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Abstract

The supraspinatus tendon plays a crucial role in shoulder abduction, making it one of the common structures affected by
injury. Clinically, crescent-shaped tears are the most commonly seen tear shape. By developing six specimen-specific, three-
dimensional, supraspinatus-infraspinatus finite element model with heterogeneous material properties, this study aimed to
examine the changes in tissue deformation (maximum principal strain) of the supraspinatus tendon due to specimen-specific
material properties and rotator cuff tear size. FE models with small- and medium-sized full-thickness crescent-shaped tears
were subjected to loads seen during activities of daily living and physiotherapy. Six fresh-frozen cadaveric shoulders were
dissected to mechanically test the supraspinatus tendon and develop and validate FE models that can be used to assess changes
in strain due to small (< 1 cm, equivalent to 20-30% of the tendon width) and medium-sized (1-3 cm, equivalent to 40-50%
of the tendon width) tears that are located in the middle and posterior regions of the supraspinatus tendon. FE predictions of
maximum principal strain at the tear tips were examined to determine whether failure strain was reached during activities of
daily living (drinking and brushing teeth) and physiotherapy exercises (prone abduction and external rotation at 90° abduc-
tion). No significant differences were observed between the middle and posterior tear failure loads for small- and medium-
sized tears. For prone abduction, there was a potential risk for tear progression (exceeded failure strain) for medium-sized
tears in the supraspinatus tendon's middle and posterior regions. For external rotation at 90° abduction, one model with a
middle tear and two with posterior tears experienced failure. For all daily activity loads, the strain never exceeded the failure
strain. Our three-dimensional supraspinatus-infraspinatus FE model shows that small tears appear unlikely to progress based
on the regional strain response; however, medium-sized tears are at higher risk during more strenuous physiotherapy exer-
cises. Furthermore, differences in patient-specific tendon material properties are important in determining whether the tear
will progress. Therefore, patient-specific management plans based on tear size may be beneficial to improve clinical outcomes.

Keywords Supraspinatus - Rotator cuff tear - Rotator cuff injury - Finite element analysis - Principal strain - Tear
progression

Introduction

Partial and full-thickness rotator cuff (RC) tears have
been found in 64% of patients reporting unilateral shoul-
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high prevalence, the mechanism of RC tear progression
remains unclear, leaving physicians with few means of
predicting how a patient’s pain, shoulder mobility, and
tear size will change over time [2-5]. Consequently, 49%
of patients undergoing nonsurgical treatment experience
increases in tear sizes between the two- and three-year
follow-up periods [4]. Furthermore, 18% of patients pre-
senting with small- and medium-sized RC tears are not
relieved of symptoms within the first year [6].

The RC comprises four muscle-tendon subunits that
provide stability and mobility to the shoulder joint: the
subscapularis, supraspinatus, infraspinatus, and teres
minor [7]. The supraspinatus plays an important role in
dynamically stabilizing the glenohumeral (GH) joint. It is
the main muscle-tendon unit during abduction [8—12], and
the most commonly affected tendon by injury and degen-
eration [13—17]. While the supraspinatus is the primary
abductor of the RC, it has also been shown that during the
abduction, the load-sharing interaction from the infraspi-
natus contributes to increased strain on the supraspinatus
[18-20]. This, in addition to hypo-vascularity, repetitive
micro-trauma, and internal impingement, can decrease the
tensile strength of the tendon and lead to tears [21].

It has been longstanding and widely accepted that
degenerative RC tears initiate in the anterior region of
the supraspinatus tendon, usually beginning as partial-
thickness tears on the articular surface and eventually pro-
gressing posteriorly and into full-thickness tears [22-25].
Clinically, the most common type of RC tears seen are
crescent-shaped tears, with similar anterior-posterior and
medial-lateral tear dimensions [26]. Recent literature has
suggested that RC tears originate more posteriorly than
previously thought. Kim et al. found that 96% of the tears
they studied were located 13-16 mm posterior from the
biceps tendon [27], lying within the rotator crescent in
the posterior region of the supraspinatus tendon. Jeong
et al. conducted a similar study, where they reported the
most common tear origin location was 9.5-10 mm pos-
terior to the biceps tendon lying in the middle region of
the supraspinatus tendon [28]. Furthermore, the supraspi-
natus tendon has highly heterogeneous mechanical prop-
erties. It has been shown that the anterior region of the
supraspinatus tendon is mechanically the strongest, with
the highest modulus, failure load, and failure stress, which
all decrease posteriorly [29]. Samples taken near the ten-
don-bone insertion show that modulus is greater on the
bursal surface than on the articular surface [30], and that
the tendon is stiffer at the tendon-bone insertion than at
the musculotendinous junction [31]. Due to spatial hetero-
geneity, tear location may be important when evaluating
which tears are at a higher risk of progress.

Finite element (FE) models have been widely imple-
mented in biomechanical research because they provide

otherwise immeasurable data on internal mechanical envi-
ronments without the added cost, time, and ethical con-
siderations of in vivo experiments. Recently, studies have
adopted patient-specific geometry and material properties
to shed light on tissue degeneration [32], tear progression
[33,34], and repair [35]. However, further improvements
can be made in characterizing the material properties of the
supraspinatus tendon by quantifying collagen fiber orienta-
tion and capturing the full spatial heterogeneity of the mate-
rial properties of the supraspinatus tendon. Consideration of
collagen fiber misalignment due to degeneration or injury
is especially relevant to the supraspinatus tendon, as it dis-
plays more variation in collagen fiber orientation than other
tendons [36-38], suggesting that the supraspinatus tendon
may not be transversely isotropic, as previously modeled
[32,33,39]. Accurate simulation of tissue geometry, material
properties, and boundary conditions is critical to creating FE
models worthy of consideration in clinical applications [40].

Therefore, this study seeks to develop a hyper-elastic FE
model of the supraspinatus and infraspinatus tendon unit
using collagen-informed material properties that mimic the
spatial variation in the mechanical response to loading. Fol-
lowing validation with cadaveric experimental data [41], we
aim to examine tendon strain with small- and medium-sized
full-thickness tears of the supraspinatus tendon originating
in the middle and posterior regions. Using loading condi-
tions found in activities of daily living and physiotherapy
regimens, we can better understand how RC tears affect the
mechanical response of the supraspinatus tendon, allowing
for more informed clinical decision-making. We hypothesize
that tears in the middle region will be more likely than poste-
rior-sided tears to progress, experiencing lower failure loads
and higher strains during daily living and physical therapy
loading conditions.

Materials and Methods
Specimen Preparation

Six fresh-frozen intact cadaveric shoulders (Medcure, Inc.,
Providence, RI, USA) from six female donors with a mean
age of 65 +9 were used for material testing. The skin and
all soft tissue were removed, leaving the supraspinatus
muscle-tendon unit. The condition of the tendons was then
evaluated to identify gross level degeneration (tears or cal-
cific lesions)—none were found, indicating an intact speci-
men. The supraspinatus was then sharply dissected from
its insertion. Due to the supraspinatus tendon’s heteroge-
neity, the tendon was sectioned to account for region-spe-
cific material properties. The tendon width was measured
and sectioned into equal thirds, creating anterior, middle,
and posterior strips. Each strip was further sectioned by
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Fig.1 Example of supraspinatus tendon sectioning (red lines rep-
resent cuts) and the final regions of the tendon with corresponding
names. The first letter represents the articular (A) or bursal (B) side,

cutting it in half in the medial to the lateral plane (Fig. 1).
To separate the articular and bursal sides, each sample was
embedded in Optimal Cutting Temperature (O.C.T) com-
pound (Tissue-Tek, Sakura FineTek, Torrance, CA, USA),
and pre-sectioned using a cryostat (Leica CM3050S, Leica
Biosystems, Danvers, MA, USA) until the tendon surface
was flush with the OCT. Then the surface layer, and any
extra soft tissue, was removed by sectioning off 250 pm.
Lastly a 1-mm section was cut from the surface to obtain
the articular side (inner surface). The sample was then
flipped over and the process was then repeated to obtain
the bursal side (outer surface). Finally, after removing the
samples from the OCT, the samples were trimmed to fit
into out materials testing machines.

Overall, this yielded 12 regions per tendon (Fig. 1).
All samples were trimmed to approximately 10 mm (ML
length) X 5 mm (AP length) X 1 mm (thickness). For sim-
plicity, all regions were abbreviated with three-letter codes
representing their anatomical location within the supraspi-
natus tendon. The first letter represents the articular (A)
or bursal (B) side, the second letter represents the medial
(M) or lateral (L) side, and the third letter represents the
anterior (A), middle (M), or posterior (P) regions (Fig. 1).

Material Testing

To appropriately capture and characterize the heterogene-
ity and mechanical response of the supraspinatus tendon,
uniaxial tensile testing was used to determine the stress-
strain response of each region. Each sample underwent uni-
axial tensile loading with a uniaxial tensile testing system
specific for small soft tissue (UniVert, CellScale Biomate-
rials, Waterloo, ON, Canada). All samples were attached
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the second letter represents the medial (M) or lateral (L) side, and the
third letter represents the anterior (A), middle (M), or posterior (P)
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Fig.2 A Example of experimental set up to obtain tissue mechani-
cal properties using CellScale BioRakes. B Representative example
of the obtained experimental stress-strain curves of the supraspinatus
tendon, showing the analytical fit, and obtained linear modulus

to the testing system using CellScale BioRakes, designed
for soft tissue testing to reduce clamp strain-induced
errors (Fig. 2A). Samples were ramped to 10% strain at a
strain rate of 0.1%/s (0.1 mm/s) [31] and underwent three
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preconditioning cycles to remove excess slack in the sys-
tem and ensure consistent data collection, followed by data
acquisition on the subsequent cycle. Tendons may be elasti-
cally stretched up to 14% strain [42], thus each region was
only tested to 10% strain to ensure the specimens did not
undergo permanent deformation for subsequent histologi-
cal evaluation of collagen fibers. During testing, specimen
hydration was maintained with 0.9% saline. Four meas-
urements on each side of the specimens were taken with a
digital caliper to measure sample thickness to calculate the
cross-sectional area, which was then used to calculate stress.
A custom in-house MATLAB (MATLAB 2023, MathWorks,
Natick, MA, USA) code was employed to estimate tissue
Cauchy stress and Green strain (Fig. 2B). The linear modu-
lus was calculated from each stress—strain curve via linear
regression,“’44 to evaluate the differences in the mechanical
properties for each region (Fig. 2B).

Histological Evaluation of Collagen Fibers

Collagen fibers are the main structural unit in tendon, play-
ing an important role in tendon mechanical behavior. After
mechanical testing, we carefully removed the tissue from
the testing apparatus. For histological preparations of ten-
don samples, the tissue was fixed with 10% neutral buffer
formalin and embedded in paraffin for histological sec-
tioning at BIDMC Histology Core. The samples were cut
along the length of the tendon every 250 pm, resulting in
3 samples per tendon region, and stained using Masson’s
trichrome staining. Next, we acquired high-resolution
images of each stain under a 10 X brightfield microscope
(Olympus VS 120, Evident Olympus Scientific Solutions,
Waltham, MA, USA). Fiber orientation distribution for all
sections was quantified via ImageJ’s Orientation] plugin
[45]. To approximate the fiber distribution as a probability
density function, we used non-linear least squares regres-
sion to fit the transversely isotropic and & periodic von
Mises distribution (Eq. 1) [46], where 6 is the fiber orien-
tation and b is the concentration parameter.

pO) = 4\/2 exp[b(cos (20) + 1)]
27 erﬁ<\/2_b> )

Material Fitting

Characterizing the material response accurately is impera-
tive to define materials to be used as inputs for FE modeling
of soft tissue. Stress—strain curves from each region were fit
to the Holzapfel-Gasser-Ogden (HGO) hyper-elastic fiber-
reinforced model (Fig. 2B), commonly used to model soft
tissue (Eq. 2) [46]:

_ k
U=C10<Il—3>+ 2_1@2

a=1

— 2
{exp [k2<;( (11 - 3) +(1=3p)(T, - 1)> ] - 1}
@)
where C10 is the isotropic modulus of the ground substance;
k1 is the effective (linear) modulus of the collagen fibers;
k2 is the rate of exponential stiffening of the fibers when
stretched along their end-to-end axes (M—L direction); and
k is a fiber ‘‘dispersion parameter’’ that measures how
aligned, or not, the collagen fibers are. E and i4 represent
the 1st and 4th invariants of the Cauchy stress tensor, respec-
tively. Previous studies have worked under the assumption
that the fibers were aligned along the length of the tendon
in a transversely isotropic manner [32,33,39]. However, this
may not always be the case as the supraspinatus has varia-
tion in collagen fiber orientation [36-38]. Thus, k was cal-
culated from histological data by mapping the probability
density parameter ‘b’ to k as described by Holzapfel [46]
and input for each specimen when performing curve fitting.
Minimizing the root mean square error (RMSE) between the
estimated curve and the raw data using MATLAB’s ‘fmin-
search’ optimization function ensured that regional material
response was adequately captured [47].

Finite Element Model Formulation

To accurately capture the supraspinatus (SSP) and infraspi-
natus (ISP) geometry, a previously validated FE model of
the supraspinatus and the infraspinatus was used [39]. This
model was able to predict the increasing supraspinatus ten-
don strain with increasing loads (5, 10, 15, 20, and 25 1lbs)
on the infraspinatus tendon, showing the important interac-
tion between these two tendons of the RC. Furthermore, this
model was validated within 3% absolute strain by capturing
the surface strain on both the articular and bursal surface of
a cadaveric specimen under similar loading conditions. This
identified the validity of model geometry when complex
loading conditions are applied, rather than simply loading
the supraspinatus tendon only, allowing for a more compre-
hensive evaluation of the mechanical environment of the
supraspinatus tendon [39].

The model was imported into 3-matic (Mimics Material-
ize and 3-Matic, Leuven, Belgium) to create various mesh
sizes for a mesh sensitivity analysis. This ensured all results
were independent of mesh size. Mesh sizes were created
by decreasing the edge length of the elements, until less
than 0.2% strain difference was found between meshes.
This resulted in an average edge length of 0.8 mm, consist-
ing of 225,356 elements and 36,827 nodes. To create the
sub-regions, a custom MATLAB code was used to split the
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Fig.3 Finite element model showing the 12 regions tested and
applied to the model

Middle Region
Originating Tears

supraspinatus in the center of the posterior third of the
tendon to create models representing posterior-sided tears
expanding anteriorly. To create models representing tears
originating in the middle region of the tendon, crescent-
shaped cuts were created on the supraspinatus from the
center of the middle region and expanded equally on both the
anterior and posterior sides. Tear sizes were determined as
a percentage based on the width of the supraspinatus at the
lateral edge. All tears were created on the lateralmost edge
to mimic RC tears at the osteotendinous insertion (Fig. 4).
This resulted in two small (< 1 cm or equivalent to 20-30%
of the tendon width) and two medium (1-3 cm or equivalent
to 40-50% of the tendon width) supraspinatus tears.

Finite Element Simulations

Posterior Region
Originating Tears

Tear Size 20% (5.6 mm)

30% (8.4 mm)

40% (11.2 mm) 50% (14 mm)

Fig. 4 Finite element models for middle and posterior crescent-shaped tears ranging from 20% (5.6 mm) to 50% (14 mm) of the tendon width.

nodes and the elements into 12 equal regions of the same
volume (Fig. 3), matching the experimentally tested regions.
To assess how specimen-specific material properties from
different specimens alter the FE predicted tendon strain, six
FE models were created. Material properties were assigned
to the sub-regions of the supraspinatus mesh that matched
those tested during uniaxial tensile tests based on the HGO
material constants obtained during the material fitting phase
for each of the 6 specimens tested. The mechanical proper-
ties of the infraspinatus were not tested, so it was assigned
the same material properties as the posterior regions of the
supraspinatus [32,33].

Finite Element Tear Model Creation

Clinically, crescent-shaped tears are the most commonly
seen RC tear types [26], often defined by size, with small,
medium, and large tears being < 1 cm, 1-3 cm, and 3-5 cm,
respectively [48]. Previous studies measuring the size of
RC tears have found that the A-P and M-L tear lengths
are roughly the same for small- and medium-sized tears
[27,49-51]. Furthermore, recent studies have suggested
that RC tears originate more posterior than previously
thought [27,28]. Crescent-shaped cuts were made on the

@ Springer

All FE simulations were conducted in ABAQUS (2023,
Dassault Systemes, Vélizy-Villacoublay, France) using a
standard static simulation over a maximum of 100 steps to
ensure convergence of the simulation. The supraspinatus
tendon was constrained in all directions from the lateral
edge to 1.7 mm above the edge to mimic the supraspinatus
tendon insertion [52] and followed along the infraspinatus.
The forces were applied to the medial edge of the supraspi-
natus and infraspinatus for all models [39]. For model
validation loads, the supraspinatus was loaded at 135 N.
The supraspinatus tendon was first loaded for the RC tears
models until a failure strain of 26.1% [53] occurred at the
tear tips. For daily living and physical therapy exercises,
the supraspinatus and infraspinatus loads were calculated
based on the peak in vivo forces experienced by the ten-
dons and scaled by tendon-specific maximum voluntary
isometric contractile values (MVIC) to determine the
activity-specific loading conditions (Eq 3.)

Force = Peak Force X %MVIC 3

Based on muscle architecture, reported peak in vivo
force for the supraspinatus and infraspinatus is 370 N
and 773 N, respectively [54]. The reported MVIC of the
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Fig.5 Measured tendon modulus for each region tested. Individual
graphs show the variations from anterior—posterior modulus, as
there were no differences observed between medial—lateral and artic-

supraspinatus and infraspinatus muscles for the follow-
ing daily activities [55] and physical therapy exercises
[56] were: drinking (supraspinatus =21%, infraspinatus
18.3%), brushing teeth (supraspinatus =12%, infraspina-
tus = 18%), external rotation at 90° abduction (supraspi-
natus =57%, infraspinatus 50%), and prone abduction
(supraspinatus = 82%, infraspinatus =39%). This resulted
in the following loads being applied to each model: drink-
ing (supraspinatus =78 N, infraspinatus =141 N), brush-
ing teeth (supraspinatus 45 N, infraspinatus 156 N),
external rotation at 90° abduction (supraspinatus=211
N, infraspinatus 387 N), and prone abduction (supraspi-
natus =303 N, infraspinatus 301 N). While these estimates
are muscle forces, it was assumed that all force generated
from the muscle was transferred to the tendon.

The output for all simulations resulted in nodal logarith-
mic strains, which were converted to maximum principal
Lagrangian strain for each node of the supraspinatus ten-
don. For model validation, the strain was averaged in the
bottom third of the tendon above the insertion, matching
the location of the cadaveric experiment [41]. The strain
was averaged for all nodes within 2 mm adjacent to the
tear to evaluate the strain for the models with tears.

Statistical Analysis

The Shapiro—Wilk test was used to assess the normality of
the data. Normal distribution was reported for the mechani-
cal properties and FE data. Mechanical properties were ana-
lyzed using a one-way repeated measure ANOVA. A Fish-
er's LSD post hoc test was used for comparisons between
regions. FE Data were analyzed using two-way repeated
measure ANOVA, where “Tear Size” and “Region” (pos-
terior tip and anterior tip) were treated as within-subject

Articular Medial

% %k %k

|* *| * %k

Bursal Medial

10

Linear Modulus (MPa)
Linear Modulus (MPa)

0 0

SO v 8
S & & &

ular—bursal planes. Marked colors correspond to the same regions as
Fig. 1. “*’ represents p<0.05, “**’ represents p<0.01, “***’ repre-
sents p<0.001.

factors. The Tukey post hoc test was used for multiple com-
parisons of simple effects of the region on percent strain
for each tear size. Statistical analysis was performed using
GraphPad Prism unless otherwise noted (version 9.3.1 for
Windows, GraphPad Software, San Diego, CA, USA). Two-
tailed p-values less than 0.05 were considered significant.

Results

Heterogeneity of Supraspinatus Mechanical
Properties

Analysis of the 12 regions of the supraspinatus tendon indi-
cated that the anterior region is generally the stiffest, with
the linear modulus decreasing posteriorly (Fig. 5). This
trend was found in the articular lateral region (ALA > ALP,
p=0.0442), articular medial region (AMA > AMP,
p=0.0005; AMA > AMM, p=0.029; AMM > AMP,
p=0.033), and the bursal medial region (BMA >BMP
p=0.004). However, in the bursal lateral region, no sig-
nificant differences were found in linear modulus between
regions. No significant differences were found between the
articular and bursal regions or the medial and lateral regions.

Finite Element Model Validation

The ability to accurately predict tissue deformation is an
important aspect of FE models for clinical applicability [40].
Such validation requires comparing cadaveric data to the FE
model to determine the model’s predictive capability [57].
Our models had an average maximum principal strain of
6.87 +£0.92% (range 5.24-7.73%) and 10.21 + 1.07% (range
8.34-11.23%) for the articular and bursal sides, respectively.
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Fig.7 A Failure loads for A
middle and posteriorly located

tears with increasing tear size.

B Representative finite element

validated and could be used to study the effects of RC tears
on the strain experienced by the supraspinatus tendon.

Failure Loads for Varying Tear Size and Location

To assess the differences based on tear location, failure
loads were determined for tears in the middle and posterior
regions (Fig. 7A), where the average strain at the posterior
or anterior tip reached the failure strain of 26.1% (Fig. 7B).
Generally, failure strain decreased as tear size increased.
However, for all tear sizes, there were no significant differ-
ences in failure load between tears in the middle and poste-
rior regions (Table 1). However, what was revealed was that
there were substantial differences (max% difference: 48%)
from specimen to specimen for the failure load, suggesting
that patient-specific material properties play an important
role in RC tears (Table 1). Middle tears had a larger percent
difference between specimens than posterior-sided tears for
all cases and generally decreased with increasing tear size.
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The FE model was considered validated when the articu-
lar- and bursal-sided strain at the bottom third, just above
the insertion, was within the range of previously reported
cadaveric data (5.4 + 2.5% and 10.6 + 5.6% for the articu-
lar and bursal sides, respectively) [41], and was within 3%
of the absolute strain of the mean cadaveric strain [39,58].
All models fell within the range of reported strain for the
supraspinatus tendon subjected to 135 N load (Fig. 6) and
were able to predict tendon strain within an absolute value of
3% strain on both the articular (range of absolute difference:
0.16-2.33% strain) and bursal (range of absolute difference:
0.002-2.25% strain) surfaces. Since all models were within
the range of previously reported strains and were within the
threshold of 3% absolute strain, the models were considered
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Supraspinatus Tendon Strain for Daily Living
Activities

During loading conditions that mimic the forces experi-
enced on the supraspinatus and infraspinatus during activi-
ties of daily living, tendon strain at both the anterior and
posterior tear tips increased with tear size for the mid-
dle tears (Fig. 8). However, for the posterior-sided tears,
the strain at the anterior tear tip slightly decreased while
the strain at the posterior tear tip increased (Fig. 8). For
tears located in the middle region of the supraspinatus
tendon, there was significantly more strain posteriorly for
small tears during both drinking (20%, p <0.0001; 30%,
p <0.0001) and brushing teeth (20%, p =0.002; 30%,
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Table 1 Failure loads and maximum percent difference between mod-
els with middle and posterior tears

Tear size Posterior tears Posterior Middle tears Middle
Failure load tears Failure load tears
(N) Maximum (N) Maximum
% differ- % differ-
ence ence
20% 562.16 +95.63 43% 53233 + 48%
N 125.11
30% 310.61 + 12.60 9% 337.60 +51.52 34%
N N
40% 272.39 + 14.07 12% 286.54 +31.95 25%
N N
50% 218.81 +21.96 20% 217.38+15.04 10%
N N

p =0.005). For posterior-sided tears, there was no differ-
ence in tear tip strain at the anterior and posterior tear tips,
apart from the 20% tears for both drinking (p=0.012) and
brushing teeth (p =0.011).

Supraspinatus Tendon Strain for Physical Therapy
Activities

During loading conditions that mimic the forces experienced
on the supraspinatus and infraspinatus tendons during physi-
cal therapy exercises, tendon strain at both the anterior and
posterior tear tips increased with tear size for the middle and
posterior tears (Fig. 9). For tears located in the middle region
of the supraspinatus tendon, the strain on the posterior tear
tip was larger than the anterior tear tip for small tears during
both prone abduction (20%, p < 0.0002; 30%, p <0.0023)
and external rotation at 90° abduction (20%, p = 0.0002;
30%, p =0.001). For posterior-sided tears, there was no dif-
ference in tear tip strain, apart from the 40% tears for exter-
nal rotation at 90° abduction (p =0.0324). For medium-sized
full-thickness tears (40% and 50%), the maximum princi-
pal strain at tear tips exceeded the failure criteria of 26.1%
strain for both the middle and posteriorly located tears for
prone abduction. However, one model with a middle tear
was below this threshold. On the other hand, three models
with 30% posterior tears were above the failure threshold of
26.1%. Generally, medium-sized tears subjected to forces
experienced during external rotation at 90° abduction did
not reach the failure criteria. However, one model with a
middle tear and two with posterior tears exceeded the failure
strain at the tear tips.

Discussion

This study establishes the validation of a three-dimensional
supraspinatus-infraspinatus FE model with heterogeneous
material properties, which was then used to study tissue
deformation as tear location and tear size changes during
activities of daily living and common physiotherapy exer-
cises. Validation demonstrated that all FE models could
accurately predict strain within 3% absolute strain of the
reported strain from cadaveric experiments. The primary
finding of our study was the development of an FE model to
assess changes to the mechanical environment from varying
material properties, tear location, and tear size. Furthermore,
small- and medium-sized full-thickness tears are unlikely to
experience rapid tear progression from the tested activities
of daily living. However, medium-sized full-thickness tears,
regardless of tear location and material properties, are at a
higher risk for tear progression during physiotherapy exer-
cises as they reach failure strain for loads corresponding to
prone abduction.

The propensity for RC tears to progress is poorly under-
stood, making the appropriate treatment methods difficult
to identify. The structural and mechanical heterogeneity of
the supraspinatus tendon is important to understand to fully
capture the mechanical environment of the supraspinatus
tendon and how and why tears may be at risk of progressing
[29,41,59]. More importantly, how tears alter the mechanical
environment and change tissue strain is crucial in identify-
ing the appropriate treatment methods. Previous FE stud-
ies examining how tears affect tissue strain have found that
increases in tear size significantly alter the mechanical envi-
ronment of the supraspinatus tendon and increase the maxi-
mum principal strain surrounding the tear tips [32-34,60].
While these studies provide valuable insight into the altera-
tions of the mechanical environment of the supraspinatus,
there are still limitations hindering the clinical applicability
of these models. By using collagen fiber-informed material
properties to capture the spatial heterogeneity of the non-lin-
ear mechanical properties of the tendon, clinically relevant
tear shapes, and loading conditions experienced in vivo, we
have attempted to better understand how patient-specific
material properties, tear location, and tear size affect tis-
sue strain during activities of daily living and physiotherapy
exercises to help guide clinical management.

The development of our FE model and its demonstrated
validity in simulating tendon tear progression holds signifi-
cant implications for orthopedic surgeons and the clinical
management of symptomatic patients with supraspinatus
tears. In clinical practice, managing such tears remains a
challenging dilemma, with ongoing debate regarding the
optimal approach. Traditionally, a conservative treatment
approach is often the initial choice, with surgical intervention
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reserved for patients who do not respond favorably [61].
However, this cautious approach can sometimes result in
delayed surgical intervention, leading to larger and more
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complex tears, yielding less favorable clinical outcomes
[62]. A prospective randomized control trial by Ranebo et al.
showed that 29% of patients that underwent physiotherapy
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without tendon repair had tear progression > 5 mm after just
one year of follow-up [63]. The prescribed physiotherapy
exercises included active unloaded elevation, external, and
internal rotation, and isometric strengthening exercises
[64,65], which are similar to the actives studied here. Given
the worse surgical outcomes with increased RC tear size, it
is important to understand which patients will be at risk of
progression from physiotherapy.

Our study contributes to this critical area of clinical
decision-making by shedding light on the likelihood of tear
progression in various supraspinatus tear sizes and locations.
This insight can enable more informed and timely clinical
decisions, potentially preventing the advancement of tears
to more challenging stages. Treatment with physiotherapy
for small- and medium-sized RC tears was reported to be
insufficient for 27% of patients over a 10-year follow-up
[6]. Current guidelines developed by the American Acad-
emy of Orthopedic Surgeons suggest that physiotherapy is
an appropriate management method for small- to medium-
sized RC tears. However, it should be noted that tear size,
muscle atrophy, and fatty infiltration may progress over 5 to
10 years [66]. Our FE study supports these recommenda-
tions, showing that small tears are unlikely to reach failure
strain during common physiotherapy exercises where the
supraspinatus is most active. However, for posterior-sided
tears, three models with 30% thickness tears (small tear)
reached failure strain during loading conditions that mimic
prone abduction. This suggests that tendon-specific material
properties also play an important role in assessing RC health
and the risk for tear progression. Furthermore, no unanimous
failure was reported for medium-sized tears. One model with
a middle tear and two models with posterior tears exceeded
the failure strain at the tear tips for external rotation at 90°
abduction. On the other hand, one model did not fail during
prone abduction. This suggests that tendon-specific material
properties play an important role in evaluating the likelihood
of tear progression. Overall, more targeted patient manage-
ment plans are needed based on tear location, tear size, and
tendon material properties to avoid strenuous exercises that
could cause tear propagation. Our findings highlight that
exercises involving prone abduction could potentially put
patients at risk for tear progression due to the increased tis-
sue strain. However, clinical studies are needed to confirm
these findings. Ultimately, this would lead to more success-
ful outcomes in physiotherapy and reduce the need for sec-
ondary tendon repair, with the added risk of worse outcomes
due to tear progression following physiotherapy.

Understanding how rotator cuff tears alter the mechani-
cal environment of the supraspinatus is crucial for compre-
hending the natural progression of these lesions. Moreover,
how these tears progress is based on the increased strain
surrounding the tear site. While the exact location of tear
initiation remains uncertain, we do know that tears originate

more posteriorly than originally thought [27,28]. Based on
our results, tears in the middle region are more likely to
progress posteriorly, as there was significantly more strain
at the posterior tip compared to the anterior tip. This could
be because the anterior supraspinatus is significantly stiffer
and mechanically stronger than the posterior supraspinatus.

Interestingly, we saw a slight decrease in the anterior tear
tip strain for daily living activities as tear size increased for
posteriorly originating tears. One possible explanation for
this could be that as the tear increased, the load was dis-
tributed anteriorly into a mechanically stiffer tendon region.
However, we did not see differences in the tear tip strain for
posterior tears, suggesting that tears originating posteriorly
may further progress into the supraspinatus or the infraspi-
natus. This is important because progression into massive
tears (i.e., tears involving two tendons) has significantly
worse clinical outcomes [67]. Furthermore, it has been
reported that large tears account for 40% of all RC tears
[68]. Thus, understanding patient-specific tendon mechani-
cal properties, tear size, and location is imperative to better
treatment of RC tears to reduce the risk of tear progression,
ultimately leading to worse clinical outcomes.

Although it is important to interpret these results, time is
a pivotal variable in the progression of tendon tears. While
our study demonstrates that typical daily activity forces do
not immediately lead to tear progression, it's essential to
acknowledge the longitudinal aspect of tear development.
The study by Torchia et al. [69], with a median follow-up
duration of 7.1 years, presents compelling evidence of tear
enlargement in 60% of partial-thickness tears over time. The
stability observed during daily activities, as demonstrated in
our study, may not necessarily translate into stability over
extended periods. Importantly, collagen breakdown due to
repetitive fatigue damage over time can lead to an increased
risk for structural failure [70]. This could be the mechanism
that causes failure over long periods, even under low-loading
conditions. Moreover, this could be a potential reason why
RC tears progress slowly over time during activities of daily
living and see more progression during physiotherapy, as the
tendon is under significantly higher strain.

While this model only examined a few activities of daily
living and physiotherapy exercises, it provides valuable
insight into the changes in tissue deformation. Further-
more, this model may measure different loads (i.e., other
activities of daily living or physiotherapy exercises) and tear
shapes, such as U-shaped or L-shaped tears, which comprise
25% and 21% of RC tears seen clinically, respectively [26].
This model provides a better understanding of the strain
on the supraspinatus, which may cause tear progression.
Such insight allows for a more tailored approach to clini-
cal management, such as physiotherapy recommendations
or activities to avoid that could result in tear progression.
While this must be clinically evaluated, it is a step forward
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in understanding tear progression and how it can modify
patient care.

Limitations

Limitations of this study include those common with all
cadaveric studies [71], including using dead tissue to sim-
ulate in vivo tendon strain, not accounting for the effects
of tissue degeneration, and not including the teres minor
and subscapularis. However, the model was able to capture
and predict tissue strains that matched cadaveric data suc-
cessfully. Therefore, the strains associated with the models
with tears may be more accurate than previous studies and
provide insight into loading conditions specific to activi-
ties of daily living and physiotherapy. However, it should
be mentioned the muscle forces used represent generalized
force profiles taken from healthy, age-matched individuals
with RC tears [54], which does not account for changes in
muscle activity for patients with RC tears. This may alter the
results as individual patients may have experienced different
force profiles, but since there is no available data on muscle
activation changes based on tear size, this is the best repre-
sentation of physiologically relevant forces. To fully cap-
ture the effects of RC tears in alterations of the mechanical
environment of the supraspinatus tendon, a more compre-
hensive evaluation of the mechanical properties as tendons
degenerate is needed. However, only one study has evaluated
how degenerative changes, determined by a semiquantita-
tive histological assessment, affect the ultimate tensile load
of the supraspinatus at the osteotendinous insertion [72].
Therefore, a method to better quantify tendon degeneration
is needed to detect changes in the tendon non-invasively.
This study aimed to investigate the changes in small- and
medium-sized RC tears isolated to the supraspinatus ten-
dons. The exclusion of the teres minor and subscapularis
was due to the fact that they have minimal loading effect on
the supraspinatus tendon [20].

Conclusion

We developed a validated three-dimensional supraspinatus-
infraspinatus FE model with heterogeneous material prop-
erties. The findings from this study provide a better under-
standing of the mechanical environment of the supraspinatus
tendon with small- and medium-sized supraspinatus tears
during activities of daily living and physiotherapy. Clini-
cal imaging modalities (MRI and US) are typically used to
assess the size of RC tears, where tear size could poten-
tially guide physical therapy interventions. Small tears seem
unlikely to progress based on the regional strain response;
however, medium-sized tears are at higher risk during more
strenuous physiotherapy exercises. Moreover, the difference

@ Springer

in material properties from tendon to tendon is also impor-
tant to better understand the risk for tear progression. There-
fore, patient-specific management plans based on tear size,
location, and tendon material properties could improve clini-
cal outcomes.
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