursion and
velocity were calculated to reach 60° of
glenohumeral abduction, as previously
described [10, 28]. All tendons reached
theabduction angle simultaneously while
force in each muscle was specified to in-
crease linearly [28]. To ensure reliability,
a unique motion profile was generated in
the intact state (condition 1) and main-
tained throughout all further testing con-
ditions for each individual shoulder.

Testing conditions

The specimens remained in the dynamic
shoulder simulator throughout all test-
ing conditions. To avoid performance
bias, all procedures were performed by
the same surgeon. In total, every speci-
men underwent six different conditions

with each specimen being its own control

(B Fig. 2):

1. Intact state

2. Non-retracted (according to Patte I)
SSP defect

3. Non-retracted SSC defect

4. Non-retracted ISP defect

5. Non-retracted massive RCT involv-
ing all three tendons

6. Irreparable, massive retracted (ac-
cording to Patte III) posterosuperior
RCT

First, the specimen was tested in the
(1) native, intact state. Secondly,
a (2) non-retracted (Patte I) SSP de-
fect was created by releasing the pulley
from the muscle belly. Third, a (3) non-
retracted (Patte I) SSC defect was cre-
ated by releasing the pulley from the
muscle belly. Fourth, the SSC was re-
attached to the pulley, and a (4) non-
retracted (Patte I) ISP defect was simu-
lated, also by releasing the pulley from
the muscle belly. Fifth (5), each mus-
cle belly (SSP, ISP, SSC) was released
from its pulley and a massive, non-
retracted (Patte I) RCT was simulated.
Lastly, each pulley was re-attached and
an (6) irreparable, massively retracted
(Patte III) posterosuperior RCT was cre-
ated by sharply dissecting the footprint
of the supraspinatus and cranial part of
the infraspinatus on the greater humeral

Fig. 3 A Figure demonstrating the irreparable,
massively retracted posterosuperior rotator cuff
tear (Patte Ill)

tuberosity (@Fig.3). Subsequently, the
supraspinatus muscle belly was detached
from the supraspinatus fossa in order
to create a massively retracted RCT
(Patte III).

Outcome parameters

Four parameters were directly measured

in each cadaveric shoulder for each test-

ing condition:

1. Maximum glenohumeral abduction
angle (°)

2. Glenohumeral superior translation
(%)

3. Subacromial peak contact pressure
(MPa)

4. Cumulative deltoid force (N) [1, 12,
28]

As previously described, glenohumeral
abduction angle and glenohumeral supe-
rior translation were measured using 3D
motion tracking (Vicon Nexus 2.8, Vicon
Motion Capture Systems, Oxford, UK)
and four infrared cameras (Vicon Vero
v1.3). Glenohumeral superior transla-
tion for conditions 2-6 was calculated
by dividing each value by the value for
the native, intact condition (1) [28]. By
usinga pressure-measuring system (satu-
ration pressure, 0.56 MPa; pressure-map-
ping sensor model 4205 Tekscan), sub-
acromial peak contact pressure was mea-
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Table1 Maximum glenohumeral abduction (ABDangle), mean cumulative deltoid force (Force), mean subacromial peak contact pressure (Pressure),

and mean glenohumeral superior translation (ghST) for each testing condition

Intact SSP defect SSC defect ISP defect Massive defect Posterosuperior
defect

ABDangle ABDangle ABDangle ABDangle ABDangle ABDangle ABDangle ABDangle ABDangle ABDangle ABDangle ABD angle
©) (%) ©) (%) ©) ©) (%) (%) ©) (%) ©) (%)

56+3 100 55+2 98 54+3 96 54+2°2 96 51+2° 91 34+32 61

Force Force Force Force Force Force Force Force Force Force Force Force

(N) (%) (N) (%) (N) (N) (%) (%) (N) (%) (N) (%)

183+ 15 100 199+28* 109 200+£35* 109 207+21% 113 204+£17¢ 111 221+£20* 121

Pressure Pressure Pressure  Pressure Pressure  Pressure Pressure  Pressure Pressure  Pressure Pressure  Pressure

(MPa) (MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%) (MPa)

0.25+0.08 100 032+ 128 038+ 152 037+ 148 036+ 144 0.74+ 296

0.10 0.14 0.13 0.12 0.472

- ghST - ghST - ghST - ghST - ghST - ghST
(%) (%) (%) (%) (%) (%)

- 100 - 103 - 105 - 103 - 105 - 1592

Values are given as mean = standard error; % glenohumeral abduction, % cumulative deltoid force, and % subacromial contact pressure were calculated by
dividing each value by the value for the native, intact condition; % glenohumeral superior translation was calculated by dividing each value by the value for

condition 1

ABD abduction angle, ghST glenohumeral superior translation, ISP infraspinatus, SSC subscapularis, SSP supraspinatus

*Significant difference compared with condition 1

sured between the coracoacromial arch
(coracoacromial ligament and acromion)
and the humerus throughout abduction
[1, 22, 28]. Deltoid force was recorded in
real time throughout ROM by load cells
(Futek) connected to the actuators [1, 12,
28], while cumulative deltoid force was
calculated as the summation of anterior,
middle, and posterior deltoid forces. Ev-
ery specimen underwent three trials for
each measurement [1, 12, 28].

Statistical analysis

Based on previous, validated biomechan-
ical studies, a priory power analysis was
performed to determine detectable dif-
ferences in the dependent variables given
estimated standard deviations [28]. For
the glenohumeral abduction angle, an er-
ror variance of 1° across all conditions
with a correlation of 0.3 between mea-
surements was assumed. A sample size
of six specimens will provide 80% power
to detecta 1° difference in shoulder angle
at an o level of 0.05.

Descriptive statistics including mean
and standard deviation were calculated
to characterize the specimens. Re-
peated measures analysis of variance
was performed to examine differences
in maximal glenohumeral abduction
angle, glenohumeral superior transla-
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tion, subacromial peak contact pressure,
and cumulative deltoid force among the
various testing conditions. There were
six comparisons of interest. For simplic-
ity, the adjusted p values are reported.
Specifically, the unadjusted p values were
multiplied by 6. When significant, post
hoc paired t tests with a Bonferroni
corrected alpha were performed to de-
termine which pairwise comparisons
were statistically significant. The p value
for the omnibus analysis of variance
was p<0.001 for each outcome measure.
Given that there was only one indepen-
dent variable (intact state; SSP defect;
SSC defect; ISP defect; massive RCT;
irreparable posterosuperior RCT), an
interaction term was not included since
a second independent variable would
have been required. The alpha level for
all analyses was set at 0.05. All statistical
analyses were performed using Stata 15.2
software (StataCorp 2017; Stata Statisti-
cal Software: Release 15, StataCorp LLC,
College Station, TX, USA).

Results

Intact shoulders

Intact shoulders achieved a mean maxi-
mum glenohumeral abduction of 56 + 3°,
requiring on average 183+ 15N of total

deltoid force, while subacromial peak
contact pressure was 0.25+0.08 MPa
(B Table 1; @ Figs. 4, 5, 6 and 7).

Simulated rotator cuff tears

The SSP, SSC, and ISP simulated defects
showed a significant increase in total del-
toid force (p=0.012, p=0.007, p=0.001,
respectively).  Additionally, only the
ISP defect state showed a significant
decrease in glenohumeral abduction an-
gle (p=0.045). Glenohumeral superior
translation was comparable (p=n.s.) be-
tween the intact state and the simulated
RCT (@ Table 1; B Figs. 4, 5, 6 and 7).

Massive rotator cuff tears

Compared with the intact state, the mas-
sive, non-retracted RCT showed a signif-
icant decrease in glenohumeral abduc-
tion angle (p<0.001) and a significant
increase in total deltoid force (p <0.001).
Glenohumeral superior translation and
subacromial peak contact pressure was
comparable between the simulated mas-
sive RCT and the intact state (p=n.s;
O Table 1; B Figs. 4, 5, 6 and 7).
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cuff tears

The irreparable, massively retracted pos-
terosuperior RCT showed a significant
decrease in glenohumeral abduction an-
gle, as well as a significant increase in
total deltoid force, subacromial peak con-
tact pressure, and glenohumeral superior
translation (all p>0.001) compared with
the intact state (8 Table 1; B Figs.4, 5, 6
and 7).
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Discussion

The most important finding of this study
was that an isolated, non-retracted RCT
lateral to the rotator cable can be suffi-
ciently compensated by the remaining,
intact cuff in a dynamic biomechanical
shoulder model. Additionally, when
facing irreparable, massively retracted
posterosuperior RCT medial to the ro-
tator cable, devasting effects on the
glenohumeral joint can be expected.
These include increased maximum del-

60 70

Fig. 4 < Glenohumeral
abduction (range of mo-
tion °) across the testing
conditions. $Significant
difference compared

with condition 1 (intact).
RCT rotator cuff tear, ISPin-
fraspinatus, SSC subscapu-
laris, SSP supraspinatus

Fig. 5 <« Maximum cu-
mulative deltoid force (N)
across the testing con-
ditions. SSignificant dif-
ference compared with
condition 1. RCT rotator
cuff tear, ISPinfraspina-
tus, SSC subscapularis,
SSP supraspinatus

toid forces, which can lead to increased
deltoid fatigue over time, and con-
sistently increased subacromial peak
contact pressure. This could enhance
abrasive glenoid wear, resulting in de-
creased shoulder function, pain, and
weakness. In these patients, restoring
the integrity of the muscular force couple
and preventing superior humeral head
migration are highly recommended to
reduce the risk of the aforementioned
symptoms, secondary to RCT.
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Subacromial Peak Contact Pressure (M Pa)
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sscoves [ ———
Fig. 6 < Subacromial
SSP Defect ‘ peak contact pressure
(MPa) across the testing
conditions. $Significant
Intact ‘ difference compared with
condition 1. RCT rotator
cuff tear, ISPinfraspina-
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(%) (%) (%) (%) (%) (%) tionsforglenohumeral Su-
. . perior translation. RCT rota-
I ntact SSP Defect SSC Defect | SP Defect Massive RCT Posterosuperior

A solid understanding of both na-
tive and defect shoulder kinematics is
key to approaching rotator cuff surgery.
This includes the complex interactions
between static and dynamic stabilizers of
the glenohumeral joint that are needed
to provide full ROM and sufficient shoul-
der function. The glenohumeral joint has
the greatest ROM of any joint in the hu-
man body; however, this is accompanied
by an increased risk of joint instability
[21] Therefore, synergistic and coordi-
nated action between these stabilizers is
critical for producing a biomechanically
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complex system to ensure sufficient ROM
in multiple planes.

During glenohumeral abduction, the
rotator cuff applies a compressive load
to the glenohumeral joint [20, 21]. The
small glenoid fossa and the increased lax-
ity of the glenohumeral joint play an im-
portant role in providing ROM; however,
they are also more susceptible to joint in-
stability [21]. As such, Lippit et al. were
among the first to advocate the concept of
joint concavity compression in providing
glenohumeral joint stability, especially in
the functional positions where the gleno-

tor cuff tear, ISPinfraspina-
tus, SSC subscapularis,
SSP supraspinatus

RCT

humeral ligaments are lax [20, 21]. Thus,
an intact rotator cuft is needed to ensure
optimal concavity compression. In cases
of retracted tears involving the rotator
cuff medial to the rotator cable, gleno-
humeral joint instability may result, often
leading to superior humeral head migra-
tion. In these patients, activation of the
deltoid muscle results in a shearing force
on the humeral head and corresponding
proximal migration at lower abduction
angles, due to the absence of the rotator
cuff [29]. Likewise, at higher abduction
angles, the resultant force vector from the
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deltoid muscle is not directed superiorly,
but instead is directed medially or hori-
zontally into the glenoid, contributing to
the concavity compression force [29].
An important consideration from
this biomechanical study is that the
supraspinatus is the dominant muscle
during the first 30° of abduction. As
such, the anterior and middle deltoid
are considered to have their preferential
muscle activity and loading from 30
to 90° of glenohumeral abduction [2,
25]. In patients with RCT, kinematic
alterations and subsequent impairing
of the biomechanical synergy between
deltoid and rotator cuff muscles may
occur [18]. Therefore, a greater amount
of force on the middle deltoid can be
expected in these patients, most notably
between 10 and 45° of abduction [12,

14, 24]. While greater deltoid forces are
required to maintain joint stability with
a significant decrease in glenohumeral
abduction, an insufficient mechanical
advantage of the deltoid may occur [12,
24, 30]. This was noted in a recent
biomechanical investigation by Dyrna
et al. [12], who highlighted the required
compensatory deltoid function to make
up for abduction motion loss in the
presence of simulated RCT.

Another important biomechanical
consideration is the concept of a bal-
anced force couple. The ISP/TM, SSC,
and SSP act as a muscular force couple
providing glenohumeral joint stabil-
ity and contributing to humeral head
centration in the axial plane [6-8, 13].
Similarly, the three portions of the deltoid
and the inferior portion of the rotator

cuff provide the force couple in the
coronal plane. In cases of isolated SSC
or ISP/TM tears, the force couple may
not be established, which results in de-
centering of the humeral head (B Fig. 8).
However, in cases of isolated SSP tears
and an intact rotator cable, an intact
force couple may allow for centered
shoulder kinematics during abduction,
as the rotator cable maintains the “sus-
pension bridge” [7]. In large defects of
the supraspinatus, an intact force couple
stabilizes the humeral head by acting as
a fulcrum during abduction. However,
the force couple can be affected as ro-
tator cuff tears progress to the anterior
or posterior portions of the rotator cuff
[12], which further impairs shoulder
function during abduction motion [5].
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As mentioned previously, unstable
fulcrum kinematics, seen in massive
tears of the superior and posterior cuff,
often present with uncoupling of the
essential force couples. This can lead to
an unstable fulcrum of motion [5] and
highly restricted active shoulder motion
[5]. Lastly, patients with massive tears
that involve all of the supraspinatus,
more than one third of the posterior
cuff, and at least one half of the sub-
scapularis, have difficulty centering the
humeral head on the glenoid, resulting
in a superior subluxation of the humeral
head.

The main differences between the ir-
reparable and reparable condition is that
for the reparable condition, the native cuff
is still in place, which acts firstly as a sub-
acromial spacer or “pillow” by filling the
subacromial space. In the massive non-
retracted condition, since both the trans-
verse and coronal force couple is not given
and the rotator cable may be insufficient,
the vector of the deltoid may not change as
the spacer effect is still in place. As such,
no increase in superior humeral migra-
tion or subacromial peak contact pressure
is expected in this dynamic biomechan-
ical investigation. However, when re-
moving the cuff, the subacromial spacer
effect is lost, and the vector of the del-
toid is now directed horizontally into the
glenoid, which increases superior head
migration and subsequent subacromial
contact pressure [11]. This observation
shows the importance of the native rota-
tor cuff having a natural spacer effect and
ensuring humeral head containment.

Additionally, abnormal joint loading
secondary to RCT can lead to bony
alterations such as erosion of the glenoid
and the humeral head, or in the case
of severe rotator cuff arthropathy, to an
acetabularization of the acromion [27].
This can lead to anterosuperior escape
and mechanical conflict between the
humeral head, the superior glenoid, and
the acromion [9]. As a result, severe
osteoarthritis and collapse of cartilage
and bony structures may result in pain
and limited shoulder function [27]. Ab-
normal joint loading also contributes
to changes in peak glenoidal pressure,
leading to erosion of the glenoid. In
some cases, the pressure might be ori-
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ented within the postero-inferior region,
rather than the supero-inferior axis of
the glenoid, leading to a type B glenoid,
according to Walch et al. [4, 19].

Lastly, the location of the RCT may be
more important than tear size in shoulder
kinematics. In general, most RCT involve
the supraspinatus and some portion of
the posterior rotator cuff. In these cases,
a normal transverse plane force couple
allows for normal function. However,
if the posterior rotator cuff is damaged,
a stable fulcrum may not be established,
which could lead to the aforementioned
effects.

Limitations

This study has several limitations. As
this is a biomechanical cadaveric study,
all data represent a time-zero condition
without randomization of the testing or-
der. Additionally, in this biomechanical
model, only the rotator cuff and deltoid
muscles were simulated. However, the
pectoralis major and latissimus dorsi ten-
don, which also play a role in superior
glenohumeral stability, were unloaded.
Additionally, one loading rate was inves-
tigated, while equal loads through each
deltoid head were assumed. Of impor-
tance, the mean glenohumeral abduction
of intact shoulders was only 56° (not 60°),
which indicated that even in the intact
situation 60° were not reached. Finally,
as it is necessary to securely mount the
specimen to the shoulder simulator, any
scapulothoracic motion was eliminated
due to said fixation.

Practical conclusion

== |n a dynamic biomechanical shoulder
model, isolated non-retracted rotator
cuff tear (RCT) located lateral to
the rotator cable can be sufficiently
compensated by the remaining,
intact cuff.

== However, in irreparable, massively re-
tracted posterosuperior RCT located
medial to the rotator cable, devasting
effects on the glenohumeral joint
can be expected including increased
maximum deltoid forces, increased
subacromial peak contact pressure,
and decreased shoulder function.

== |n patients with retracted tears
involving the cuff located medial
to the rotator cable, surgery should
be highly recommended to improve
shoulder function.
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